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Extracellular Vesicles (EVs) are considered promising nanoscale therapeutics for bone regeneration. To date, EVs are typically procured from cells on 2D tissue culture plastic, an artificial environment that limits cell growth and does not replicate in situ biochemical or biophysical conditions. This study investigated the potential of 3D printed titanium scaffolds coated with hydroxyapatite to promote the therapeutic efficacy of osteoblast-derived EVs. Ti6Al4V titanium scaffolds with different pore sizes (500 and 1000 µm) and shapes (square and triangle) were fabricated by selective laser melting. A bone-mimetic nano-needle hydroxyapatite (nnHA) coating was then applied. EVs were procured from scaffold-cultured osteoblasts over 2 weeks and vesicle concentration was determined using the CD63 ELISA. Osteogenic differentiation of human bone marrow stromal cells (hBMSCs) following treatment with primed EVs was evaluated by assessing alkaline phosphatase activity, collagen production and calcium deposition. Triangle pore scaffolds significantly increased osteoblast mineralisation (1.5-fold) when compared to square architectures (P ≤ 0.001). Interestingly, EV yield was also significantly enhanced on these higher permeability structures (P ≤ 0.001), in particular (2.2-fold) for the larger pore structures (1000 µm). Furthermore osteoblast-derived EVs isolated from triangular pore scaffolds significantly increased hBMSCs mineralisation when compared to EVs acquired from square pore scaffolds (1.7-fold) and 2D culture (2.2-fold) (P ≤ 0.001). Coating with nnHA significantly improved osteoblast mineralisation (>2.6-fold) and EV production (4.5-fold) when compared to uncoated scaffolds (P ≤ 0.001). Together, these findings demonstrate the potential of harnessing bone-mimetic culture platforms to enhance the production of pro-regenerative EVs as an acellular tool for bone repair.
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INTRODUCTION
Bone fractures caused by traumatic injury or common age-associated disorders, such as osteoporosis, present an enormous healthcare and socioeconomic burden worldwide (Baroli, 2009; Dimitriou et al., 2011), with 10 million people suffering with musculoskeletal disorders in the United Kingdom alone (Chance-Larsen et al., 2019). This is anticipated to increase further in the future, due to the growing ageing population and the demand for sustained quality of life in the older years (Amini et al., 2012). Autologous bone grafts have been seen as the gold standard clinical therapy for many years, as they are histocompatible and non-immunogenic. However, studies have reported the considerable issues associated with this treatment including donor site morbidity, limited availability and risk of infection (Swan and Goodacre, 2006; Oryan et al., 2014). Consequently, there is an urgent demand for novel therapeutic approaches for bone augmentation strategies. Engineered bone tissue has been seen as a potential alternative to conventional bone graft treatments, however, there are limitations regarding the translation of cell-based therapies to the clinical setting including their inherent heterogeneity, uncontrolled differentiation, immune rejection, functional tissue engraftment and neoplasm formation (Amariglio et al., 2009; Herberts et al., 2011). Moreover, the translation of cell-based treatments are hampered due to issues such as intensive cost, government regulations and ethical issues (Izadpanah et al., 2006; Heathman et al., 2015; Volarevic et al., 2018). Hence, there is growing precedence to develop cell-free or acellular technologies to promote bone regeneration (Burdick et al., 2013; Wang et al., 2018).
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Cells are known to secrete a range of bioactive factors, which have been shown to regulate biological processes such as proliferation and differentiation through autocrine and paracrine signalling (Baraniak and McDevitt, 2010; Raposo and Stoorvogel, 2013; de Miguel-Gómez et al., 2020). One of these factors, Extracellular Vesicles (EVs), have gained increasing attention as novel acellular tools for regenerative medicine. EVs are cell-derived lipid nanoparticles that contain a diverse biological cargo including nucleic acids, proteins and bioactive molecules (Zaborowski et al., 2015; van Niel et al., 2018). The multitude of bioactive factors delivered by EVs has been shown to promote stem cell mineralisation when compared to the use of single growth factor treatment (Davies et al., 2017). Although the therapeutic efficacy of these cell-derived nanoparticles has been reported (Martins et al., 2016; Qin et al., 2016; Man et al., 2021a), to date EVs are commonly harvested from cells cultured on 2D tissue culture plastic. Conventional 2D culture limits the surface area for cell growth as well as providing an artificial cell-cell and cell-extracellular matrix interactions, which do not replicate in situ conditions mechanically or biologically (Abbott, 2003; Baker and Chen, 2012). By conferring a more physiologically relevant phenotype, it is hypothesised that this increased biomimicry will enhance the production of EVs exhibiting a more in vivo-like composition, improving their therapeutic potency for regenerative medicine (Thippabhotla et al., 2019; Man et al., 2020). Several studies have reported the influence of 3D culture on increasing the differentiation capacity of cells (Baraniak and McDevitt, 2012; Yamaguchi et al., 2014), however, limitations on current scaffold manufacturing hinders their implementation. Conventional scaffold fabrication techniques including solvent casting, freeze-drying and gas foaming provide limited control on scaffold architecture (Tabata, 2009), ultimately impacting the reproducibility of EVs from these systems. Moreover, there are issues associated with the procurement of EVs isolated from non-porous biomaterials, such as hydrogels (Patel et al., 2018), which may require extensive processing to extract these nanoparticles, ultimately damaging the integrity and functionality of the vesicles. Hence, there is a significant unmet need to refine the culture conditions to enhance EV therapeutic potency and yield for bone augmentation strategies.
In recent years, Additive Manufacturing (AM) techniques have facilitated the reproducible fabrication of scaffold systems that may more closely replicate the increased complexity of in situ environments (Gu et al., 2016; Li et al., 2016). Titanium-based materials have been broadly implemented in orthopaedic reconstruction as a result of their osteoinductivity and mechanical strength (Chen et al., 2017; Ilea et al., 2019). Selective Laser Melting (SLM) has allowed for the processing of titanium into 3D printed structures, increasing its clinical utility (Majumdar et al., 2018; Elsayed et al., 2019). Thus, the use of 3D printed titanium scaffolds could provide a more physiologically relevant platform for the manufacture of pro-regenerative EVs compared to conventional 2D tissue culture plastic. Although titanium has been extensively used for numerous orthopaedic applications, there have been numerous investigations aiming to improve its functionality by applying different surface finishes to promote osteoinduction (Damiati et al., 2018; Kligman et al., 2021). Consequently, several studies have explored the influence of applying surface coatings to 3D printed constructs to further promote their biomimetic nature (Kaur and Singh, 2019; Kazimierczak and Przekora, 2020). For example, Eichholz et. al. reported the use of a nano-needle hydroxyapatite (nnHA) coating to enhance the osteoinductive capacity of polycaprolactone (PCL) scaffolds fabricated by melt electrowriting (Eichholz et al., 2020a). Hence, modifying the scaffold’s surface composition could further improve the production of EVs. Together, this study aims to address pertinent issues hindering the clinical application of EVs, scalability of manufacture and therapeutic efficacy, thus facilitating the development of these instructive acellular tools to promote bone repair.
In this present study, we investigated the influence of 3D printed scaffold architecture and surface composition on the therapeutic efficacy of osteoblast-derived EVs for bone repair. Titanium scaffolds were fabricated via SLM with differing pore sizes and shapes and determined their effects on osteoblast mineralisation (Figure 1). EVs were isolated from mineralising osteoblasts on different scaffold designs and administered to human bone marrow-derived mesenchymal stem cells (hBMSCs) to determine their efficacy in promoting osteogenic differentiation. Additionally, the effects of nnHA scaffold coating on osteoblast-derived EV yield and potency was evaluated.
[image: Figure 1]FIGURE 1 | Schematic representation of study design. 1) Titanium scaffolds were printed using SLM and their structure and topography were characterised. 2) The effects of scaffold architecture and surface coating on osteoblast mineralisation were evaluated. 3) EVs were isolated from scaffold-cultured osteoblasts and characterised. 4) The osteoinductive potency of scaffold-derived EVs on stimulating hBMSC’s osteogenic differentiation was investigated. Created with BioRender.com.
MATERIALS AND METHODS
Scaffold Fabrication and Processing
Lattice designs were created in CAD based on the designs from Van Bael et. al. (Van Bael et al., 2012) using Element (nTopology, Inc, United States), and slicing performed using QuantAM vs4 (Renishaw, PLC, United Kingdom). Four scaffolds were fabricated and classified according to shape [triangular (T) and square (S)] and pore size [500 µm (500) and 1000 µm (1000)]. The samples were manufactured on a RenAM 500 M selective laser melting system (Renishaw, PLC, United Kingdom) using gas atomised spherical Ti-6Al-4V grade 23 powder in the size range of 15 to 53 µm. The slice thickness was 30 μm, the laser power was 100 W for the contours and 200 W for the hatched regions, and the scanning speed was equivalent to 1125 mm/s for the contours and 1100 mm/s for the hatched regions. The samples were removed from the build substrate using wire electro-discharge machining, Cut20 (Beijing Agie Charmilles. Ltd, China). The scaffolds were ultrasonically cleaned in acetone, 95% ethanol and distilled water for 15 min each, then incubated in 5 M NaOH for 24 h at 60°C. Following which, the samples were sterilised by autoclave prior to cell culture.
Nano-Needle HA Coating
A nnHA coating was applied to the scaffolds as previously described (Eichholz et al., 2020a). Briefly, the autoclaved samples were immersed in 70% ethanol at room temperature under vacuum to remove air bubbles. Scaffolds were then incubated with 2 M NaOH for 45 min at 37°C, rinsed in MilliQ water five times and then incubated with calcium solution (0.05 M Calcium Chloride Dihydrate (Sigma-Aldrich, United Kingdom) in MilliQ water). An equal volume of phosphorus solution, (0.03 M Sodium Phosphate Tribasic Dodecahydrate (Sigma-Aldrich, United Kingdom) in MilliQ water), was slowly added to the calcium solution. Air bubbles were removed under a vacuum, and samples were incubated for 30 min at 37 C. The coating procedure was repeated twice, with fresh solutions used each time. Samples were then incubated with 0.5 M NaOH for 30 min at 37°C and rinsed with MilliQ water five times and allowed to air-dry overnight. Samples were UV sterilised for 20 min on each side prior to cell culture. Scaffolds coated with nnHA were designated T500-H and T1000-H.
Scanning Electron Microscopy (SEM)
The morphology of the scaffold pores was examined on randomly selected samples using a ZEISS EVO MA10 scanning electron microscope (ZEISS, Germany) operating at 15 kV.
Microcomputed Tomography Analysis
Microcomputed tomography (micro-CT) scans were taken with a SkyScan 1172 (Bruker), using the following settings: aluminium-copper filter, current 100 mA, voltage 80 kV, exposure time 800 ms, pixel size 11.9 μm, camera resolution 1000 × 666 pixels, rotation step 0.6°, frame averaging 4. Scans were reconstructed using NRecon (version 1.6.10.2, Bruker), and 3D models were produced in CTVox (version 3.0.0, Bruker). The same scanning, reconstruction, and post-reconstruction parameters were used for all scans. Micro-CT image analysis was used to calculate the strut and pore size distributions, porosity, surface area, volume and interconnectivity. The permeability coefficients in the horizontal and vertical directions of the different designs were calculated using the protocol reported by Van Bael et al. (Van Bael et al., 2012).
Cell Culture and Reagents
MC3T3 murine pre-osteoblasts were purchased from American Type Culture Collection (ATCC, United Kingdom) and hBMSCs were acquired from Lonza (Lonza, United Kingdom). Basal culture media consisted of minimal essential medium (α-MEM; Sigma-Aldrich, United Kingdom) supplemented with 10% Foetal Bovine Serum (FBS), 1% penicillin/streptomycin (Sigma-Aldrich, United Kingdom) and L-glutamine (Sigma-Aldrich, United Kingdom). hBMSCs were used at passage 4. Mineralisation medium comprised of basal culture media supplemented with 10 mM β-glycerophosphate (Sigma-Aldrich, United Kingdom) and 50 μg/mL L-ascorbic acid (Sigma-Aldrich, United Kingdom). Culture medium utilised for EV isolation and dosing was depleted of FBS-derived EVs by ultracentrifugation at 120,000 g for 16 h prior to use.
The sterilised scaffolds were washed three times with sterile Phosphate Buffered Saline (PBS) and incubated overnight with basal medium at 37°C. Cells (2 × 105 cells) were statically seeded onto each scaffold for 1 h at 37°C. Following this, the samples were loaded onto an SB tube rotator (SB3, STUART, United Kingdom) and dynamically cultured for 16 h at 8 rpm. The scaffolds were then removed and washed with basal media twice, before incubation in osteogenic media. Cells cultured on 2D tissue culture plastic were used as control.
Cell viability on titanium constructs was assessed via live/dead staining. Samples were incubated in basal medium containing CellTrackerTM Green CMFDA (2 μM, Thermo Scientific, United Kingdom) and Ethidium homodimer-1 (4 μM, Sigma-Aldrich, United Kingdom) for 30 min. The medium was replaced with fresh medium for 30 min before visualised under an EVOS fluorescent inverted microscope (M5000, Thermo Scientific, United Kingdom).
Histone Deacetylase (HDAC) activity was assessed using the fluorometric HDAC assay kit (Abcam, United Kingdom) according to the manufacturer’s protocol. Relative HDAC activity was determined in a SPARK spectrophotometer with an excitation and emission of 350 and 440 nm respectively. HDAC activity normalised with protein content. Detection of H3K9 acetylation was performed using the EpiQuik Global Histone H3 Acetylation Assay Kit (Epigentek, United States) according to the manufacturer’s protocol. The absorbance was read in a SPARK spectrophotometer at 450 nm. Histone acetylation was normalised with protein content.
Relative gene expression was evaluated as previously described (Man et al., 2021a). Briefly, total RNA was extracted using the RNase mini kit (Qiagen, United Kingdom) from scaffold-cultured osteoblasts according to the manufacturer’s protocol. Primers (Supplementary Table S1) (Primerdesign, United Kingdom) were used to quantify levels of alkaline phosphatase (ALP), collagen type I (COL1A), and osteocalcin (OCN). Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as the internal reference. RNA was amplified in a 20 μL reaction with a 96-well PCR plate (Starlab, United Kingdom). Amplification occurred using the AriaMx Real-Time PCR System (Agilent Technologies, United Kingdom). The cycle threshold (Ct) value was acquired and the comparative Ct method (2-∆∆Ct) was utilised to quantify the gene expression levels relative to the housekeeping gene.
EV Isolation and Characterisation
EV Isolation
Medium was isolated from osteoblasts cultured on titanium scaffolds every 2 days for 14 days. EVs were isolated from the collected conditioned medium by differential centrifugation as previously described (Man et al., 2021a): 2000 g for 20 min, 10,000 g for 30 min and 120,000 g for 70 min. The EV pellet was washed with sterile PBS and centrifuged at 120,000 g for 70 min and the resultant pellet was re-suspended in 500 μL PBS. All ultracentrifugation steps were performed utilising the Sorvall WX Ultra Series Ultracentrifuge (Thermo Scientific, United Kingdom) and a Fiberlite, F50L-8×39 fixed angle rotor (Piramoon Technologies Inc., United States).
Particle Size and Concentration Analysis
Total EV protein concentration was determined using the Pierce BCA protein assay kit (Thermo Scientific, United Kingdom). The quantity of CD63 positive particles was quantified by using ExoELISA-ULTRA CD63 Kit (System Biosciences, United States). EV protein and CD63 particle concentration were normalised with cell number. Dynamic Light Scattering (DLS) (Zetasizer Nano ZS, Malvern Instruments, United Kingdom) was used to analyse size distribution and zeta potential.
Immunoblotting
Immunoblotting was used to confirm the presence of EVs as previously described (Man et al., 2021a). Briefly, EV proteins from osteoblasts cultured on 2D or T1000 constructs were electrophoretically separated using precast gels (4–15% Mini-PROTEAN TBX, Biorad, United Kingdom). Gels were then blotted on polyvinylindene difluoride membranes (Fisher Scientific, United Kingdom) and blocked with EveryBlot blocking buffer (BioRad, United Kingdom). Primary antibodies to Alix (1:1000 dilution, Santa Cruz, United States), Annexin 2 (1:2000 dilution, Abcam, United Kingdom), CD9 (1:1000 dilution, Abcam, United Kingdom) and calnexin (1:1000 dilution, Abcam, United Kingdom) were incubated with the blot overnight at 4 C. The membranes were then incubated with the appropriate secondary antibody, anti-mouse for Alix (1:3000 dilution, Cell Signaling, United Kingdom), and anti-rabbit for Annexin 2, CD9 and calnexin (1:3000 dilution, Cell Signaling, United Kingdom), for 1 h at room temperature. Chemiluminescence detection of bands were imaged with the ChemiDoc XRS + system (BioRad, United Kingdom) using Clarity™ Western ECL substrate (BioRad, United Kingdom) and Image Lab software (Life Science Research, BioRad, United Kingdom) following the manufacturer’s protocol.
Transmission Electron Microscopy
Isolated EVs were visualised using a JEOL JEM1400 transmission electron microscope (TEM, JEOL, United Kingdom) coupled with an AMT XR80 digital acquisition system. Prior to imaging, EVs were physisorbed to a 200-mesh carbon-coated copper formvar grid (Agar Scientific, United Kingdom) and negatively stained with 1% uranyl acetate.
hBMSCs Treatment With EVs
EV Cell Uptake
EVs were labelled using Cell Mask™ Deep Red Plasma Membrane Stain, 1:1000 in PBS, (Thermo Scientific, United Kingdom) and incubated for 10 min. Labelled EVs were washed twice with PBS via ultracentrifugation at 120,000 g for 70 min hBMSCs were seeded (4 × 103 cells/cm2) in a chamber slide (Corning, United Kingdom) for 24 h then media was replaced with fresh basal media supplemented with labelled EVs. After 24 h, cells were fixed with 10% (v/v) neutral buffered formalin (NBF, Cellpath, United Kingdom), stained with Alexa Fluor 488 phalloidin, 1:20, (Cell Signalling Technology, United Kingdom) and mounted with Prolong™ Gold Antifade Mountant with DAPI (Thermo Scientific, United Kingdom) to label the actin cytoskeleton and nuclei respectively. Slides were imaged with an EVOS fluorescent inverted microscope (M5000, Thermo Scientific, United Kingdom).
hBMSCs Osteogenic Culture
Cells were seeded to a density of 21 × 103 cells/cm2 in 24-well plates (Nunc, United Kingdom) with basal medium for 24 h. The medium was replaced with fresh mineralisation medium supplemented with EVs (5 μg/ml of EV protein) for 21 days. EV-supplemented medium changes were performed every 48 h and cells cultured in mineralising medium alone was used as the control.
Intracellular Calcium Activity
Intracellular calcium content was quantified using the Calcium Colorimentic Assay Kit (Sigma, United Kingdom) following the manufacturer’s protocol. Briefly, 50 μL of cell lysate was incubated with 90 μL of Chromogenic reagent and 60 μL of Calcium assay buffer. Samples were incubated at room temperature for 10 min and absorbances were read at 575 nm on a SPARK spectrophotometer (TECAN, CH). For the nnHA samples, cell-free coated scaffolds were incubated in osteogenic medium for 2 weeks and used as the blank readings.
Alkaline Phosphatase Activity
ALP activity was determined using the 4-nitrophenyl colourimetric phosphate liquid assay (pNPP, Sigma-Aldrich, United Kingdom) as previously reported (Man et al., 2021b). Briefly, 10 μL of cell lysate (in 0.1% Triton™ X-100) was added to 90 μL of pNPP and incubated for 60 min at 37 C. The absorbance at 405 nm was read on a SPARK spectrophotometer (TECAN, CH). ALP activity was normalised with DNA content.
DNA Quantification
DNA content was determined using the Quant-iT PicoGreen DNA assay (Invitrogen, Life Technologies, United Kingdom). Briefly, 10 μL of cell lysate (in 0.1% Triton™ X-100) was added to 90 μL of TE (10 mM Tris-HCl, 1 mM EDTA) buffer. 100 μL of PicoGreen reagent was added to all samples for 5 min. The fluorescence was then measured in a SPARK spectrophotometer (TECAN, CH) at 480/520 nm wavelength.
Collagen Production
Collagen deposition was evaluated with picrosirius red staining. Briefly, cells were washed twice in PBS and fixed in 10% NBF for 30 min, prior to staining with Picro-Sirius Red Solution (ScyTek Laboratories, Inc., United States) for 1 h. The unbound dye was removed by washing in 0.5 M acetic acid followed by distilled water wash and left to air dry prior to imaging using light microscopy (EVOS XL Core, Invitrogen, United Kingdom). To quantify collagen staining, 0.5 M sodium hydroxide was used to elute the bound dye and absorbance read at 590 nm using a SPARK spectrophotometer (TECAN, CH).
Calcium Deposition
Alizarin red staining was conducted to evaluate calcium deposition. Briefly, cells were washed twice in PBS and fixed in 10% NBF for 30 min. Following fixation, cells were washed in distilled water and then incubated with alizarin red solution (Sigma-Aldrich, United Kingdom) for 10 min. The unbound dye was removed by washing in distilled water. Staining was visualised using light microscopy (EVOS XL Core, Invitrogen, United Kingdom). For alizarin red quantification, stained samples were eluted with 10% cetylpyridinium chloride (Sigma-Aldrich, United Kingdom) for 1 h and then absorbance read at 550 nm using the SPARK spectrophotometer (TECAN, CH).
Statistical Analysis
For all data presented, experiments were performed in triplicate. All statistical analysis was undertaken using ANOVA multiple comparisons test followed by Tukey’s post hoc using IBM SPSS software (IBM Analytics, version 21). p values equal to or lower than 0.05 were considered as significant. *P ≤ 0.05, **P ≤ 0.01 ***P ≤ 0.001.
RESULTS
Influence of Titanium Scaffold Morphological Architecture on Osteoblast Mineralisation
Scaffolds exhibiting either a square or triangle pore shape, with pore sizes of 500 or 1000 µm were fabricated using SLM. To visualise the scaffolds geometry, the CAD models (Figure 2A) and images from the produced scaffolds were obtained via 2D microscopy (Figure 2B), micro-CT scanning (Figure 2C) and SEM analysis (Figure 2D). The fabricated scaffolds pore and strut sizes were measured by 2D light microscopy and compared to the theoretical CAD values (Table 1). There was a high degree of similarity in the pore (>98%) and strut (>96%) measurements between the designed and fabricated values. Moreover, micro-CT analysis demonstrated that changing scaffold pore size and morphology affected key scaffold properties such as surface area, structure volume and porosity. Additionally, permeability analysis confirmed the influence of increased pore size and triangle pore conformation on enhancing fluid flow through these scaffolds.
[image: Figure 2]FIGURE 2 | Morphological analysis of the titanium scaffolds manufactured for the current study including (A) CAD unit cells, (B) 2D brightfield microscopy, (C) micro-CT scans and (D) SEM images. Scaffold designation = triangular (T) and square (S) and pore size (500 µm (500) and 1000 µm (1000)).
TABLE 1 | Characterisation of titanium scaffolds fabricated by SLM.
[image: Table 1]Following dynamic seeding of osteoblasts on the titanium scaffolds, viable cells (green) were observed evenly distributed on the scaffold struts 24 h post-seeding (Figure 3A). There was a significant increase in the DNA content from osteoblasts cultured on triangle pore scaffolds when compared to the square pore lattices after 14 days of culture, where the T500 and T1000 constructs exhibited a 2.13- (P ≤ 0.01) and 1.5-fold (P ≤ 0.05) higher DNA content when compared to the S500 and S1000 scaffolds, respectively (Figure 3B). To determine the influence of scaffold design on osteoblast epigenetic functionality, HDAC activity and histone acetylation was quantified following 7 days of osteoinductive culture (Supplementary Figure S1). There was a significant reduction in HDAC activity in the triangle pore scaffolds when compared to the square pore constructs of the same size (P ≤ 0.05–0.01). Moreover, we determined that the decrease in HDAC activity resulted in a significant increase in histone acetylation levels within the cells cultured on the triangle pore scaffolds (P ≤ 0.001). The effects of scaffold architecture on osteoblast osteogenic differentiation was initially evaluated by quantifying osteogenic gene expression (Supplementary Figure S2). With increasing pore size and triangle pore shape, the expression of osteoblast-related markers ALP, COL1A and OCN were significantly upregulated when compared to cells cultured on the smaller pore scaffolds with a square pore conformation (P ≤ 0.01–0.001). There was a time-dependent increase in ALP activity in all scaffold groups during culture (Figure 3C). At day 14, a significantly elevated ALP activity was observed in the T500 (1.43-fold, P ≤ 0.01) and T1000 (1.45-fold, P ≤ 0.05) groups compared to the square pore scaffolds of the same pore size. A similar trend was observed in the collagen and calcium deposition analysis. Cells cultured on the T500 and T1000 scaffolds exhibited a significant 1.35- (P ≤ 0.01) and 1.43-fold (P ≤ 0.001) increased in collagen production, and a 1.19- (P ≤ 0.05) and 1.3-fold (P ≤ 0.001) enhancement in calcium deposition when compared to the S500 and S1000 scaffolds respectively, following 14 days of osteoinductive culture (Figures 3D,E).
[image: Figure 3]FIGURE 3 | Influence of titanium scaffold architecture on osteoblast behaviour and mineralisation. (A) Live/dead staining of osteoblasts cultured on titanium scaffolds following dynamic seeding, scale bar = 200 µm. The effects of scaffold design on osteoblast (B) DNA content, (C) ALP activity, (D) collagen production and (E) calcium deposition following 14 days osteogenic culture. Data are expressed as mean ± SD (n = 3). *P ≤ 0.05, **P ≤ 0.01 and ***P ≤ 0.001.
The Effect of Scaffold-Derived EVs on hBMSCs Osteogenic Differentiation and Mineralisation
Initially, EVs were isolated from scaffold-cultured osteoblast conditioned media via ultracentrifugation, and the nanoparticles were then characterised. TEM imaging showed that EVs derived from scaffold-cultured cells exhibited a typical spherical morphology, similar to the EVs procured from 2D-cultured osteoblasts (Figure 4A). EVs derived from 2D and scaffold-cultured osteoblasts exhibited positive EV marker expression (Figure 4B). EV protein content was significantly enhanced (>1.32-fold, P ≤ 0.01) from osteoblasts cultured on scaffolds when compared to 2D (Figure 4C). The T500 and T1000 groups exhibited a 1.93- and 2.22-fold increase when compared to the S500 (P ≤ 0.01) and S1000 (P ≤ 0.001) scaffolds respectively. To ascertain whether protein content quantified was EV specific, the concentration of CD63 positive particles were evaluated via the CD63 ELISA. There was a >3.4-fold increase in CD63 positive particles derived from the scaffold-cultured osteoblast compared to 2D culture (P ≤ 0.001) (Figure 4D). The T500 and T1000 groups exhibited a 2.24- and 2.15-fold increase in CD63 positive particles when compared to the S500 (P ≤ 0.001) and S1000 (P ≤ 0.001) scaffolds respectively. Isolated EVs exhibited an average diameter around 200 nm (Figures 4E,G) and a negative surface change (Figure 4G). Intracellular calcium content has been causatively linked to EV biogenesis, as such we quantified the calcium levels from scaffold-cultured osteoblasts. The findings showed a significantly elevated levels of intracellular calcium from scaffold-cultured cells when compared to the cells from 2D (>9.1-fold) (P ≤ 0.001), with the T500 (1.36-fold) and T1000 (1.27-fold) groups exhibited increased intracellular calcium when compared to the S500 and S1000 respectively (P ≤ 0.001) (Figure 4F).
[image: Figure 4]FIGURE 4 | Characterisation of osteoblast-derived EVs: (A) representative TEM image of EVs derived from 2D and 3D culture, scale bar = 50 nm, (B) western blot analysis, (C) EV protein content, (D) CD63+ particles quantification, (E) size distribution, (F) intracellular calcium content and (G) weighted average diameter and zeta potential of isolated EVs. Data are expressed as mean ± SD (n = 3). **P ≤ 0.01 and ***P ≤ 0.001.
Cell Mask labelled EVs derived from 2D and scaffold cultures were successfully internalised by hBMSCs following 24 h incubation, with labelled EVs situated within the cell’s cytoplasm (Figure 5A). The influence of scaffold architecture on osteoblast-derived EV osteogenic potency was initially evaluated by quantifying hBMSCs ALP activity (Figure 5B). 2D-EVs and 3D-EVs significantly increased hBMSCs ALP activity when compared to the untreated cells after 14 days osteogenic culture. The T500-EV and T1000-EV treatment significantly enhanced ALP activity when compared to the S500-EV (1.39-fold, P ≤ 0.05) and S1000-EV (1.59-fold, P ≤ 0.001) treated hBMSCs, respectively, with the T500-EVs eliciting a slight significant increase in ALP activity compared to the T1000-EV group (P ≤ 0.05). The influence of scaffold-derived EVs on hBMSCs extracellular matrix production and mineralisation was assessed by quantifying collagen content and calcium deposition, respectively. Similar to the findings in ALP activity, collagen production was significantly enhanced in the EV treated cells compared to the untreated control (>2.63-fold, P ≤ 0.001) (Figures 5C,D). The T500 and T1000 groups exhibited an increase in collagen production compared to the S500 (1.21-fold, P ≤ 0.05) and S1000 (1.15-fold, P > 0.05) groups, respectively. Alizarin red staining showed that the 2D-EVs (1.44-fold, P ≤ 0.05) and scaffold-derived EVs (>1.76-fold, P ≤ 0.05–0.001) treatment significantly enhanced hBMSCs calcium deposition compared to the untreated cells after 21 days of osteogenic culture (Figure 5E). Between the scaffold-EV treated groups, the T500-EV and T1000-EV treated hBMSCs exhibited significantly increased calcium deposition when compared to the S500-EV (1.75-fold, P ≤ 0.001) and S1000-EV (1.4-fold, P ≤ 0.001) treated cells. Additionally, the T500-EVs significantly increased hBMSCs calcium deposition when compared to the T1000-EV treated group (P ≤ 0.05).
[image: Figure 5]FIGURE 5 | Effect of scaffold-derived osteoblast EVs on hBMSC’s osteogenic differentiation and mineralisation. (A) Osteoblast-derived EV cell uptake. Scale bar = 20 µm. (B) ALP activity, (C,D) collagen production (E) calcium deposition following 21 days osteogenic culture. Scale bar = 200 µm. Data are expressed as mean ± SD (n = 3). *P ≤ 0.05, **P ≤ 0.01 and ***P ≤ 0.001.
Influence of Bone-Mimetic nnHA Surface Treatment on Osteoblast Mineralisation and Osteoblast-Derived EV Osteoinductive Efficacy
Triangle pore scaffolds were coated with or without a nnHA coating to evaluate its influence on osteoblast mineralisation and osteoblast-derived EV osteoinductive potency. Figure 6A shows a representative SEM image of uncoated and nnHA coated titanium scaffolds, with mineral deposition observed on the latter. Alizarin red staining confirmed the presence of calcium on the nnHA coated surface (Supplementary Figure S3). Following dynamic seeding, viable osteoblasts (green) can be observed evenly distributed over the scaffolds surface (Figure 6B). There was a significant increase in the DNA content on the larger pore sized scaffolds (T1000, T1000-H), when compared to the scaffolds exhibiting the smaller pore size (T500, T500-H) (>2.44-fold, P ≤ 0.001) (Figure 6C). Between the untreated and nnHA coated scaffolds of the same pore size, there was a slight non-significant increase in the DNA content on the nnHA coated lattices compared to the uncoated control (P > 0.05). The effects of nnHA scaffold coating on osteoblast osteogenic differentiation were evaluated through quantifying ALP activity, collagen production and calcium deposition. The T500-H and T1000-H scaffolds significantly increased osteoblast osteogenic differentiation and mineralisation after 14 days in osteogenic culture when compared to the T500 and T1000 scaffolds respectively (P ≤ 0.05–0.001) (Figures 6D–F). Cells cultured on the T500-H and T1000-H scaffolds exhibited a significantly increased intracellular calcium content compared to the T500 (1.18-fold, P ≤ 0.01) and T1000 constructs (1.15-fold, P ≤ 0.001) (Figure 6G). Additionally, the nnHA scaffold cultured osteoblast secreted a significantly enhanced quantity of EVs during culture when compared to the untreated controls (3.5, 4.45-fold, P ≤ 0.001) (Figure 6H).
[image: Figure 6]FIGURE 6 | The impact of nnHA coating on scaffold-cultured osteoblast mineralisation and EV production. (A) Representative SEM image of uncoated and nnHA coated titanium scaffold, scale bar = 200 μm, (B) live-dead staining of osteoblast following 24 h of culture, Scale bar = 200 μm, (C) proliferation, (D) ALP activity, (E) collagen content, (F) calcium deposition, (G) intracellular calcium levels and (H) EV procurement yield. Data are expressed as mean ± SD (n = 3). *P ≤ 0.05, **P ≤ 0.01 and ***P ≤ 0.001.
The influence of nnHA coating on osteoblast-derived EV osteogenic potency was evaluated by assessing hBMSCs osteogenesis. EVs derived from uncoated and nnHA coated scaffolds significantly increased hBMSCs extracellular matrix collagen production (>1.38-fold) (Figure 7A) and calcium deposition (>3.18-fold) (Figures 7B,C) when compared to the untreated cells (P ≤ 0.001), with no significant differences observed between the EV groups (P > 0.05).
[image: Figure 7]FIGURE 7 | The influence of nnHA scaffold coating on osteoblast-derived EVs osteoinductive efficacy. (A) Collagen production and (B), (C) calcium deposition following 21 days of osteogenic culture. Black staining indicates mineral nodules. Scale bar = 200 µm. Data are expressed as mean ± SD (n = 3). ***P ≤ 0.001.
DISCUSSION
There is growing precedence to utilise 3D culture platforms to more closely replicate in vivo environments, ultimately improving the biomimicry of EVs isolated from in vitro systems (Man et al., 2020). In this regard, harnessing AM methods such as 3D printing would allow for the large-scale, reproducible fabrication of 3D constructs with precise control on scaffold parameters, overcoming limitations of conventional scaffold systems for EV procurement (Tabata, 2009; Patel et al., 2018). Moreover, several studies have reported the osteoinductive capacity of titanium substrates (Xu et al., 2013; Salou et al., 2015), thus possibly providing a pro-osteogenic platform for EV manufacture. Therefore, this study aimed to address pertinent issues hindering the clinical translation of EVs, scalability of manufacture and therapeutic efficacy, hence facilitating the development of EVs as novel acellular therapies to promote bone repair.
It has become increasingly apparent that the mechanobiological interactions between cells and their substrates play a vital role in augmenting the cell’s functionality (Guilak et al., 2014). Numerous studies have shown the importance of pore geometry in modifying the differentiation capacity of cells (Van Bael et al., 2012; Xu et al., 2014; Rubert et al., 2021). In this study, constructs exhibiting a triangle pore conformation significantly improving osteoblast differentiation and mineralisation when compared to square pored scaffolds of both sizes. It has been similarly reported in the literature that a more acute 3D printed fibre angle promotes cellular contact, increasing the cell’s osteogenic capacity (Guvendiren et al., 2017; Ji and Guvendiren, 2019; Rüdrich et al., 2019). For example, Yilgor et al. described the fabrication of 3D printed porous PCL scaffolds with either a basic or crossed fibre orientation, where enhanced MSC osteogenesis was observed in the crossed fibre scaffolds (Yilgor et al., 2008). It has been proposed that substrates exhibiting a high curvature or acute fibre angle augments differentiation and tissue deposition by enhanced cellular tension at those interfaces (Rumpler et al., 2008). For instance, Bidan et al. showed a positive correlation between tissue formation and substrates with high curvatures, where osteoblasts deposited extracellular matrix on cross-shaped pores twice as fast when compared to square-shaped pores (Bidan et al., 2013). Hence, the increased substrate curvature of the triangle pore scaffolds may increase cellular tension within osteoblasts and promote their differentiation capacity. We found that cells cultured on scaffolds exhibiting a larger pore size increased osteoblast differentiation (ALP activity, collagen production and calcium deposition) when compared to smaller pores in both conformations, consistent with previous reports (Van Bael et al., 2012; Di Luca et al., 2016). Scaffolds possessing a triangle pore geometry and larger pore sizes exhibited increased porosity and permeability, likely enhancing the cell seeding efficiency of these scaffolds and media diffusivity during culture. Improving scaffold permeability through increasing pore size, has been shown to promote osteoblast differentiation via elevated fluid flow/shear stress (Ouyang et al., 2019). An increasing body of evidence has reported the influence of biomaterial cues as potent regulators of cell fate via altering epigenetic functionality (Li et al., 2011; Tan et al., 2015; Lv et al., 2018a). It is well known that during osteogenic differentiation, the epigenetic landscape of cells is altered. For example, Lee et al. showed that HDAC activity is reduced during osteogenesis, which resulted in hyperacetylation induced gene activation (Lee et al., 2006). As such, researchers have harnessed epigenetic modifying compounds including HDAC inhibitors (HDACis) to accelerate osteogenic differentiation both in vitro and in vivo (Huynh et al., 2016; Man et al., 2021c). Moreover, several studies have demonstrated the role of biomaterials substrates in augmenting key epigenetic functions via the modification of the cells actin cytoskeleton which transmits forces to the nuclear protein lamin A/C, ultimately resulting in enhanced transcriptional activation (Li et al., 2011; Downing et al., 2013). In this present study, our findings showed that osteoblast cultured on triangle pore scaffolds exhibited substantial reduced HDAC activity, resulting in increased histone acetylation levels. The enhanced transcriptional permissiveness induced by hyperacetylation has been reported to accelerate differentiation on biomaterial substrates via increased gene activation (Li et al., 2011; Lv et al., 2018b), consistent with the upregulated osteogenic gene expression observed in this study. Thus, these findings indicate the influence of biomechanical cues induced by the different scaffold architectures on augmenting osteogenic differentiation capacity via epigenetic regulation. Therefore, altering the scaffolds architecture through augmenting pore size/geometry has a significant impact in regulating osteoblast differentiation (Abbasi et al., 2020). Moreover, modifying the scaffolds pore geometry and size likely plays a pivotal role in the enhanced regenerative capacity of these constructs used for bone fracture healing.
Due to issues regarding EV diffusion efficiency from conventional scaffold systems and the lack of control in scaffold properties (Patel et al., 2018), 3D printing allows for the reproducible manufacture of constructs with controllable architectural parameters. The present findings show a significant increase in EV production for scaffold-cultured osteoblasts compared to 2D culture, consistent with several studies demonstrating elevated EV yield from 3D model systems (Zhang et al., 2017; Cha et al., 2018). Interestingly, we observed substantial differences in the quantity of EVs isolated from these constructs during osteoblast culture. Scaffolds possessing a triangle pore conformation secreted significantly enhanced EV yield (>2.15-fold) when compared to square pore scaffolds. Moreover, we showed that larger pore sizes resulted in a slight enhancement in EV yield in both pore conformations, although not significant. This EV release profile correlated with the differentiation status of the parental cell, likely impacting osteoblast differentiation and mineralisation observed during scaffold culture via autocrine and paracrine signalling. Interestingly, it has been reported that scaffolds exhibiting an acute pore angle promote osseointegration and de novo tissue formation following implantation (Deng et al., 2021). Hence, the influence of the scaffold geometric architecture likely impacts EV yield and potency in vivo stimulating fracture healing, although this would require further investigation. Through characterisation of the constructs, we showed that scaffolds with a triangle pore conformation and larger pore sizes exhibited an increased permeability/porosity. The improved scaffold permeability will likely enhance the media diffusivity during culture, impacting both osteoblast differentiation and EV procurement. Several studies have reported the influence of increased fluid flow on osteoblast differentiation, through the activation of mechanotransductive signals (Yourek et al., 2010) and the enhanced bioactivity of secreted EVs (Eichholz et al., 2020b). Hence, augmenting scaffold permeability through architectural modifications could provide a tailorable method to improve EV manufacture. In addition to the influence of scaffold architecture on EV procurement, 3D culture-induced differentiation may also increase EV biogenesis and production through increased intracellular calcium (Savina et al., 2003; Taylor et al., 2020). It has been reported that intracellular calcium is causatively linked to osteogenic differentiation. For example, Wu et al. showed that intracellular calcium levels within BMSCs increased during osteogenic differentiation, and the introduction of Thapsingargin, an inhibitor to endoplasmic reticulum calcium ATPase, reduced osteogenesis (Wu et al., 2020). Interestingly, we showed that osteoblasts cultured on triangle pore scaffolds exhibited a significantly elevated intracellular calcium content when compared to cells cultured on other scaffolds designs and 2D. These findings correlated with the quantity of EVs procured during culture. Therefore, EV procurement from these titanium lattices is likely influenced by the scaffold effects on osteoblast differentiation, the cell secretion phenotype and scaffold permeability/porosity.
Several studies have demonstrated the enhanced biological potency of EVs procured from cells cultured in 3D models compared to 2D (Cha et al., 2018; Otto et al., 2021). The use of 3D printing would allow for the fabrication of biomimetic scaffold systems, allowing for the procurement of EVs from cells with a more physiological relevant phenotype when compared to conventional 2D culture. The present results showed that EVs derived from titanium lattices significantly improved hBMSCs osteogenic differentiation when compared to EVs procured from 2D cultured cells. It is well known that culturing cells in more physiological relevant models promotes their osteogenic capacity, thus, it is likely the augmented EV yield and potency induced by modifying the cells substrate, plays a critical role in the enhanced differentiation capacity of cells observed in 3D culture. The data also showed that EVs derived from the triangular pore conformation displayed increased osteoinductive potency when compared to vesicles isolated from cells cultured on the square pore scaffolds. The enhanced osteoinductive efficacy of EVs procured from the triangle pore scaffolds correlated with the differentiation status of the parental cell during osteogenic culture. Increasing evidence has reported the influence of biophysical and biochemical stimulation on augmenting secreted EVs osteoinductive potency. For example, Davies et al. reported EVs procured from mineralising osteoblast were significantly enriched in proteins involved in osteoblast communication and extracellular mineralisation such as bridging collagens and annexin calcium channelling proteins when compared to EVs from non-mineralising cells (Davies et al., 2017). Eichholz et al. showed that mechanical stimulation of osteocytes accelerated its differentiation and the osteoinductive potency of their EVs via the enrichment of several pro-osteogenic proteins (Eichholz et al., 2020b). Thus, it is likely the accelerated mineralisation induced by the triangle pore scaffolds enriched the secreted EVs with proteins involved in osteoblast differentiation and mineralisation. Additionally, in this study, we reported that osteoblasts cultured on triangle scaffolds elicited substantially altered epigenetic functionality, resulting in increased osteogenic gene activation. Previously we demonstrated that altering the epigenome of mineralising osteoblast via HDACi induced hyperacetylation, significantly enriched secreted EVs with several pro-osteogenic microRNAs and transcriptional regulators which augmented the epigenetic landscape of recipient hBMSCs and accelerated its osteogenic capacity (Man et al., 2021a). Therefore, it is likely the EVs derived from osteoblasts cultured on triangle pore scaffolds were enriched with bioactive factors which modified the epigenetic landscape at recipient hBMSCs increasing its differentiation capacity. Future work elucidating the scaffold-derived EVs mechanisms of actions would be an important area for future studies. Together, these findings indicate the importance of EV parental cell phenotype on the biological potency of their secreted EVs, as these nanoparticles are essentially a fingerprint of their donor cell (Zhang et al., 2019; Sahoo et al., 2021). Moreover, the use of titanium implants exhibiting a triangle pore architecture in vivo could facilitate the production of EVs from recruited stem/progenitor cells, further potentiating the scaffolds role in stimulating endogenous bone repair by increasing pro-regenerative secretome signalling. Therefore, the use of AM techniques such as 3D printing allows for the tailorable fabrication of biomimetic culture platforms to enhance the osteoinductive potency of EVs.
In addition to the influence of scaffold architecture on improving material functionality, several studies have investigated the effects of different surface coatings on promoting the biomimetic nature of biomaterials (Kaur and Singh, 2019; Kazimierczak and Przekora, 2020). For example, Eichholz et al. developed a bone-mimetic nnHA coating, which enhanced the osteoinductive capacity of PCL scaffolds (Eichholz et al., 2020a). Moreover, it has been reported that the elevation of extracellular calcium levels transiently increases intracellular concentrations through the activation of calcium-sensing receptors (Yanai et al., 2019). Therefore, the application of a calcium-based scaffold coating could promote osteoblast differentiation and EV production. We demonstrated that the application of a nnHA coating significantly enhanced mineralisation of osteoblasts during culture, consistent with several studies in the literature (Habraken et al., 2016; Eichholz et al., 2020a). Interestingly, we observed a significantly increased quantity of EVs procured from the nnHA coated scaffolds (>3.5-fold) when compared to the uncoated groups. This profile correlated with the differentiation status of the parental cell and its secretory phenotype (intracellular calcium levels). The enhanced quantity of EVs released during osteoblast culture on the nnHA coated scaffolds, likely played a pivotal role in promoting the mineralisation observed on the constructs. Interestingly, there was no significant difference in the osteoinductive potency of EVs procured from the nnHA scaffolds compared to the untreated groups. Thus, there is likely a delicate balance between promoting EV yield and the biological potency of these cell-derived nanoparticles. It is important to note, that given the dramatic increase in EV yield induced by nnHA coated scaffolds, the direct implantation of nnHA coated constructs in situ would likely promote osteogenesis as a result of enhanced EV production, rather than augmenting the potency at an individual vesicle level. These findings suggest that the application of a nnHA coating would improve the bone formation capacity of titanium substrates, consistent with several studies in the literature (Oonishi et al., 1989; Popkov et al., 2017). Although titanium alloys exhibit a poor degradation profile, the nnHA coating has demonstrated its versatility to improve the osteoinductive potency of non-metallic scaffolds (Eichholz et al., 2020a). Therefore, these findings show that the application of a simple nnHA scaffold coating can significantly augment the production of pro-osteogenic EVs, further enhancing the scalable manufacture of these nanoparticles for clinical use.
In this study, we investigated the influence of 3D printed scaffold architecture on the osteoinductive potency of osteoblast-derived EVs for bone repair. Scaffolds exhibiting a triangle pore conformation and larger pore size displayed increased porosity and permeability. Osteoblast differentiation was significantly accelerated when cultured on triangle pore scaffolds, with increased EV production from these scaffold systems. EV procurement yield correlated with osteogenic phenotype, intracellular calcium levels and scaffold porosity. EVs derived from the triangle pore scaffolds significantly promoted hBMSCs osteogenic differentiation when compared to EVs derived from other scaffold designs. Interestingly, we demonstrated that a simple nnHA coating significantly improved osteoblast osteogenic differentiation and EV yield when compared to the uncoated groups. Future studies would be required to investigate the influence of different scaffold parameters on EV composition, which may be linked to their mechanism of action. A limitation of this study is the lack of in vivo assessment which would provide increased pre-evidence into the biological potency of these scaffold-derived EVs in stimulating bone regeneration. Moreover, there is tremendous scope to investigate the influence of combining tailored 3D printed scaffolds with bioreactors systems to further increase the scalable manufacture of therapeutic relevant EVs for clinical applications.
CONCLUSION
Together, these findings demonstrate the impact of 3D printed scaffold architecture and surface composition on improving EV manufacture and their therapeutic efficacy, indicating the considerable potential of harnessing bone-mimetic culture platforms to enhance the production of pro-regenerative EVs for bone repair.
DATA AVAILABILITY STATEMENT
The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.
AUTHOR CONTRIBUTIONS
KM study conceptualisation, biological laboratory work and manuscript preparation. MB DLS analysis. SL scaffold fabrication. TR micro-CT analysis. SW sample preparation for immunoblotting. MF-R immunoblotting. AF TEM imaging. OD, DH, and SC contributed with critical revisions and editing. All authors have read and agreed to the published version of the manuscript.
FUNDING
The authors acknowledge funding from the EPSRC (EP/S016589/1), the School of Chemical Engineering, University of Birmingham for MB’s doctoral studentship, Science Foundation Ireland (SFI) Frontiers for the Future Project Grant (19/FFP/6533), Academy of Medical Sciences, Wellcome Trust, Government Department of Business, Energy and Industrial Strategy, British Heart Foundation, Diabetes United Kingdom (SBF004\1090) and the EPSRC/MRC Doctoral Training Centre in Regenerative Medicine.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fbioe.2021.757220/full#supplementary-material
REFERENCES
 Abbasi, N. H., Hamlet, S., Love, R. M., and Nguyen, N. T. (2020). Porous Scaffolds for Bone Regeneration. J. Sci. Adv. Mater. Devices 5 (5), 1–9. doi:10.1016/j.jsamd.2020.01.007
 Abbott, A. (2003). Cell Culture: Biology's New Dimension. Nature 424, 870–872. doi:10.1038/424870a
 Amariglio, N., Hirshberg, A., Scheithauer, B. W., Cohen, Y., Loewenthal, R., Trakhtenbrot, L., et al. (2009). Donor-derived Brain Tumor Following Neural Stem Cell Transplantation in an Ataxia Telangiectasia Patient. Plos Med. 6 (2), e1000029–31. doi:10.1371/journal.pmed.1000029
 Amini, A. R., Laurencin, C. T., and Nukavarapu, S. P. (2012). Bone Tissue Engineering: Recent Advances and Challenges. Crit. Rev. Biomed. Eng. 40, 363–408. doi:10.1615/critrevbiomedeng.v40.i5.10
 Baker, B. M., and Chen, C. S. (2012). Deconstructing the Third Dimension: How 3D Culture Microenvironments Alter Cellular Cues. J. Cel. Sci. 125, 3015–3024. doi:10.1242/jcs.079509
 Baraniak, P. R., and McDevitt, T. C. (2010). Stem Cell Paracrine Actions and Tissue Regeneration. Regen. Med. 5, 121–143. doi:10.2217/rme.09.74
 Baraniak, P. R., and McDevitt, T. C. (2012). Scaffold-free Culture of Mesenchymal Stem Cell Spheroids in Suspension Preserves Multilineage Potential. Cell Tissue Res. 347, 701–711. doi:10.1007/s00441-011-1215-5
 Baroli, B. (2009). From Natural Bone Grafts to Tissue Engineering Therapeutics: Brainstorming on Pharmaceutical Formulative Requirements and Challenges. J. Pharm. Sci. 98, 1317–1375. doi:10.1002/jps.21528
 Bidan, C. M., Kommareddy, K. P., Rumpler, M., Kollmannsberger, P., Fratzl, P., and Dunlop, J. W. (2013). Geometry as a Factor for Tissue Growth: Towards Shape Optimization of Tissue Engineering Scaffolds. Adv. Healthc. Mater. 2, 186–194. doi:10.1002/adhm.201200159
 Burdick, J. A., Mauck, R. L., Gorman, J. H., and Gorman, R. C. (2013). Acellular Biomaterials: An Evolving Alternative to Cell-Based Therapies. Sci. Transl. Med. 5, 176ps4. doi:10.1126/scitranslmed.3003997
 Cha, J. M., Shin, E. K., Sung, J. H., Moon, G. J., Kim, E. H., Cho, Y. H., et al. (2018). Efficient Scalable Production of Therapeutic Microvesicles Derived from Human Mesenchymal Stem Cells. Sci. Rep. 8, 1171. doi:10.1038/s41598-018-19211-6
 Chance-Larsen, K., Backhouse, M. R., Collier, R., Wright, C., Gosling, S., Harden, B., et al. (2019). Developing a National Musculoskeletal Core Capabilities Framework for First point of Contact Practitioners. Rheumatol. Adv. Pract. 3, rkz036. doi:10.1093/rap/rkz036
 Chen, Y., Frith, J. E., Dehghan-Manshadi, A., Attar, H., Kent, D., Soro, N. D. M., et al. (2017). Mechanical Properties and Biocompatibility of Porous Titanium Scaffolds for Bone Tissue Engineering. J. Mech. Behav. Biomed. Mater. 75, 169–174. doi:10.1016/j.jmbbm.2017.07.015
 Damiati, L., Eales, M. G., Nobbs, A. H., Su, B., Tsimbouri, P. M., Salmeron-Sanchez, M., et al. (2018). Impact of Surface Topography and Coating on Osteogenesis and Bacterial Attachment on Titanium Implants. J. Tissue Eng. 9, 2041731418790694. doi:10.1177/2041731418790694
 Davies, O. G., Cox, S. C., Williams, R. L., Tsaroucha, D., Dorrepaal, R. M., Lewis, M. P., et al. (2017). Annexin-enriched Osteoblast-Derived Vesicles Act as an Extracellular Site of mineral Nucleation within Developing Stem Cell Cultures. Sci. Rep. 7, 12639. doi:10.1038/s41598-017-13027-6
 de Miguel-Gómez, L., Ferrero, H., López-Martínez, S., Campo, H., López-Pérez, N., Faus, A., et al. (2020). Stem Cell Paracrine Actions in Tissue Regeneration and Potential Therapeutic Effect in Human Endometrium: A Retrospective Study. BJOG 127, 551–560. doi:10.1111/1471-0528.16078
 Deng, F. Y., Liu, L. L., Li, Z., and Liu, J. C. (2021). 3d Printed Ti6al4v Bone Scaffolds with Different Pore Structure Effects on Bone Ingrowth. J. Biol. Eng. 15, 1–13. doi:10.1186/s13036-021-00255-8
 Di Luca, A., Ostrowska, B., Lorenzo-Moldero, I., Lepedda, A., Swieszkowski, W., Van Blitterswijk, C., et al. (2016). Gradients in Pore Size Enhance the Osteogenic Differentiation of Human Mesenchymal Stromal Cells in Three-Dimensional Scaffolds. Sci. Rep. 6, 22898. doi:10.1038/srep22898
 Dimitriou, R., Jones, E., McGonagle, D., and Giannoudis, P. V. (2011). Bone Regeneration: Current Concepts and Future Directions. BMC Med. 9, 66. doi:10.1186/1741-7015-9-66
 Downing, T. L., Soto, J., Morez, C., Houssin, T., Fritz, A., Yuan, F., et al. (2013). Biophysical Regulation of Epigenetic State and Cell Reprogramming. Nat. Mater. 12, 1154–1162. doi:10.1038/nmat3777
 Eichholz, K. F., Von Euw, S., Burdis, R., Kelly, D. J., and Hoey, D. A. (2020). Development of a New Bone-Mimetic Surface Treatment Platform: Nanoneedle Hydroxyapatite (Nnha) Coating. Adv. Healthc. Mater. 9 (24), e2001102. doi:10.1002/adhm.202001102
 Eichholz, K. F., Woods, I., Riffault, M., Johnson, G. P., Corrigan, M., Lowry, M. C., et al. (2020). Human Bone Marrow Stem/stromal Cell Osteogenesis Is Regulated via Mechanically Activated Osteocyte-Derived Extracellular Vesicles. Stem Cell Transl. Med. 9, 1431–1447. doi:10.1002/sctm.19-0405
 Elsayed, M., Ghazy, M., Youssef, Y., and Essa, K. (2019). Optimization of Slm Process Parameters for Ti6al4v Medical Implants. Rpj 25 (3), 433–447. doi:10.1108/rpj-05-2018-0112
 Gu, B. K., Choi, D. J., Park, S. J., Kim, M. S., Kang, C. M., and Kim, C.-H. (2016). 3-dimensional Bioprinting for Tissue Engineering Applications. Biomater. Res. 20, 12. doi:10.1186/s40824-016-0058-2
 Guilak, F., Butler, D. L., Goldstein, S. A., and Baaijens, F. P. (2014). Biomechanics and Mechanobiology in Functional Tissue Engineering. J. Biomech. 47, 1933–1940. doi:10.1016/j.jbiomech.2014.04.019
 Guvendiren, M., Fung, S., Kohn, J., De Maria, C., Montemurro, F., and Vozzi, G. (2017). The Control of Stem Cell Morphology and Differentiation Using Three-Dimensional Printed Scaffold Architecture. MRS Commun. 7, 383–390. doi:10.1557/mrc.2017.73
 Habraken, W., Habibovic, P., Epple, M., and Bohner, M. (2016). Calcium Phosphates in Biomedical Applications: Materials for the Future?Mater. Today 19, 69–87. doi:10.1016/j.mattod.2015.10.008
 Heathman, T. R., Nienow, A. W., McCall, M. J., Coopman, K., Kara, B., and Hewitt, C. J. (2015). The Translation of Cell-Based Therapies: Clinical Landscape and Manufacturing Challenges. Regen. Med. 10, 49–64. doi:10.2217/rme.14.73
 Herberts, C. A., Kwa, M. S., and Hermsen, H. P. (2011). Risk Factors in the Development of Stem Cell Therapy. J. Transl. Med. 9, 29. doi:10.1186/1479-5876-9-29
 Huynh, N. C., Everts, V., Pavasant, P., and Ampornaramveth, R. S. (2016). Inhibition of Histone Deacetylases Enhances the Osteogenic Differentiation of Human Periodontal Ligament Cells. J. Cel. Biochem. 117, 1384–1395. doi:10.1002/jcb.25429
 Ilea, A., Vrabie, O. G., Băbțan, A. M., Miclăuş, V., Ruxanda, F., Sárközi, M., et al. (2019). Osseointegration of Titanium Scaffolds Manufactured by Selective Laser Melting in Rabbit Femur Defect Model. J. Mater. Sci. Mater. Med. 30, 26. doi:10.1007/s10856-019-6227-9
 Izadpanah, R., Trygg, C., Patel, B., Kriedt, C., Dufour, J., Gimble, J. M., et al. (2006). Biologic Properties of Mesenchymal Stem Cells Derived from Bone Marrow and Adipose Tissue. J. Cel. Biochem. 99, 1285–1297. doi:10.1002/jcb.20904
 Ji, S., and Guvendiren, M. (2019). 3d Printed Wavy Scaffolds Enhance Mesenchymal Stem Cell Osteogenesis. Micromachines 11 (1), 31. doi:10.3390/mi11010031
 Kaur, M., and Singh, K. (2019). Review on Titanium and Titanium Based Alloys as Biomaterials for Orthopaedic Applications. Mater. Sci. Eng. C 102, 844–862. doi:10.1016/j.msec.2019.04.064
 Kazimierczak, P., and Przekora, A. (2020). Osteoconductive and Osteoinductive Surface Modifications of Biomaterials for Bone Regeneration: A Concise Review. Coatings 10, 971. doi:10.3390/coatings10100971
 Kligman, S., Ren, Z., Chung, C. H., Perillo, M. A., Chang, Y. C., Koo, H., et al. (2021). The Impact of Dental Implant Surface Modifications on Osseointegration and Biofilm Formation. J. Clin. Med. 10, 1641. doi:10.3390/jcm10081641
 Lee, H. W., Suh, J. H., Kim, A. Y., Lee, Y. S., Park, S. Y., and Kim, J. B. (2006). Histone Deacetylase 1-mediated Histone Modification Regulates Osteoblast Differentiation. Mol. Endocrinol. 20, 2432–2443. doi:10.1210/me.2006-0061
 Li, Y., Chu, J. S., Kurpinski, K., Li, X., Bautista, D. M., Yang, L., et al. (2011). Biophysical Regulation of Histone Acetylation in Mesenchymal Stem Cells. Biophys. J. 100, 1902–1909. doi:10.1016/j.bpj.2011.03.008
 Li, J., Chen, M., Fan, X., and Zhou, H. (2016). Recent Advances in Bioprinting Techniques: Approaches, Applications and Future Prospects. J. Transl. Med. 14, 271. doi:10.1186/s12967-016-1028-0
 Lv, L., Liu, Y., Zhang, P., Bai, X., Ma, X., Wang, Y., et al. (2018). The Epigenetic Mechanisms of Nanotopography-Guided Osteogenic Differentiation of Mesenchymal Stem Cells via High-Throughput Transcriptome Sequencing. Int. J. Nanomed. 13, 5605–5623. doi:10.2147/ijn.s168928
 Lv, L., Tang, Y., Zhang, P., Liu, Y., Bai, X., and Zhou, Y. (2018). Biomaterial Cues Regulate Epigenetic State and Cell Functions-A Systematic Review. Tissue Eng. Part. B Rev. 24, 112–132. doi:10.1089/ten.teb.2017.0287
 Majumdar, T., Eisenstein, N., Frith, J. E., Cox, S. C., and Birbilis, N. (2018). Additive Manufacturing of Titanium Alloys for Orthopedic Applications: A Materials Science Viewpoint. Adv. Eng. Mater. 20, 1800172. doi:10.1002/adem.201800172
 Man, K., Brunet, M. Y., Jones, M. C., and Cox, S. C. (2020). Engineered Extracellular Vesicles: Tailored-Made Nanomaterials for Medical Applications. Nanomaterials (Basel) 10, 1838. doi:10.3390/nano10091838
 Man, K., Brunet, M. Y., Fernandez-Rhodes, M., Williams, S., Heaney, L. M., Gethings, L. A., et al. (2021). Epigenetic Reprogramming Enhances the Therapeutic Efficacy of Osteoblast-Derived Extracellular Vesicles to Promote Human Bone Marrow Stem Cell Osteogenic Differentiation. J. Extracell Vesicles 10, e12118. doi:10.1002/jev2.12118
 Man, K. L., Lawlor, L., Jiang, L.-H., and Yang, X. B. (2021). The Selective Histone Deacetylase Inhibitor Mi192 Enhances the Osteogenic Differentiation Efficacy of Human Dental Pulp Stromal Cells. Int. J. Mol. Sci. 22, 5224. doi:10.3390/ijms22105224
 Man, K., Mekhileri, N. V., Lim, K. S., Jiang, L.-H., Woodfield, T. B. F., and Yang, X. B. (2021). Mi192 Induced Epigenetic Reprogramming Enhances the Therapeutic Efficacy of Human Bone Marrows Stromal Cells for Bone Regeneration. Bone 153, 116138. doi:10.1016/j.bone.2021.116138
 Martins, M., Ribeiro, D., Martins, A., Reis, R. L., and Neves, N. M. (2016). Extracellular Vesicles Derived from Osteogenically Induced Human Bone Marrow Mesenchymal Stem Cells Can Modulate Lineage Commitment. Stem Cel. Rep. 6 (3), 284–291. doi:10.1016/j.stemcr.2016.01.001
 Oonishi, H., Yamamoto, M., Ishimaru, H., Tsuji, E., Kushitani, S., Aono, M., et al. (1989). The Effect of Hydroxyapatite Coating on Bone Growth into Porous Titanium alloy Implants. J. Bone Jt. Surg. Br. 71, 213–216. doi:10.1302/0301-620X.71B2.2925737
 Oryan, A., Alidadi, S., Moshiri, A., and Maffulli, N. (2014). Bone Regenerative Medicine: Classic Options, Novel Strategies, and Future Directions. J. Orthop. Surg. Res. 9, 18. doi:10.1186/1749-799X-9-18
 Otto, L., Wolint, P., Bopp, A., Woloszyk, A., Becker, A. S., Boss, A., et al. (2021). 3d-microtissue Derived Secretome as a Cell-free Approach for Enhanced Mineralization of Scaffolds in the Chorioallantoic Membrane Model. Scientific Rep. 11, 1–15. doi:10.1038/s41598-021-84123-x
 Ouyang, P. R., Dong, H., He, X. J., Cai, X., Wang, Y. B., Li, J. L., et al. (2019). Hydromechanical Mechanism behind the Effect of Pore Size of Porous Titanium Scaffolds on Osteoblast Response and Bone Ingrowth. Mater. Des. 183, 108151. doi:10.1016/j.matdes.2019.108151
 Patel, D. B., Santoro, M., Born, L. J., Fisher, J. P., and Jay, S. M. (2018). Towards Rationally Designed Biomanufacturing of Therapeutic Extracellular Vesicles: Impact of the Bioproduction Microenvironment. Biotechnol. Adv. 36, 2051–2059. doi:10.1016/j.biotechadv.2018.09.001
 Popkov, A. V., Gorbach, E. N., Kononovich, N. A., Popkov, D. A., Tverdokhlebov, S. I., and Shesterikov, E. V. (2017). Bioactivity and Osteointegration of Hydroxyapatite-Coated Stainless Steel and Titanium Wires Used for Intramedullary Osteosynthesis. Strateg. Trauma Limb Reconstr. 12, 107–113. doi:10.1007/s11751-017-0282-x
 Qin, Y., Wang, L., Gao, Z., Chen, G., and Zhang, C. (2016). Bone Marrow Stromal/stem Cell-Derived Extracellular Vesicles Regulate Osteoblast Activity and Differentiation In Vitro and Promote Bone Regeneration In Vivo. Sci. Rep. 6, 21961. doi:10.1038/srep21961
 Raposo, G., and Stoorvogel, W. (2013). Extracellular Vesicles: Exosomes, Microvesicles, and Friends. J. Cel. Biol. 200, 373–383. doi:10.1083/jcb.201211138
 Rubert, M., Vetsch, J. R., Lehtoviita, I., Sommer, M., Zhao, F., Studart, A. R., et al. (2021). Scaffold Pore Geometry Guides Gene Regulation and Bone-like Tissue Formation in Dynamic Cultures. Tissue Eng. Part. A. 27, 1192–1204. doi:10.1089/ten.tea.2020.0121
 Rüdrich, U., Lasgorceix, M., Champion, E., Pascaud-Mathieu, P., Damia, C., Chartier, T., et al. (2019). Pre-osteoblast Cell Colonization of Porous Silicon Substituted Hydroxyapatite Bioceramics: Influence of Microporosity and Macropore Design. Mater. Sci. Eng. C 97, 510–528. doi:10.1016/j.msec.2018.12.046
 Rumpler, M., Woesz, A., Dunlop, J. W., van Dongen, J. T., and Fratzl, P. (2008). The Effect of Geometry on Three-Dimensional Tissue Growth. J. R. Soc. Interf. 5, 1173–1180. doi:10.1098/rsif.2008.0064
 Sahoo, S., Adamiak, M., Mathiyalagan, P., Kenneweg, F., Kafert-Kasting, S., and Thum, T. (2021). Therapeutic and Diagnostic Translation of Extracellular Vesicles in Cardiovascular Diseases: Roadmap to the Clinic. Circulation 143, 1426–1449. doi:10.1161/CIRCULATIONAHA.120.049254
 Salou, L., Hoornaert, A., Louarn, G., and Layrolle, P. (2015). Enhanced Osseointegration of Titanium Implants with Nanostructured Surfaces: An Experimental Study in Rabbits. Acta Biomater. 11, 494–502. doi:10.1016/j.actbio.2014.10.017
 Savina, A., Furlán, M., Vidal, M., and Colombo, M. I. (2003). Exosome Release Is Regulated by a Calcium-dependent Mechanism in K562 Cells. J. Biol. Chem. 278, 20083–20090. doi:10.1074/jbc.M301642200
 Swan, M. C., and Goodacre, T. E. (2006). Morbidity at the Iliac Crest Donor Site Following Bone Grafting of the Cleft Alveolus. Br. J. Oral Maxillofac. Surg. 44, 129–133. doi:10.1016/j.bjoms.2005.04.015
 Tabata, Y. (2009). Biomaterial Technology for Tissue Engineering Applications. J. R. Soc. Interf. 6 Suppl 3, S311–S324. doi:10.1098/rsif.2008.0448.focus
 Tan, S. J., Fang, J. Y., Wu, Y., Yang, Z., Liang, G., and Han, B. (2015). Muscle Tissue Engineering and Regeneration through Epigenetic Reprogramming and Scaffold Manipulation. Sci. Rep. 5, 16333. doi:10.1038/srep16333
 Taylor, J., Azimi, I., Monteith, G., and Bebawy, M. (2020). Ca2+ Mediates Extracellular Vesicle Biogenesis through Alternate Pathways in Malignancy. J. Extracell Vesicles 9, 1734326. doi:10.1080/20013078.2020.1734326
 Thippabhotla, S., Zhong, C., and He, M. (2019). 3d Cell Culture Stimulates the Secretion of In Vivo like Extracellular Vesicles. Sci. Rep. 9, 13012. doi:10.1038/s41598-019-49671-3
 Van Bael, S., Chai, Y. C., Truscello, S., Moesen, M., Kerckhofs, G., Van Oosterwyck, H., et al. (2012). The Effect of Pore Geometry on the In Vitro Biological Behavior of Human Periosteum-Derived Cells Seeded on Selective Laser-Melted Ti6al4v Bone Scaffolds. Acta Biomater. 8 (7), 2824–2834. doi:10.1016/j.actbio.2012.04.001
 van Niel, G., D'Angelo, G., and Raposo, G. (2018). Shedding Light on the Cell Biology of Extracellular Vesicles. Nat. Rev. Mol. Cel. Biol. 19, 213–228. doi:10.1038/nrm.2017.125
 Volarevic, V., Markovic, B. S., Gazdic, M., Volarevic, A., Jovicic, N., Arsenijevic, N., et al. (2018). Ethical and Safety Issues of Stem Cell-Based Therapy. Int. J. Med. Sci. 15, 36–45. doi:10.7150/ijms.21666
 Wang, X., Wang, G., Zingales, S., and Zhao, B. (2018). Biomaterials Enabled Cell-free Strategies for Endogenous Bone Regeneration. Tissue Eng. Part. B Rev. 24, 463–481. doi:10.1089/ten.TEB.2018.0012
 Wu, L., Zhang, G., Guo, C., and Pan, Y. (2020). Intracellular Ca2+ Signaling Mediates Igf-1-Induced Osteogenic Differentiation in Bone Marrow Mesenchymal Stem Cells. Biochem. Biophys. Res. Commun. 527, 200–206. doi:10.1016/j.bbrc.2020.04.048
 Xu, J., Weng, X. J., Wang, X., Huang, J. Z., Zhang, C., Muhammad, H., et al. (2013). Potential Use of Porous Titanium-Niobium alloy in Orthopedic Implants: Preparation and Experimental Study of its Biocompatibility In Vitro. PLoS One 8, e79289. doi:10.1371/journal.pone.0079289
 Xu, M., Zhai, D., Chang, J., and Wu, C. (2014). In Vitro assessment of Three-Dimensionally Plotted Nagelschmidtite Bioceramic Scaffolds with Varied Macropore Morphologies. Acta Biomater. 10, 463–476. doi:10.1016/j.actbio.2013.09.011
 Yamaguchi, Y., Ohno, J., Sato, A., Kido, H., and Fukushima, T. (2014). Mesenchymal Stem Cell Spheroids Exhibit Enhanced In-Vitro and In-Vivo Osteoregenerative Potential. BMC Biotechnol. 14, 105. doi:10.1186/s12896-014-0105-9
 Yanai, R., Tetsuo, F., Ito, S., Itsumi, M., Yoshizumi, J., Maki, T., et al. (2019). Extracellular Calcium Stimulates Osteogenic Differentiation of Human Adipose-Derived Stem Cells by Enhancing Bone Morphogenetic Protein-2 Expression. Cell Calcium 83, 102058. doi:10.1016/j.ceca.2019.102058
 Yilgor, P., Sousa, R. A., Reis, R. L., Hasirci, N., and Hasirci, V. (2008). 3d Plotted Pcl Scaffolds for Stem Cell Based Bone Tissue Engineering. Macromol. Symp. 269, 92–99. doi:10.1002/masy.200850911
 Yourek, G., McCormick, S. M., Mao, J. J., and Reilly, G. C. (2010). Shear Stress Induces Osteogenic Differentiation of Human Mesenchymal Stem Cells. Regener. Med. 5 (5), 713–724. doi:10.2217/rme.10.60
 Zaborowski, M. P., Balaj, L., Breakefield, X. O., and Lai, C. P. (2015). Extracellular Vesicles: Composition, Biological Relevance, and Methods of Study. Bioscience 65, 783–797. doi:10.1093/biosci/biv084
 Zhang, Y., Chopp, M., Zhang, Z. G., Katakowski, M., Xin, H., Qu, C., et al. (2017). Systemic Administration of Cell-free Exosomes Generated by Human Bone Marrow Derived Mesenchymal Stem Cells Cultured under 2d and 3d Conditions Improves Functional Recovery in Rats after Traumatic Brain Injury. Neurochem. Int. 111, 69–81. doi:10.1016/j.neuint.2016.08.003
 Zhang, Y., Liu, Y., Liu, H., and Tang, W. H. (2019). Exosomes: Biogenesis, Biologic Function and Clinical Potential. Cell Biosci. 9, 19. doi:10.1186/s13578-019-0282-2
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2021 Man, Brunet, Louth, Robinson, Fernandez-Rhodes, Williams, Federici, Davies, Hoey and Cox. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fbioe-09-757220-g005.gif





OPS/images/fbioe-09-757220-g006.gif





OPS/images/fbioe-09-757220-g003.gif





OPS/images/fbioe-09-757220-g004.gif
" T
!
e R——

-

e





OPS/images/fbioe-09-757220-t001.jpg
Pore size (m)

Strut size (um)

Surface area (mm?)

Structure volume (mm?®)

Porosity (%)

Interconnectivity (%)

Permeability coefficient (Horizontal direction)
Permeabilty coefficient (Vertical direction)

$500

512 +17.7
203413
474 + 8
64+2
77.34
100
4.04
1.42

$1000

999 + 1.6
203 + 2.6
306 + 4
331
87.44
100
21.06
384

T500

511 +16.1
207 + 3.4
262+ 6
53+3
67.94
100
7.07
1.95

T1000

989 + 8.1

206 + 3.5
163+ 2
28+2
80.42
100
31.42
7.79





OPS/images/fbioe-09-757220-g007.gif





OPS/images/fbioe-09-757220-g008.gif





OPS/xhtml/nav.xhtml
Contents

		Cover

		Development of a Bone-Mimetic 3D Printed Ti6Al4V Scaffold to Enhance Osteoblast-Derived Extracellular Vesicles’ Therapeutic Efficacy for Bone Regeneration		Introduction

		Materials and Methods		Scaffold Fabrication and Processing

		Nano-Needle HA Coating

		Scanning Electron Microscopy (SEM)

		Microcomputed Tomography Analysis

		Cell Culture and Reagents

		EV Isolation and Characterisation

		hBMSCs Treatment With EVs

		Alkaline Phosphatase Activity

		DNA Quantification

		Collagen Production

		Calcium Deposition

		Statistical Analysis





		Results		Influence of Titanium Scaffold Morphological Architecture on Osteoblast Mineralisation

		The Effect of Scaffold-Derived EVs on hBMSCs Osteogenic Differentiation and Mineralisation

		Influence of Bone-Mimetic nnHA Surface Treatment on Osteoblast Mineralisation and Osteoblast-Derived EV Osteoinductive Efficacy





		Discussion

		Conclusion

		Data Availability Statement

		Author Contributions

		Funding

		Publisher’s Note

		Supplementary Material

		References









OPS/images/cover.jpg
* frontiers
in Bioengineering and Biotechnology

Development of a Bone-Mimetic
3D Printed Ti6Al4V Scaffold to
Enhance Osteoblast-Derived
Extracellular Vesicles’
Therapeutic Efficacy for Bone
Regeneration





OPS/images/fbioe-09-757220-g001.gif





OPS/images/fbioe-09-757220-g002.gif









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
, frontiers
in Bioengineering and Biotechnology





