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Bone defects resulting from trauma or tumor are one of the most challenging problems in clinical settings. Current tissue engineering (TE) strategies for managing bone defects are insufficient, owing to without using optimal osteoconductive material and seeding cells capable of superior osteogenic potential; thus their efficacy is instable. Herein, a novel TE strategy was developed for treating bone defects. First, the decellularized bone matrix (DBM) was manufactured into powders, and these DBM powders preserved the ultrastructural and compositional properties of native trabecular bone, are non-cytotoxic and low-immunogenic, and are capable of inducing the interacted stem cells differentiating into osteogenic lineage. Then, a subtype of osteoprogenitors was isolated from mouse long bones, and its high osteogenic potential was identified in vitro. After that, we constructed a “bone-forming unit” by seeding the special subtype of osteoprogenitors onto the DBM powders. In vivo performance of the “bone-forming units” was determined by injecting into the defect site of a mouse femoral epiphysis bone defect model. The results indicated that the “bone-forming unit” was capable of enhancing bone defect healing by regulating new bone formation and remodeling. Overall, the study establishes a protocol to construct a novel “bone-forming unit,” which may be an alternative strategy in future bone TE application.
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INTRODUCTION
Severe trauma, congenital disorders, bone tumor, or infectious diseases can cause severe damage to the bone structure and function, leading to large bone defects (Safdari et al., 2021). Insufficient blood supply, bone infection, and systemic diseases can adversely influence bone healing, resulting in delayed union or nonunion of the bone (Giannoudis et al., 2016; Zakhary and Thakker, 2017; Biggemann et al., 2018). Currently, autologous bone grafts, allografts, and tissue-engineered bone graft have become the main strategies for treating large bone defects (Safdari et al., 2021). Autologous bone graft from the patient’s ilium is the gold standard of bone defect treatment (Sen and Miclau, 2007). However, donor-site morbidity, high rates of infections, and graft size limitations render this strategy unsuitable in many cases (Junka et al., 2020). In addition, the use of allografts, mostly acquired from the cadaveric body, face the risk of graft rejection and pathogen transmission (Perry, 1999). Fortunately, the advancement in bone tissue engineering (TE) has enabled the development of grafts consisting of stem cells and osteoconductive materials, which are extensively studied and considered as a potential option that can replace autograft and allograft (Kim et al., 2017; Turnbull et al., 2018). However, until now, the optimal osteoconductive material and stem cells for bone TE are yet to be defined.
In the past years, developing osteoconductive materials have been extensively studied. Recently, the decellularized matrix has gained popularity in the TE field due to its low immunogenicity, high biocompatibility, good biodegradability, and high similarity to target tissue in morphology and ingredients (Cheng et al., 2014; Jakus et al., 2017; Chen et al., 2019). Additionally, the decellularized matrix can act as a suitable scaffold for cellular delivery, regulating the attached cells in proliferation and differentiation (Cheng et al., 2014; Jakus et al., 2017; Chen et al., 2019). Lee et al. (2014) decellularized bone tissue, and progenitor cells were seeded in an attempt to evaluate the potential of the decellularized bone matrix (DBM) for bone regeneration. This study showed that DBM has the property of osteogenic inducibility in vitro and osteoconduction in vivo. However, its application in bone TE is inadequate, owing to its low porosity and inconvenience for cell migration into the matrix to regenerate bone. In this regard, physically processing the DBM into powder is innovatively developed in this study, which can increase the surface area of the DBM for the attachment and interaction of target cells (Li et al., 2021). Moreover, this decellularized bone matrix powder (DBMP) is convenient for cells infiltrating into the matrix to regenerate bone. However, the use of DBM powder alone remains challenging in many aspects, such as insufficient cells to form bone tissue and difficulty in handling.
Toward these challenges, we introduced a strategy that constructs a “bone-forming unit” by loading novel osteoprogenitors on the DBMPs and delivers the bone-forming units into the defect site using an injectable fibrin glue (Shanghai RAAS; China) to enhance bone regeneration. Unlike traditional bone marrow mesenchymal stem cells (BMSCs) isolated by artificial plastic adhesion and being undefined and heterogeneous, these novel osteoprogenitors are freshly isolated by flow cytometry, which are purer and more representative of the endogenous cell types (Gulati et al., 2018). Moreover, this subtype of osteoprogenitors showed significantly better osteogenic differentiation ability with respect to the traditional BMSCs (Gulati et al., 2018). Furthermore, an injectable and commercial fibrin glue was used to deliver the DBMPs together with the attaching osteoprogenitors into the bone defect site, which would enable better handling in clinics. Currently, numerous literature reports indicated that fibrin glue loaded with stem cells is an effective strategy for treating bone defects (Noori et al., 2017; Ortiz et al., 2021). Fibrin glue is a natural polymer involved in the coagulation process, which allows for a uniform distribution of the DBMPs and the attaching osteoprogenitors filling the defect site (Noori et al., 2017). Moreover, it presents a porous structure that favors angiogenesis, extracellular matrix deposition, and cell–matrix interactions (Ortiz et al., 2021).
In this study, a novel TE strategy was developed for treating bone defects; a subtype of osteoprogenitors with high osteogenic potential was seeded on the DBMPs to construct a bone-forming unit, and then, the bone-forming units were delivered into the defect site using fibrin glue, by which we expected to preliminarily establish an approach that could generate bone-forming units for bone regeneration. Our study mainly consists of three parts: 1) a subtype of osteoprogenitor was isolated, and its high osteogenic potential was identified; 2) DBMPs were prepared and their osteogenic effects on osteoprogenitors were assessed in vitro; 3) bone-forming units were constructed by seeding the special osteoprogenitors on the DBMPs and then injecting into the mouse femoral epiphysis bone defect to determine the in vivo performance of the bone-forming units on bone regeneration. Overall, the injectable bone-forming units may be an alternative strategy in future bone TE application.
MATERIALS AND METHODS
Isolation of Osteoprogenitors
According to the published literature, the novel osteoprogenitors were isolated (Gulati et al., 2018) and were named as B-cell lymphocyte-stimulating population (BLSP). Briefly, after dissection of the long bones from the mouse, these bones were dissociated into a single-cell suspension by type II collagenase digestion, following mechanical digestion with mortar and pestle. After that, we removed red blood cells by using ammonium-chloride-potassium (ACK) lysis buffer and TER119+ and CD45+ hematopoietic cells by magnetic-activated cell sorting (MACS); the BLSP was sorted out using a FACSAria cell sorter (BD Bioscience) with the sorting panel listed in Table 1.
TABLE 1 | List of the sorting panel.
[image: Table 1]Evaluation of the Osteogenic Potential of Osteoprogenitors
In this study, BMSCs isolated with conventional protocol were selected as a control group. In vitro osteogenic potential of the sorted BLSP was evaluated with the methods described in previous literature reports (Breitbach et al., 2018). Briefly, the BMSCs (passage 3) or the BLSP were seeded at 3 × 104 cells/well in a 24-well plate. To induce osteogenic differentiation, cells were cultured in an induction medium (0.1 μM dexamethasone, 500 μM ascorbic acid, and 10 mM β-glycerol phosphate in MEM alpha/10% FCS). The medium was changed every 3 days.
After 7 days induction, the expression of Runx2 in the two kinds of cells was evaluated by immunofluorescence staining to evaluate their osteogenic potential. Briefly, after being fixed in 4% (v/v) paraformaldehyde solution for 30 min, the cells were immersed in 0.1% Triton X‐100 (T8787, Sigma‐Aldrich), and then, nonspecific binding was blocked with 1% bovine serum albumin. Primary antibodies against Runx2 (ab192256, Abcam) were added to the surface of cells and incubated at 4°C overnight. After that, the corresponding secondary antibodies were combined for 30 min before DAPI staining. Images were captured using a confocal microscope (TCS‐SP8; Leica). In addition, the expression of osteogenic genes (Runx2 and Alp) was also evaluated using quantitative real‐time polymerase chain reaction analysis (qRT‐PCR). Briefly, the total RNA was extracted from the BMSCs or osteoprogenitors. The messenger RNA was reversely transcribed to complementary DNA by using the Super Quick RT MasterMix Kit (CW2391; Cwbiotech, Beijing, China). The mouse-specific primers for osteogenic (Runx2 and Alp) and housekeeping (β‐actin) genes were designed by Sango Biotech (Shanghai, China), which are shown in Table 2. The expression of the target gene was calculated using a LightCycler melting curve analysis and normalized with the housekeeping gene (GAPDH). After 21 days induction, the osteogenic potential of two kinds of cells was also evaluated by detecting the mineralized nodules using 2% alizarin red solution.
TABLE 2 | Primer sequences used for qRT-PCR analysis.
[image: Table 2]Preparation of DBMPs
The trabecular bone tissues were dissected from a pig’s spinal column at a local slaughterhouse. After that, the bone tissues were trimmed into blocks and decellularized with the following method. Briefly, bone tissues were immersed into sodium dodecyl sulfate (SDS; Sigma‐Aldrich Ltd.) dissolved in 0.1% Triton X‐100 with 2% concentration for 12 h under vigorous agitation at 4°C. After being washed with phosphate‐buffered saline (PBS) at 4°C three times (8 h per each time), they were digested in a nuclease solution (containing 500 U/ml DNase Type I and 1 mg/ml RNase) with agitation at 37°C for 12 h. After washing with PBS three times (8 h per each time) and lyophilizing in a vacuum freeze‐drier (FD8‐5T, SIM, Newark, NJ), the DBM was acquired. After that, the DBM was ground into powder.
Evaluation of DBM Powders
After being fixed in 2.5% glutaraldehyde overnight at 4°C, the DBMPs and natural bone tissue (NBT) were dehydrated by a graded series of ethanol, and then sputter coated (IB‐5, EiKO, Tokyo, Japan) with gold. Then, the microstructure of the DBMPs was observed with SEM (Mira3 LMH, TESCAN, Czech Republic), and their contents of calcium (Ca) and phosphorus (P) were evaluated by energy dispersive spectrometry (EDS) analysis. Additionally, after the DBMPs and NBT were fixed in 4% (v/v) paraformaldehyde solution, they were decalcified and then embedded within paraffin, and sectioned with 5 μm thickness for hematoxylin and eosin (H&E), 4′,6-diamidino-2-phenylindole (DAPI), and Masson’s trichrome (MT) staining. H&E staining combined with DAPI was used for observing the elimination of cellular components in the DBMPs, while MT staining for observing the preservation of collagen in the DBMPs.
Cytocompatibility of DBMPs
DBMPs were sterilized and immersed in DMEM/F‐12 overnight and then put on the bottom of the 24‐well plate (Corning) using polylysine (Corning). A total of 103 BMSCs were, respectively, seeded onto DBMPs or tissue culture polystyrenes (TCPS) (as control). After 3-day incubation, the live cells or the dead cells on the DBMPs or TCPS (n = 4, each group) were, respectively, stained with calcein-AM (green) or EthD-1 (red), according to the instrument of the Live/Dead Assay kit (40747ES76, YEASEN, Shanghai, China). Meanwhile, after 1-, 3-, 5-, 7-, 9-, and 11-day culturing with complete medium, BMSC proliferation on the DBMPs or TCPS was quantified by using Cell Counting Kit‐8 (70-CCK8100, Multi Sciences, China).
Immunogenicity of DBMPs
To determine the immunogenicity of DBMPs, we used 24-well Transwell inserts with 8-um pore size filters (Costar 3422, Corning, United States) (n = 3). Concisely, RAW 264.7 cells at a density of 5.0 × 104 cells/well were seeded in the lower compartment with complete medium. The complete medium only was added to the upper compartment as a negative control (TCP), while the positive control was a complete medium containing 10 ug/ml lipopolysaccharide (LPS). The DBMP group was the complete medium containing DBMPs. After 7 days of culture, we measured the levels of TNF-a, IL-6, and IL-1β in the culture supernatants collected using ELISA kits (Multi Sciences, China).
Osteogenic Inducibility of DBMPs
DBMPs were sterilized and immersed in DMEM/F‐12 overnight and then put on the bottom of the 24‐well plate (Corning) using polylysine (Corning). A total of 103 BMSCs were, respectively, seeded onto DBMPs or TCPS (as control) and then cultured in an osteogenic induction medium (0.1 μM dexamethasone, 500 μM ascorbic acid, and 10 mM β-glycerol phosphate in MEM alpha/10% FCS). The medium was changed every 3 days.
After 7 days induction, the expression of Runx2 protein in the BMSCs cultured on DBMPs or TCPS was evaluated by immunofluorescence staining using primary antibodies against Runx2 (ab192256, Abcam). Meanwhile, the osteogenic genes (Runx2 and Alp) in the BMSCs cultured on DBMPs or TCPS were evaluated with qRT‐PCR. After 21 days induction, alizarin red staining was used to detect the osteogenic differentiation of the BMSCs cultured on DBMPs or TCPS.
Construction of the Bone-forming Unit
In this study, the BLSP attached on a DBMP was named as the “bone-forming unit.” For the preparation of bone-forming units, mouse BLSP was used after immediately isolating from the mouse bone. Briefly, the cell suspension containing 5 × 106 BMSCs or BLSP was seeded on the DBMPs (5 g) and then cultured within an ultra-low attachment plate (Corning, United States). After 1 day culture, the suspension containing bone-forming units was collected by centrifugation. The acquired precipitates immobilized in fibrin glue (Shanghai RAAS; China) were uniformly injected into the bone defect site. All procedures used for cell and animal experiments were performed in a sterile environment.
Surgery and Treatment
A total of 88 mice were randomly divided into four experimental groups: the CTL group, DBMP group, BMSCs@DBMP group, and BLSP@DBMP group. A 0.6-mm femoral cylindrical defect in mice was selected as a critical-sized defect. The critical-sized bone defect in the CTL group, DBMP group, BMSCs@DBMP group, and BLSP@DBMP group was filled with fibrin glue, fibrin glue loading DBMPs, fibrin glue loading BMSCs@DBMPs, and fibrin glue loading BLSP@DBMPs, respectively. At 14 or 28 days postoperatively, all of the defected mice were euthanized, and the defected femur was dissected and fixed in 10 wt% neutral phosphate-buffered formalin solution to assess bone regeneration.
Cells Labeling and Tracking
To track the fate and location of implanted cells (BLSPs or BMSCs), these BLSPs or BMSCs at the DBMPs were pre-stained with Dil stains (40757ES25, YEASEN, China). A non-invasive tracking system (IVIS Spectrum, PerkinElmer, United States) was used to image the Dil intensity and distribution on the mouse knee shoulder at the time point of injecting the cells as well as 3 or 7 days post-operation.
Micro-CT Scanning
Trabecular bone architecture of the defected area was determined by Micro-CT (410 Versa, ZEISS, Solms, Germany) with a 0.5 μm isotropic voxel resolution under 40 kV voltage. The central 0.6-mm diameter and external 3-mm length region of the defect was defined as the volume of interest (VOI) to analyze the bone formation at the defect site. Trabecular bone volume per tissue volume (BV/TV) and trabecular thickness (Tb. Th) of VOI were measured.
Histological Examination
After Micro-CT scanning, some femur specimens were decalcified and stained with H&E and MT for histopathological examination. The specimens were then dehydrated, embedded in paraffin, and then sliced into 5-μm sections. Subsequently, the section was stained with H&E and MT, following deparaffinization, and the images were captured by using an optical light microscope (Olympus, Japan). H&E-stained images were captured to calculate the percentage of the new bone area in the defect regions using the following formula: new bone formation area (%) = (new bone formation area/bone defect area) ×100%.
In addition, immunohistochemistry was performed to detect the expression of osteocalcin (Ocn) in the defect site at postoperative day 14. Sections were fixed, and the primary antibodies (rabbit polyclonal to osteocalcin, ab93876, Abcam) were diluted to the optimal concentration (1:100). The sections were then stained with primary anti-antibodies and visualized with a secondary antibody (Goat Anti-Rabbit IgG H&L, ab6721, Abcam). The immunohistochemistry images were observed using a light microscope (BX41, Olympus, Japan).
Statistical Analysis
All data were described as mean ± standard deviation (mean ± SD). Analysis was performed with SPSS software (version 19; SPSS Inc., Chicago, IL, United States). A one-way analysis of variance (ANOVA) and post hoc Tukey test were carried out for comparisons between different groups. Statistical significance was set as p < 0.05.
RESULTS
BLSP Sorting and Evaluation
According to the sorting procedures (Figure 1A), seven surface markers were used together to sort a special osteoprogenitor by a subsequent flow-cytometry-activated cell sorting (FACS) gating scheme, which was also named as BLSP (CD45−TER119−TIE2−ITGAV+THY1+6C3−CD105−) (Figure 1B). Similar to the BMSCs isolated with conventional method, the isolated BLSP also displayed fibroblast-like morphology and still have colony-forming ability (Figure 1C).
[image: Figure 1]FIGURE 1 | (A) Protocol for BLSP isolation, including the isolation of the mouse skeleton by tissue dissection, dissociation of the skeleton into a single-cell suspension by mechanical and chemical digestion, depletion of red blood cells with ACK lysis buffer, antibody staining of the BLSP, and sorting of the BLSP on a flow cytometer, BLSP culture. (B) Gating strategy used to sort the BLSP. Representative FACS plots with the percentage of the parent gate for BLSP. (C) Colony formation ability and osteogenic potential between BLSP and BMSCs. n = 4 for each group. Data are showed as means ± standard deviation (*p < 0.05, **p < 0.01, and ***p < 0.001).
As shown in Figure 1C, both BLSP and BMSCs also showed osteogenic potential. However, in contrast to the BMSCs, much stronger osteogenic potential was observed in the BLSP. First, the positive staining area of alizarin red was significantly greater in the BLSP than in the BMSCs. Meanwhile, more BLSP expressed the Runx2 protein in comparison with the BMSCs. In addition, evaluation of the osteogenic gene expression using qRT-PCR further confirmed that the expression levels of Runx2 and Alp were significantly higher in the BLSP than the gene expression in the BMSCs. These results indicate that the BLSP possessed stronger osteogenic potential than BMSCs.
Appearance and Morphology of DBMPs
The DBMPs were white in color with a diameter of about 1–8 μm (Figure 2A). Histologically, the DBMPs showed no cellular content in the H&E- and DAPI-stained images (Figure 2A). MT staining determined that the collagen content in the DBMPs presented a similar pattern with normal bone (Figure 2A). SEM images determined that the DBMPs preserved the ultrastructure of normal bone (Figure 2A). EDS analysis showed a similar content of calcium (Ca) and phosphorus (P) in the DBMPs and normal bone (Figure 2B).
[image: Figure 2]FIGURE 2 | (A) Gross observation, H&E staining, MT staining, DAPI staining, SEM of the native bone tissue (NBT), and decellularized bone matrix powders (DBMPs). Bar = 10 μm. (B) Contents of calcium (Ca) and phosphorus (P) in the DBMPs and NBT evaluated by EDX. n = 4 for each group. Data are showed as means ± standard deviation (*p < 0.05, **p < 0.01, and ***p < 0.001).
Cytocompatibility of DBMPs
As shown in Figure 3A, the BMSCs seeded on DBMPs showed a similar proliferation when compared with the BMSCs cultured on TCPs using a CCK8 assay. Additionally, using a live/dead assay, most of the BMSCs cocultured with DBMPs displayed green fluorescence (live cells) after 3 days of culture, while a few BMSCs presented red fluorescence (dead cells). Statistically, the viability of BMSCs on DBMPs was lower than that on TCPs, but the difference was not significant (Figure 3B).
[image: Figure 3]FIGURE 3 | (A) Comparative cell proliferation assay of BMSCs seeded on the TCPs and DBMPs. (B) Live/dead cell analysis for the TCPs and DBMPs on which BMSCs had been seeded for 3 days. Representative images show the live (green) and dead (red) BMSCs in the TCPs and DBMPs and the viability analysis for the cells on the TCPs and DBMPs. Bar = 100 μm. (C) Pro-inflammatory cytokine (TNF-α, IL-6, and IL-1β) release by stimulation with TCPs, DBMPs, or LPS detected by ELISA assay. (D) Immunofluorescence staining of the Runx2 expression in BMSCs after culturing with TCPs or DBMPs. Comparative analysis of Runx2-positive cells after BMSCs were cultured on TCPs or DBMPs. Bar = 15 μm. (E) Alizarin red staining of BMSCs after culturing with TCPs or DBMPs. Comparative analysis of the alizarin red staining area after BMSCs cultured on TCPs or DBMPs. Bar = 20 μm. (F) qRT-PCR analysis shows that the expression of osteogenic (Runx2 and Alp) genes after BMSCs cocultured on TCPs or DBMPs. n = 4 for each group. Data are showed as means ± standard deviation (*p < 0.05, **p < 0.01, and ***p < 0.001).
Immunogenicity of DBMPs
After RAW 264.7 cells were cultured with TCPS, DBMPs, and LPS, the supernatants of the TCP and DBMPs groups presented similar contents of pro-inflammatory cytokines (TNF-a, IL-6, and IL-1β). The supernatants of RAW 264.7 cells cultured in the TCP or DBMPs showed significantly lower expression levels than those under LPS stimulation (Figure 3C). These results indicated that DBMPs are biomaterials with low immunogenicity.
Osteogenic Inducibility of DBMPs
At day 7 after seeding, significantly more BMSCs cocultured with the DBMPs expressed the osteogenic marker (Runx‐2) in comparison with the BMSCs cultured on the TCPS (Figure 3D). Meanwhile, qRT‐PCR results indicated that the expressions of Runx‐2 and Alp in the BMSCs cocultured with the DBMPs were significantly higher than those of BMSCs cultured on TCPs (Figure 3E). In addition, the BMSCs cocultured with DBMPs showed significantly greater positive staining area of alizarin red than the BMSCs cultured on the TCPS (Figure 3F).
Appearance of Bone-forming Units and Their Injection
After the DBMPs, BMSCs@DBMPs or BLSP@DBMPs were mixed with the fiber glue; the mixture was transferred to a 1 ml syringe so that the hydrogel could be injected (Figure 4A). The injection-operation of DBMPs, BMSCs@DBMPs, or BLSP@DBMPs is shown in Figure 4B, indicating that the DBMPs, BMSCs@DBMPs, or BLSP@DBMPs could be delivered via injection to improve its handling. BLSPs or BMSCs at the DBMPs labeled with Dil before injection were used for tracking their fate and location. On the 3rd or 7th day after injection (Figure 5), IVIS images showed that a similar signal intensity of positive Dil was detected at the distal femur in the BMSCs@DBMP or BLSP@DBMP group. Although the signal intensity of positive Dil was gradually decreased from postoperative day 0 to postoperative day 7 in both BMSCs@DBMP group and BLSP@DBMP groups, a positive Dil area still exists at the distal femur at postoperative day 7. These results indicated that the BLSPs or BMSCs at the DBMPs remained viable and stayed at the defect site on day 7 after injection.
[image: Figure 4]FIGURE 4 | Bone-forming units can be delivered by fibrin glue (A); the injection process of the bone-forming units in vivo (B).
[image: Figure 5]FIGURE 5 | Gross morphology and IVIS analysis showed similar Dil intensity which was detected at the distal femur in the BMSCs@DBMP or BLSP@DBMP group and can last at least 7 days.
In Vivo Performance of BLSP@DBMPs on Bone Defect Healing
Micro-CT evaluation: the 3D reconstruction of the defect area clearly depicted the effects of different treatments on bone regeneration (Figure 6A). At postoperative 14 days, the bone defect in the BMSCs@DBMP group or BLSP@DBMP group was vague, but the density of the defect site in the BMSCs@DBMP group was the highest among the four groups. Statistically, the BLSP@DBMP group showed a significantly higher value of BV/TV and Tb.Th than these bone morphological parameters of other groups (Figure 6B). At postoperative 28 days, the defect site was filled with newly formed bone, and the defect was hard to observe in all groups. From the mid-sagittal tomography, the remodeling of the newly formed bone in the BLSP@DBMP group was nearly completed. Quantitatively, the BV/TV and Tb.Th of the newly formed bone at the defect site in the DBMP, BMSCs@DBMP, and BLSP@DBMP groups were higher than those of the CTL group at postoperative 28 days, while the BLSP@DBMP group showed the highest value among the three groups in these bone parameters (Figure 6B).
[image: Figure 6]FIGURE 6 | (A) Representative micro-CT images of the defected femur in the CTL, DBMP, BMSCs@DBMP, and BLSP@DBMP groups at postoperative 14 and 28 days. Bar = 1 mm. (B) Comparison of the BV/TV and Tb.Th in the newly formed bone among the four groups at different time points. n = 10 for each group. Data are showed as means ± standard deviation (*p < 0.05, **p < 0.01, and ***p < 0.001).
Histological evaluation: at postoperative 14 days, histological images show bone regeneration in the defect site for different treatments, as characterized by newly formed woven bone bridging the defect site (Figure 7A). The BMSCs@DBMP group and BLSP@DBMP group showed denser woven bone than the CTL group and DBMP group in the defect site. Compared with the DBMP group and BMSCs@DBMP group, BLSP@DBMP group presented the strongest effect on bone regeneration, as indicated by significantly larger new bone area (Figure 7B). Moreover, in the defect site, more Ocn positive cells were located at the new bone area in the BLSP@DBMP group when compared with the other groups (Figure 8). At postoperative 28 days, the newly formed woven bone in the defect site gradually remodeled into lamellar bone in all groups (Figure 7A). Statistically, the new bone area in the four groups was similar without significant difference (Figure 7B).
[image: Figure 7]FIGURE 7 | Histological analyses of regenerated bone at the defect site. (A) Representative images of the newly formed bone at the defect site in the sagittal view at postoperative day 14 or 28. The blue dotted circle indicates the defect site. Bar = 100 μm. (B) Percentage of the new bone area in the repaired bone defect area of each group at postoperative day 14 or 28. n = 10 for each group. Data are showed as means ± standard deviation (*p < 0.05, **p < 0.01, and ***p < 0.001).
[image: Figure 8]FIGURE 8 | Immunohistochemical staining of Ocn in the repaired bone defect area of each group at postoperative day 14.
DISCUSSION
Improving the repair of large segmental bone defects remains a difficult problem in orthopedic clinical treatment (Dumic-Cule et al., 2015). When the bone defect exceeds the critical size, self-regeneration is impossible (Schemitsch, 2017). Currently, autografts or allografts are widely used to fill the bone defects, and high performance is obtained in treating bone defects in clinical settings (Safdari et al., 2021). However, these strategies are limited by donor-site morbidity, infection, immune response, and pathogen transmission (Myeroff and Archdeacon, 2011; Migliorini et al., 2021). The development of bone TE presents promises in repairing large segmental bone defects (Kim et al., 2017). In this study, we established a protocol to construct a bone-forming unit by loading a subpopulation of osteoprogenitors with high osteogenic potential on the DBMPs and then injected the bioactive units into the defect site to improve the repair of bone defects. Our results indicated that the DBMPs are highly biomimetic to native bone in histology, microstructure, and ingredients, which function as a biomimetic scaffold for these seeded osteoprogenitors, and then stimulate the interacted osteoprogenitors differentiating into osteogenic lineage, thus making this bone-forming unit capable of enhancing the bone formation at the defect site (Figure 9). On that basis, we proposed the use of DBMPs and osteoprogenitors for constructing bone-forming units to improve the repair of large segmental bone defects.
[image: Figure 9]FIGURE 9 | Schematic illustration of the application of the bone-forming units in bone defect healing and their potential mechanisms. The implanted BLSP attaching to the DBMPs secrete a series of bioactive substances stimulating angiogenesis at the bone defect site, and the DBMPs in the bone-forming units stimulate the attaching BLSP down into the osteogenic lineage, thus promoting bone defect healing.
During past years, tissue engineering provides us a promising treatment strategy for bone repair, utilizing a combination of biomaterial scaffolds, seeding cells, and growth factors (GFs) (Kim et al., 2017; Roseti et al., 2017; Moradi et al., 2018). Among the three factors, the biomaterial scaffolds can be fundamentally critical, which provides structural support and signals to regulate cellular responses for bone regeneration (Park et al., 2018). Currently, various studies have determined that a whole block of DBM was a promising biomaterial for bone regeneration and may be an ideal graft in clinical applications (Lee et al., 2016; Chen and Lv, 2018). Regrettably, a whole block of DBM shows a compact structure in organic and inorganic matrices, limiting cells migrating into the matrix to regenerate bone. To this shortcoming, we processed a whole block of DBM into powder. These DBMPs preserved the biomimetic properties and osteogenic inducibility of the whole block of DBM. Moreover, the crucial advantage of DBMPs originates from its ability to emulate the innate microenvironment for in vivo cellular homeostasis by providing space for cell anchorage and regulating cellular survival, proliferation, and differentiation via its proteins. Additionally, the powder form of DBM exposed more collagen to the interacted cells, convenient for organized biomineralization within and around collagen fibrils. Last, in comparison to the whole block of DBM, injectable bone-forming units can fill defects of any size or shape without requiring additional surgical procedures (Kim et al., 2017). These advantages of DBMPs make it an outstanding candidate biomaterial for bone regeneration. Generally, bone TE biomaterials should have suitable mechanical load while promoting bone regeneration (Biggemann et al., 2018; Zhao et al., 2021). However, the DBMPs fabricated in this study were injected with attaching cells using fibrin glue; thus, its mechanical properties are lower than those of the bone tissue. Fortunately, this study confirmed that our strategy was sufficient to support the repair of bone defects in a mouse model. As for clinical application, we think our injectable bone-forming units could act as a supplemental strategy for intramedullary nails or plates to enhance bone repair.
Apart from biomaterial scaffold, seeding cells is another critical component for tissue engineering (Yin et al., 2013; Font Tellado et al., 2015). In the past decades, the gold standard for stem cell isolation is based on its properties of adhering to plastic and forming colonies of fibroblast-like cells, described as mesenchymal stem cells (MSCs) (Caplan, 1991; Pittenger et al., 1999; Zhu et al., 2010). Several groups have further identified the MSCs by flow cytometry analysis using specific surface markers together with evaluating in vitro osteogenic, chondrogenic, and adipogenic differentiations (Méndez-Ferrer et al., 2010; Zhou et al., 2014). However, the MSCs isolated by the traditional way belong to a multicellular type mixture; individual MSCs vary in self-renewal capacity and multipotency. Thus, there is urgent need to prospectively isolate stem cells with higher purity (Phinney, 2012; Chan et al., 2015). Moreover, the lineage trajectory from MSCs to downstream differentiated cells has not been well characterized, and this has, thus, limited studies on stem cells, progenitors, and progeny responses in normal and diseased contexts. In our study, we used a comprehensive protocol described in a published literature to isolate stem cells, which begins with a mechanical and chemical digestion of bone that facilitates flow-cytometric sorting based on the expression of multiple cell surface markers (Gulati et al., 2018). Our results determined that the isolated osteoprogenitors are capable of self-renewal and osteogenic differentiation and have many advantages over the traditional BMSCs isolated by artificial plastic adhesion. This osteoprogenitor is freshly isolated by flow cytometry, which is purer and more representative of the endogenous cell types. More importantly, our osteoprogenitors showed higher osteogenic potential under osteogenic induction when compared with the transitional BMSCs. Thus, these osteoprogenitors were isolated and selected as seeding cells for preparing bone-forming units in our study.
Using the femoral epiphysis bone defect in a mouse model, quantification of the static parameters of bone formation by micro-CT analysis shows that the BV/TV and Tb.Th of the new bone at the defect site in the DBMP, BMSCs@DBMP, and BLSP@DBMP groups were higher than those of the CTL group at postoperative day 14, while the BLSP@DBMP group showed the highest value in these bone parameters among the three groups. Histological results also showed that the BLSP@DBMP group had the best bone formation ability compared with the other three groups. The reasons for this result may be that: 1) DBMPs acted as scaffold for cell adhesion. When the DBMPs are injected into the bone defect site, various endogenous cells will migrate into these DBMPs. Under the stimulation of DBMPs, these endogenous cells differentiate into osteogenic lineage while gradually internalizing these DBMPs to form bone tissue. However, this process is complicated and slow; thus, the DBMP group showed limited bone formation at postoperative day 14. With the passage of time, these DBMPs on promoting bone defect healing gradually function, leading to significant better bone formation at postoperative 28 days. 2) TE strategies based on the combination of BMSCs and scaffold have been reported to show good performance in bone regeneration (Derubeis and Cancedda, 2004; Luby et al., 2019). Similarly, we used the fibrin glue to deliver BMSCs@DBMPs into the defect site to enhance bone regeneration. Regrettably, the bone defect treated with BMSCs@DBMPs was not healed satisfactorily as we expected. This may be caused by the BMSCs isolated by the conventional method which has a limited osteogenic potential. When the BLSP/DBMPs were applied, we found that the bone defect was healed significantly better than the BMSCs@DBMPs or DBMPs only at postoperative day 14. 3) In the BLSP/DBMP group, the BLSP was attached on the DBMPs, which provided a support for BLSP. After being injected into the defect site, the attached BLSP secreted a broad spectrum of exosomes or biomolecules to optimize the local immune environment, thus promoting angiogenesis and stromal cell migration at this site. On the other hand, the injected cells directly differentiated into osteogenic lineage under the stimulation of DBMPs. Hence, more new bones were formed at the defect site of BLSP/DBMPs in comparison with other groups. To prove these interpretations, more experiments should be performed.
There are several limitations to our study. First, although this study determined that the BLSP/DBMPs show superior performance on bone defect healing, we did not explore the specific signaling pathway of the DBMPs promoting the osteogenic potential of BLSPs. Second, the isolation and culture procedures of BLSPs are time-consuming, which may be inconvenient for clinical application. Hence, developing a method to shorten the isolation and culture procedures of BLSP is urgent and meaningful. Additionally, the gating strategy used to sort the BLSP from human bones was different from that of the mouse bones (Chan et al., 2018); more studies should be performed before clinical application. Third, the observation time point of the animal experiment section was single. It was not explored in depth whether the injected BLSPs were directly differentiated into osteocytes for bone defect healing or they were functioned by the production of related cytokines. Fourth, only radiological and histological evaluations of the regenerative capability of the BLSP/DBMPs were carried out in a mouse model; mechanical behavior of the healed bone should also be evaluated in future studies. Finally, this injectable bone-forming unit had insufficient mechanical properties; thus, it can only be used for treating bone defects in non-heavy environments or bone defects after internal fixation.
In this work, an injectable bone-forming unit (BLSP/DBMPs) was constructed by loading a subpopulation of BLSPs with superior osteogenic potential on the DBMPs, which not only improved the handling of the DBMPs and BLSPs but also contributed to maintaining the viability and differentiation capability of the BLSP. Additionally, this injectable bone-forming unit is beneficial for enhancing bone defect healing in a mouse femoral epiphysis bone defect model. This study indicates that this injectable bone-forming unit has good clinical transformation and application potential for bone repair in the future.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding authors.
ETHICS STATEMENT
The animal study was reviewed and approved by the Animal Ethics Committee of Xiangya Hospital, Central South University.
AUTHOR CONTRIBUTIONS
RZ and BL: conceptualization and supervision. RZ, SY, BL, and YX: methodology and validation. ZR and SY: data curation and analysis. BL and YX: writing-original draft preparation. BL, YX, and CC: writing-review and editing. RZ and BL: funding acquisition. All authors have read and agreed to the published version of the manuscript.
FUNDING
This work was supported by the Natural Science Foundation of Hunan Province of China (Grant No. 2020JJ4927), the Natural Science Foundation of Changsha City (Grant No. kq2202373) and the Scientific Research Project of Hunan Provincial Health Commission (Grant No. 202204075237).
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.
REFERENCES
 Biggemann, J., Pezoldt, M., Stumpf, M., Greil, P., and Fey, T. (2018). Modular Ceramic Scaffolds for Individual Implants. Acta Biomater. 80, 390–400. doi:10.1016/j.actbio.2018.09.008
 Breitbach, M., Kimura, K., Luis, T. C., Fuegemann, C. J., Woll, P. S., Hesse, M., et al. (2018). In Vivo Labeling by CD73 Marks Multipotent Stromal Cells and Highlights Endothelial Heterogeneity in the Bone Marrow Niche. Cell Stem Cell 22 (2), 262–276.e7. doi:10.1016/j.stem.2018.01.008
 Caplan, A. I. (1991). Mesenchymal Stem Cells. J. Orthop. Res. 9 (5), 641–650. doi:10.1002/jor.1100090504
 Chan, C. K., Seo, E. Y., Chen, J. Y., Lo, D., McArdle, A., Sinha, R., et al. (2015). Identification and Specification of the Mouse Skeletal Stem Cell. Cell 160 (1-2), 285–298. doi:10.1016/j.cell.2014.12.002
 Chan, C. K. F., Gulati, G. S., Sinha, R., Tompkins, J. V., Lopez, M., Carter, A. C., et al. (2018). Identification of the Human Skeletal Stem Cell. Cell 175 (1), 43–56.e21. doi:10.1016/j.cell.2018.07.029
 Chen, G., and Lv, Y. (2018). Decellularized Bone Matrix Scaffold for Bone Regeneration. Methods Mol. Biol. 1577, 239–254. doi:10.1007/7651_2017_50
 Chen, C., Liu, F., Tang, Y., Qu, J., Cao, Y., Zheng, C., et al. (2019). Book-Shaped Acellular Fibrocartilage Scaffold with Cell-Loading Capability and Chondrogenic Inducibility for Tissue-Engineered Fibrocartilage and Bone-Tendon Healing. ACS Appl. Mater. Interfaces 11 (3), 2891–2907. doi:10.1021/acsami.8b20563
 Cheng, C. W., Solorio, L. D., and Alsberg, E. (2014). Decellularized Tissue and Cell-Derived Extracellular Matrices as Scaffolds for Orthopaedic Tissue Engineering. Biotechnol. Adv. 32 (2), 462–484. doi:10.1016/j.biotechadv.2013.12.012
 Derubeis, A. R., and Cancedda, R. (2004). Bone Marrow Stromal Cells (BMSCs) in Bone Engineering: Limitations and Recent Advances. Ann. Biomed. Eng. 32 (1), 160–165. doi:10.1023/b:abme.0000007800.89194.95
 Dumic-Cule, I., Pecina, M., Jelic, M., Jankolija, M., Popek, I., Grgurevic, L., et al. (2015). Biological Aspects of Segmental Bone Defects Management. Int. Orthop. (SICOT) 39 (5), 1005–1011. doi:10.1007/s00264-015-2728-4
 Font Tellado, S., Balmayor, E. R., and Van Griensven, M. (2015). Strategies to Engineer Tendon/ligament-To-Bone Interface: Biomaterials, Cells and Growth Factors. Adv. Drug Deliv. Rev. 94, 126–140. doi:10.1016/j.addr.2015.03.004
 Giannoudis, P. V., Harwood, P. J., Tosounidis, T., and Kanakaris, N. K. (2016). Restoration of Long Bone Defects Treated with the Induced Membrane Technique: Protocol and Outcomes. Injury 47 (Suppl. 6), S53–s61. doi:10.1016/s0020-1383(16)30840-3
 Gulati, G. S., Murphy, M. P., Marecic, O., Lopez, M., Brewer, R. E., Koepke, L. S., et al. (2018). Isolation and Functional Assessment of Mouse Skeletal Stem Cell Lineage. Nat. Protoc. 13 (6), 1294–1309. doi:10.1038/nprot.2018.041
 Jakus, A. E., Laronda, M. M., Rashedi, A. S., Robinson, C. M., Lee, C., Jordan, S. W., et al. (2017). Tissue Papers" from Organ-Specific Decellularized Extracellular Matrices. Adv. Funct. Mater. 27 (3). 1700992. doi:10.1002/adfm.201700992
 Junka, R., Quevada, K., and Yu, X. (2020). Acellular Polycaprolactone Scaffolds Laden with Fibroblast/endothelial Cell-Derived Extracellular Matrix for Bone Regeneration. J. Biomed. Mater. Res. 108 (2), 351–364. doi:10.1002/jbm.a.36821
 Kim, H. D., Amirthalingam, S., Kim, S. L., Lee, S. S., Rangasamy, J., and Hwang, N. S. (2017). Biomimetic Materials and Fabrication Approaches for Bone Tissue Engineering. Adv. Healthc. Mater. 6 (23), 612–629. doi:10.1002/adhm.201700612
 Lee, D. J., Padilla, R., Zhang, H., Hu, W. S., and Ko, C. C. (2014). Biological Assessment of a Calcium Silicate Incorporated Hydroxyapatite-Gelatin Nanocomposite: a Comparison to Decellularized Bone Matrix. Biomed. Res. Int. 2014, 837524. doi:10.1155/2014/837524
 Lee, D. J., Diachina, S., Lee, Y. T., Zhao, L., Zou, R., Tang, N., et al. (2016). Decellularized Bone Matrix Grafts for Calvaria Regeneration. J. Tissue Eng. 7, 2041731416680306. doi:10.1177/2041731416680306
 Li, D., Yang, Z., Zhao, X., Luo, Y., Ou, Y., Kang, P., et al. (2021). A Bone Regeneration Strategy via Dual Delivery of Demineralized Bone Matrix Powder and Hypoxia-Pretreated Bone Marrow Stromal Cells Using an Injectable Self-Healing Hydrogel. J. Mat. Chem. B 9 (2), 479–493. doi:10.1039/d0tb01924k
 Luby, A. O., Ranganathan, K., Lynn, J. V., Nelson, N. S., Donneys, A., and Buchman, S. R. (2019). Stem Cells for Bone Regeneration: Current State and Future Directions. J. Craniofacial Surg. 30 (3), 730–735. doi:10.1097/scs.0000000000005250
 Méndez-Ferrer, S., Michurina, T. V., Ferraro, F., Mazloom, A. R., Macarthur, B. D., Lira, S. A., et al. (2010). Mesenchymal and Haematopoietic Stem Cells Form a Unique Bone Marrow Niche. Nature 466 (7308), 829–834. doi:10.1038/nature09262
 Migliorini, F., La Padula, G., Torsiello, E., Spiezia, F., Oliva, F., and Maffulli, N. (2021). Strategies for Large Bone Defect Reconstruction after Trauma, Infections or Tumour Excision: a Comprehensive Review of the Literature. Eur. J. Med. Res. 26 (1), 118. doi:10.1186/s40001-021-00593-9
 Moradi, S. L., Golchin, A., Hajishafieeha, Z., Khani, M. M., and Ardeshirylajimi, A. (2018). Bone Tissue Engineering: Adult Stem Cells in Combination with Electrospun Nanofibrous Scaffolds. J. Cell Physiol. 233 (10), 6509–6522. doi:10.1002/jcp.26606
 Myeroff, C., and Archdeacon, M. (2011). Autogenous Bone Graft: Donor Sites and Techniques. J. Bone Jt. Surg. Am. 93 (23), 2227–2236. doi:10.2106/jbjs.j.01513
 Noori, A., Ashrafi, S. J., Vaez-Ghaemi, R., Hatamian-Zaremi, A., and Webster, T. J. (2017). A Review of Fibrin and Fibrin Composites for Bone Tissue Engineering. Int. J. Nanomed. 12, 4937–4961. doi:10.2147/ijn.s124671
 Ortiz, A. C., Fideles, S. O. M., Pomini, K. T., Reis, C. H. B., Bueno, C. R. S., Pereira, E., et al. (2021). Effects of Therapy with Fibrin Glue Combined with Mesenchymal Stem Cells (MSCs) on Bone Regeneration: A Systematic Review. Cells 10 (9), 2323. doi:10.3390/cells10092323
 Park, J. Y., Park, S. H., Kim, M. G., Park, S.-H., Yoo, T. H., and Kim, M. S. (2018). Biomimetic Scaffolds for Bone Tissue Engineering. Adv. Exp. Med. Biol. 1064, 109–121. doi:10.1007/978-981-13-0445-3_7
 Perry, C. R. (1999). Bone Repair Techniques, Bone Graft, and Bone Graft Substitutes. Clin. Orthop. Relat. Res. 360, 71–86. doi:10.1097/00003086-199903000-00010
 Phinney, D. G. (2012). Functional Heterogeneity of Mesenchymal Stem Cells: Implications for Cell Therapy. J. Cell. Biochem. 113 (9), 2806–2812. doi:10.1002/jcb.24166
 Pittenger, M. F., Mackay, A. M., Beck, S. C., Jaiswal, R. K., Douglas, R., Mosca, J. D., et al. (1999). Multilineage Potential of Adult Human Mesenchymal Stem Cells. Science 284 (5411), 143–147. doi:10.1126/science.284.5411.143
 Roseti, L., Parisi, V., Petretta, M., Cavallo, C., Desando, G., Bartolotti, I., et al. (2017). Scaffolds for Bone Tissue Engineering: State of the Art and New Perspectives, Materials Science & Engineering. Mater. Sci. Eng. C 78, 1246–1262. doi:10.1016/j.msec.2017.05.017
 Safdari, M., Bibak, B., Soltani, H., and Hashemi, J. (2021). Recent Advancements in Decellularized Matrix Technology for Bone Tissue Engineering. Differentiation 121, 25–34. doi:10.1016/j.diff.2021.08.004
 Schemitsch, E. H. (2017). Size Matters: Defining Critical in Bone Defect Size!. J. Orthop. Trauma 31 Suppl 5, S20–s22. doi:10.1097/BOT.0000000000000978
 Sen, M. K., and Miclau, T. (2007). Autologous Iliac Crest Bone Graft: Should it Still Be the Gold Standard for Treating Nonunions?Injury 38 Suppl 1, S75–S80. doi:10.1016/j.injury.2007.02.012
 Turnbull, G., Clarke, J., Picard, F., Riches, P., Jia, L., Han, F., et al. (2018). 3D Bioactive Composite Scaffolds for Bone Tissue Engineering. Bioact. Mater. 3 (3), 278–314. doi:10.1016/j.bioactmat.2017.10.001
 Yin, Z., Chen, X., Zhu, T., Hu, J.-j., Song, H.-x., Shen, W.-l., et al. (2013). The Effect of Decellularized Matrices on Human Tendon Stem/progenitor Cell Differentiation and Tendon Repair. Acta Biomater. 9 (12), 9317–9329. doi:10.1016/j.actbio.2013.07.022
 Zakhary, K. E., and Thakker, J. S. (2017). Emerging Biomaterials in Trauma. Oral Maxillofac. Surg. Clin. N. Am. 29 (1), 51–62. doi:10.1016/j.coms.2016.08.010
 Zhao, D., Zhu, T., Li, J., Cui, L., Zhang, Z., Zhuang, X., et al. (2021). Poly(Lactic-Co-Glycolic Acid)-Based Composite Bone-Substitute Materials. Bioact. Mater. 6 (2), 346–360. doi:10.1016/j.bioactmat.2020.08.016
 Zhou, B. O., Yue, R., Murphy, M. M., Peyer, J. G., and Morrison, S. J. (2014). Leptin-Receptor-Expressing Mesenchymal Stromal Cells Represent the Main Source of Bone Formed by Adult Bone Marrow. Cell Stem Cell 15 (2), 154–168. doi:10.1016/j.stem.2014.06.008
 Zhu, H., Guo, Z.-K., Jiang, X.-X., Li, H., Wang, X.-Y., Yao, H.-Y., et al. (2010). A Protocol for Isolation and Culture of Mesenchymal Stem Cells from Mouse Compact Bone. Nat. Protoc. 5 (3), 550–560. doi:10.1038/nprot.2009.238
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 © 2022 Xu, Yan, Chen, Lu and Zhao. 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/fcell-10-910819-g005.gif





OPS/images/fcell-10-910819-g006.gif





OPS/images/fcell-10-910819-g003.gif





OPS/images/fcell-10-910819-g004.gif





OPS/images/fcell-10-910819-g009.gif
Qs Qeromancn 1 oo Poows P rmnoirmenincsngomen





OPS/images/fcell-10-910819-g007.gif





OPS/images/fcell-10-910819-g008.gif





OPS/xhtml/nav.xhtml
Contents

		Cover

		Constructing Injectable Bone-Forming Units by Loading a Subtype of Osteoprogenitors on Decellularized Bone Matrix Powders for Bone Regeneration		Introduction

		Materials and Methods		Isolation of Osteoprogenitors

		Evaluation of the Osteogenic Potential of Osteoprogenitors

		Preparation of DBMPs

		Evaluation of DBM Powders

		Cytocompatibility of DBMPs

		Immunogenicity of DBMPs

		Osteogenic Inducibility of DBMPs

		Construction of the Bone-forming Unit

		Surgery and Treatment

		Cells Labeling and Tracking

		Micro-CT Scanning

		Histological Examination

		Statistical Analysis





		Results		BLSP Sorting and Evaluation

		Appearance and Morphology of DBMPs

		Cytocompatibility of DBMPs

		Immunogenicity of DBMPs

		Osteogenic Inducibility of DBMPs

		Appearance of Bone-forming Units and Their Injection

		In Vivo Performance of BLSP@DBMPs on Bone Defect Healing





		Discussion

		Data Availability Statement

		Ethics Statement

		Author Contributions

		Funding

		Publisher’s Note

		References









OPS/images/cover.jpg
, frontiers | Frontiers in Cell and Developmental Biology

Constructing Injectable Bone-
Forming Units by Loading a
Subtype of Osteoprogenitors on
Decellularized Bone Matrix
Powders for Bone Regeneration





OPS/images/fcell-10-910819-g001.gif





OPS/images/fcell-10-910819-g002.gif





OPS/images/fcell-10-910819-t002.jpg
Osteogenic gene Primer sequence (5-3')

Runx2 Forward CTGCCACCTCTGACTTCTGC
Reverse GATGAAATGCCTGGGAACTG

Alp Forward TGACTACCACTCGGGTGAACC
Reverse TGATATGCGATGTCCTTGCAG

GAPDH Forward AGGTCGGTGTGAACGGATTTG

Reverse TGTAGACCATGTAGTTGAGGTCA





OPS/images/fcell-10-910819-t001.jpg
Marker

CD45
Ter119
Tie2
6C3
CD90
TGAV
CD105

Conjugation

Alexa 700
Alexa 700
FITC
Percp/Cy5.5
APC/CyT
BV421
PE/CY7









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
, frontiers ‘ Frontiers in Cell and Developmental Biology





