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Editorial on the Research Topic
Advances in Additive Manufacturing Technologies for the Production of Tissue-Engineered Bone Scaffolds for Dental Applications

In the attempt to repair bone tissue defects, a plethora of bone substitute materials of various origins have been utilized so far. Despite the fact that autogenous, allogenic and xenogeneic bone grafts still constitute valid therapeutic options in daily practice, bone tissue engineering strategies have gained popularity for the regeneration of damaged tissues (Cao et al.). Cells, scaffolds and growth factors represent the key elements of tissue engineering. Due to the ability of the bone to self-regenerate due to the migration of cells and growth factors from the adjacent tissues, the success of bone tissue engineering largely relies in the ability of the scaffold to act as a template for guiding tissue regeneration. Indeed, not only cell-laden scaffolds, but also cell-free biomimetic matrixes are considered appealing solutions in bone regeneration, as they can stimulate cell colonization and recruitment from neighbouring tissues. In this context, additive manufacturing (AM) technologies have gained considerable interest owing to their versatility and the possibility to produce personalized scaffolds with complex geometry, matching the patient’s bone defects (Brunello et al.; Latimer et al.).
Although several endeavours intended to promote vertical bone augmentation have been reported, they are characterized by inconsistent long-term results and varying degrees of success (Retzepi and Donos, 2010; Donos et al., 2015; Urban et al., 2019). AM is endorsing novel alveolar ridge augmentation strategies for vertical bone gain, aiming at achieving prolonged volumetric space maintenance during extra-skeletal bone remodelling and maturation (Vaquette et al.). Nevertheless, the routine clinical use of AM is still very limited and is based on single case reports (Mangano et al.).
Combining stem cells with 3D scaffolds may represent a step forward in the pursuit of a faster and improved bone healing. Cells can be directly seeded onto 3D scaffolds before implantation or can be incorporated within biodegradable scaffolds during the manufacturing process using bioprinting techniques (Latimer et al.). As an alternative cell delivery method, cell-encapsulated hydrogel-scaffold constructs have been developed for the controlled release of stem cells at the surgical site. When 3D cell cultures are preferred over monolayer cultures, the encapsulation of the self-assembled cell aggregates within a hydrogel has the advantage to protect the 3D assemblage from disaggregation. In an ectopic bone formation model in mice, a 3D printed polymeric scaffold was found to promote ectopic mineralization to a higher extent when combined with a hydrogel containing spheroid bone marrow-derived stem cells (BMSCs), than when combined with a hydrogel laden with dissociated BMSCs (Shanbhag et al.; Shanbhag et al.).
Other strategies to foster bone tissue ingrowth and mineralization within porous additive manufactured scaffolds rely in the chemical and topographical modification of their surfaces. An acellular organic-inorganic mineralizing construct has been successfully produced, combining a 3D printed nylon scaffold with an elastin-like recombinamer coating, that can be pre-mineralized in the lab prior to implantation (Hasan et al.).
Scaffold bio-functionalization with bioactive agents offers the great advantage of inducing stem-cell homing, while avoiding the several concerns related to stem cell implantation. Among various molecules, the incorporation of bone morphogenetic protein 2 (BMP-2) in 3D scaffolds has been widely explored, demonstrating its ability to trigger stem cell osteogenic differentiation (Zhu et al.). As such, 3D collagen-based matrices functionalized with BMP-2 or with an enamel matrix derivative were found to stimulate in vitro the osteogenic commitment of osteoprogenitor cell lines (Lin et al.).
Beside exogenous growth factors, autologous platelet concentrates (APCs) can be employed to enhance the biological properties of bone substitutes. Promising in vitro results have been reported in this Research Topic, where the addition of injectable platelet-reach fibrin to different 3D scaffolds positively affected osteoblast cell viability and metabolic activity (Kyyak et al.).
In dentistry, bone augmentation procedures are performed in the vast majority of the cases to restore adequate alveolar ridge dimensions for dental implant placement (Donos et al., 2008; Retzepi and Donos, 2010; Donos et al., 2019). Beside the treatment of alveolar bone deficiencies aiming at replacing missing teeth with implant-supported restorations, the regeneration of the periodontal tissues around compromised teeth as well as of the pulp-dentin complex or of the whole tooth is attracting increasing attention (Latimer et al.). Up-to-date periodontal regeneration strategies include the use of stem cells and the design of multi-material and micropatterned scaffolds, favouring compartmentalized tissue healing and periodontal fiber orientation. Despite the significant advancements noticed in this field, further studies are required to improve the complex multi-tissue periodontal regeneration (Latimer et al.). Furthermore, different tissue engineering strategies, including and not limited to the use of bio-printing, have been introduced to regenerate dental tissues (Cao et al.; Latimer et al.). However, the development of fully formed functional teeth seems far from being achievable in the near future. A deeper understanding of cell-cell and cell-matrix interactions during tooth formation, together with progresses in AM, is needed so that bio-engineered teeth become a clinical reality.
This issue focused mainly in bone regeneration in the oral and maxilla-facial area. However, a broader view on recent developments in the area of orthopaedics was also maintained. Therefore, clinically challenging topics such as non-union fractures and delayed bone healing can also be addressed in the information provided in this issue (Zhu et al.).
Taking into consideration the ageing population and the fact that chronic diseases associated with bone healing and metabolism (i.e., osteoporosis) have high prevalence, novel ways addressing bone healing should be introduced. In this context, the discovery of selective drugs for targeting osteoporosis is particularly relevant. In this issue, an in vitro study utilizing BMSCs, leonurine, a natural herbal compound, promoted BMSC osteoblastic differentiation by activating autophagy, making it a potential candidate in the treatment of osteoporosis (Zhao et al.).
However, bone fractures are not limited only to osteoporotic conditions. Special attention has to be devoted to the treatment of pathologies occurring at the growth plate in the paediatric age. This cartilaginous region, which acts as the primary centre for endochondral bone formation in immature long bones, is particularly susceptible to fractures. Current treatments often lead to the development of an undesired bone bridge and to related growth disturbance risks. AM, in combination with cell seeding and active substance delivery, could offer alternative options to existing clinical solutions, in order to achieve cartilaginous tissue reconstruction at the growth plate, thus avoiding the formation of calcified physeal scars (Wang et al.).
Overall, AM, in combination with tissue engineering strategies, offers emerging opportunities in bone regeneration, by enabling the production and the biofunctionalization of customized site-specific 3D scaffold with tunable properties. Looking at the future, remarkable efforts should be directed to the optimization of current technologies and to overcome the hurdles that are delaying the translation of addictive manufactured tissue-engineered bone scaffolds into everyday clinical use.
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Introduction: The aim of the in vitro study was to compare the effect of four bovine bone substitute materials (XBSM) with and without injectable platelet-reach fibrin for viability and metabolic activity of human osteoblasts (HOB) as well as expression of alkaline phosphatase (ALP), bone morphogenetic protein 2 (BMP-2), and osteonectin (OCN).

Materials and Methods: Cerabone® (CB), Bio-Oss® (BO), Creos Xenogain® (CX) and MinerOss® X (MO) ± i-PRF were incubated with HOB. At day 3, 7, and 10, cell viability and metabolic activity as well as expression of ALP, OCN, and BMP-2, was examined.

Results: For non-i-PRF groups, the highest values concerning viability were seen for CB at all time points. Pre-treatment with i-PRF increased viability in all groups with the highest values for CB-i-PRF after 3 and 7 and for CX-i-PRF after 10 days. For metabolic activity, the highest rate among non-i-PRF groups was seen for MO at day 3 and for CB at day 7 and 10. Here, i-PRF groups showed higher values than non-i-PRF groups (highest values: CB + i-PRF) at all time points. There was no difference in ALP-expression between groups. For OCN expression in non-i-PRF groups, CB showed the highest values after day 3, CX after day 7 and 10. Among i-PRF-groups, the highest values were seen for CX + i-PRF. At day 3, the highest BMP-2 expression was observed for CX. Here, for i-PRF groups, the highest increase was seen for CX + i-PRF at day 3. At day 7 and 10, there was no significant difference among groups.

Conclusion: XBSM sintered under high temperature showed increased HOB viability and metabolic activity through the whole period when compared to XBSM manufactured at lower temperatures. Overall, the combination of XBSM with i-PRF improved all cellular parameters, ALP and BMP-2 expression at earlier stages as well as OCN expression at later stages.

Keywords: bone substitute, bovine bone, platelet rich fibrin (PRF), in vitro, osteoblast, vitality, proliferation, PCR


INTRODUCTION

The composition of bovine bone substitutes is similar to human bone due to the preserved microstructure of the osseous frame (Glowacki, 2005; Yamada and Egusa, 2018). These xenografts are known for osteoconduction and a low (if any) absorbability rate (Klein et al., 2013b; Dau et al., 2016). Deproteinization potentially allows elimination of transmission risk and antigenicity (Lei et al., 2015). However, different cleaning and manufacturing methods may affect the regeneration capacity of the a bovine bone substitute material. For example, manufacturing of deproteinized bovine bone by sintering consists of high temperature treatment with stepwise heating up to >1,000°C leading to the removal of all organic components including collagen (Lei et al., 2015). On contrary, manufacturing with lower temperatures usually comprise an additional chemical treatment, i.e., with sodium hydroxide with efficiently inactivated viruses (Tadic and Epple, 2004). Cerabone® (Botiss, Zossen, Germany) is produced via three-stage temperature treatment including a final sintering at >1,200°C, hence all organic compounds are removed and potential prions, bacteria and viruses are eliminated. This preparation process might alter the microstructure (Perić Kačarević et al., 2018). However, it has been shown that Cerabone® resembles the structure of natural bone with high porosity and rough surface (Trajkovski et al., 2018). Bio-Oss® (Geistlich Pharma AG, Wolhusen, Switzerland) has a fiber-like surface with a much smaller crystal size (Barbeck et al., 2015; Perić Kačarević et al., 2018). It is manufactured at a lower temperature of 300°C followed by sodium hydroxide treatment (Kübler et al., 2004); thus, it is considered to be a hydroxyapatite ceramic with a high porosity including large interconnective pores and residual proteins (Kübler et al., 2004; Klein et al., 2009). Creos Xenogain® (Nobel Biocare GmbH, Gothenburg, Sweden) is produced by sodium hypochloride treatment followed by heating under 400°C. MinerOss® X (BioHorizons, Birmingham, United Kingdom) is also produced via low-heat processing of bovine bone, preserving the coarseness of bone with a high porosity.

In in vitro and in vivo studies, for injectable platelet-rich fibrin (i-PRF) a high share of leukocytes and platelets was proven. It promotes fibroblast migration and has a potential to release higher concentration of cytokines and selective growth factors over time when compared to PRP/L-PRF and A-PRF (Ghanaati et al., 2014; El Bagdadi et al., 2017; Miron et al., 2017; Wend et al., 2017; Choukroun and Ghanaati, 2018; Wang et al., 2018). Additionally, due to its consistency as well as composition, i-PRF can be used in combination with various biomaterials in order to increase their bioactivity in bone/soft tissue regeneration, and to improve healing in impaired wound healing cases (Wend et al., 2017; Miron and Zhang, 2018; Abd El Raouf et al., 2019). Thus, a combination of a bovine bone substitute material with i-PRF may be promising in terms of soft and hard tissue regeneration (Mourão et al., 2015). In our previous in vitro study (Kyyak et al., 2020), we compared an allograft and a bovine bone substitute material with and without i-PRF in regard of their effect on human osteoblasts’ viability, gap closure and metabolic activity. Here, the allogenic material showed an improved performance, possibly due to its (minimal) osteoinductive potential. The previous study was limited as there was only one commercially available bovine bone substitute material under examination. Thus, the aim of the study was to compare four different commercially available bovine bone substitutes with and without i-PRF for viability, metabolic activity, and differentiation of human osteoblasts. The null hypothesis was that pre-treatment of bovine bone substitute materials with i-PRF affects osteoblast viability, metabolic activity, and differentiation. A secondary hypothesis was that there are also differences between the different xenogenic materials.



MATERIALS AND METHODS


Bone Substitute Materials

In the study, four bone substitute materials of bovine origin and their combination with i-PRF were included: cerabone® (CB, botiss biomaterials GmbH, Zossen, Germany, granularity: 1–2 mm), Bio-Oss® (BO, Geistlich Pharma AG, Wolhusen, Switzerland, granularity: 1–2 mm), CREOS Xenogain® (CX, Nobel Biocare GmbH, Gothenburg, Sweden, granularity: 1–2 mm), MinerOss® X (MO, BioHorizons, Birmingham, United Kingdom, granularity: 0.5–1 mm).



I-PRF

In accordance with the ethical standards of the national research committee (Ärztekammer Rheinland-Pfalz, no. “2019-14705_1”), 10 ml peripheral venous blood per sample was collected from three healthy donors without severe illnesses after puncture of the cephalic or the median cubital vein. The vacutainer system and specific sterile plain vacuum tubes with additional silicone within their coating surface for solid (A-PRF+, Mectron, Carasco, Italy) and liquid PRF were used, respectively (iPRF, Mectron, Carasco, Italy). PRF was directly manufactured at a fixed angle rotor with a radius of 110 mm with 1,200 rpm and a relative centrifugal force of 177 g for 8 min (Duo centrifuge, Mectron, Carasco, Italy) after manufacturer’s instructions as described (Blatt et al., 2020).



Cells

For the in vitro study, commercially available human osteoblasts from one donor were chosen (HOB, PromoCell, Heidelberg, Germany). A standard HOB medium was applied for cultivation including fetal calf serum (FCS, Gibco Invitrogen, Karlsruhe, Germany), Dulbecco’s modified Eagle’s medium (DMEM, Gibco Invitrogen), dexamethasone (100 nmol/l, Serva Bioproducts, Heidelberg, Germany), L-glutamine (Gibco Invitrogen), and streptomycin (100 mg/ml, Gibco Invitrogen). Cultivation of HOB was administered at the air temperature of 37°C, 95% humidity 95 and 5% of CO2. The passaging of HOB was carried out when reaching 70% confluence by application of 0.25% trypsin (Seromed Biochrom KG, Berlin, Germany). Passage five HOB were seeded in a density of 5 × 104 cells per well. Afterward, 100 mg of each bone substitute material were added to the corresponding wells with HOB. Into the first half of the wells, 150 μl of i-PRF was applied, one well with each bone substitute material was left without i-PRF. Incubation of the compositions was divided into 3, 7, and 10 days at 37°C, 95% humidity, and 5% CO2. For negative controls, wells without bone substitute material as well as with i-PRF without bone substitute material were used.



Cell Viability

For cell viability, CellTracker staining (Life Technologies, Thermo Fisher Scientific, Darmstadt, Germany; catalog number: C34552) was applied on day 3, 7, and 10. Red dye was produced following the manufacturer’s instructions. After the culture media was removed, Red dye was applied into wells and incubated for 30 min in 37°C. Serum-free medium was added, following the removal of the Red dye, and incubated for 30 min in 37°C. Red fluorescence was observed using a fluorescence BZ-9000 microscope (Keyence, Osaka, Japan). ImageJ software (ACTREC, Navi Mumbai, India) was used for cell quantification (Fuchs et al., 2009). At first, images (magnification 10×) were converted to grayscale. Through image subtraction, a correction of the background was conducted. Cell structures were extracted from the background using automatic thresholding and the area fraction (%) was calculated. Measures were conducted in triplication for each group and each time point (three time points).



Cellular Metabolic Activity

Metabolic activity was measured by 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay on day 3, 7, and 10. Briefly, MTT (200 μl, 2 mg/ml) was added to the wells and incubated for 4 h at 37°C. Culture medium was removed, and lysis buffer (10 ml) was pipetted into each well. Plates values were acquired using a fluorescence microplate reader (570 nm; Versamax, Molecular Devices, San Jose, CA, United States). Measures were conducted in triplication for each group and each time point (three time points).



Expression of Bone Gene Markers

In accordance with Liu et al. (2003), the runx-2-dependent early osteogenic differentiation marker collagen alkaline phosphatase (ALP) as well as the late differentiation marker osteocalcin (OCN) was examined, whose expression is also highly controlled by runx-2 levels (Stein et al., 2004). ALP plays an important regulatory role during matrix mineralization (Hessle et al., 2002; Anderson et al., 2004). For osteogenic cells, the integrin subunits β1 and αv have been shown to trigger effects of cytokines like bone morphogenetic protein 2 (BMP-2) (Lai and Cheng, 2005). OCN, which is only synthesized by mature osteoblasts, is directly associated with bone matrix mineralization as well (Lian et al., 1998, 2004; Klein et al., 2013a).

For this purpose, total RNA was extracted after day 3, 7, and 10 (Qiagen, Hilden, Germany). Subsequently, RNA was converted to cDNA with the help of iScript cDNA synthesis kit (BioRad, Hercules, United States) in accordance to manufacturers’ recommendations. For normalization, internal control Actin and GAPDH genes were used. The sequences of the primers are presented in Table 1. PCR was conducted using a CFX Connect Real-Time PCR Detection System (Bio-Rad, Germany) and SYBR Green Supermix (BioRad, Hercules, United States). Following proportions were applied: 11 μl of SYBR, 1 μl of primer sense, 1 μl of primer antisense, and 5 μl RNA-free water. The conditions of the thermal cycler were the following: first step—95°C for 3 min; second step (repeated 39 times)—95°C for 10 s, then 58°C for 30 s and finally 72°C for 20 s; final step—65°C for 0.5 s and then 95°C for 5 s. Quantification of gene expression was conducted through Ct value. Measures were conducted in triplication for each group and each time point (three time points).


TABLE 1. Primers Actin, GAPDH, ALP, OCN, and BMP-2 and their sequences.

[image: Table 1]


Statistical Analyses

Data was converted into mean values with the estimate of its standard error of the mean (SEM) (for parametric data) and median values (for non-parametric data). Numbers were round off to second decimal place. Normal distribution was determined by Shapiro-Wilk test (SWT). For comparison of two groups, two-sided Student’s t-tests for paired samples (t-test) were applied in case of normal distributions. In case of non-normal distributions, Mann-Whitney test (MWT) was applied to compare two groups. Kruskal-Wallis rank sum test (KWT) was applied to compare all groups. A p-value of ≤0.05 was considered to be statistically descriptive significant. Data was visualized using bar charts with error bars.



RESULTS


Cell Viability

At day 3, the highest cell viability was seen in the Cerabone® (CB) group, which was significantly higher when compared to BioOss® (BO; p ≤ 0.05, t-test) that showed the lowest indexes among all tested materials. Viability of Xenogain® (CX) was significantly higher when compared to controls (p ≤ 0.05, t-test) (Figures 1, 2A). At day 7, controls had the highest cell viability (p > 0.05, MWT). Additionally, when compared to other bovine bone substitute material (XBSM) groups, CB presented the highest indexes (p > 0.05, t-test), followed by CX (p > 0.05, t-test) and MO (p > 0.05, t-test). At day 10, the highest viability value was seen for CB, followed by CX (when compared to controls (p ≤ 0.05, t-test), BO and MO (p > 0.05, MWT). The lowest rate showed BO (p > 0.05, MWT) (Figures 1, 2A and Table 2A).


[image: image]

FIGURE 1. Representative figures of HOB viability visualized via red fluorescence (40×). BSM groups with (a–k, m–p) and without (A–K, M–P) i-PRF on day 3, 7, and 10.
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FIGURE 2. Bar charts: viable HOB (%) with XBSM (A) and XBSM with i-PRF (B) on day 3, 7, and 10 (area fraction, ImageJ). mean values; error bars show SEM; in triplication for each group and each time point, three time points. *p ≤ 0.05, t-test; **p ≤ 0.001, t-test; #p ≤ 0.05, MWT.



TABLE 2. Cell viability of XBSM (A) and XBSM with i-PRF (B) by area fraction (%) on days 3, 7, and 10; experiments in triplication for each group and each time point, three time points.

[image: Table 2]At day 3, among i-PRF containing groups, significant higher values were observed for CB + i-PRF when compared to BO + i-PRF (p ≤ 0.001, t-test), CX + i-PRF (p ≤ 0.001, t-test), MO + i-PRF (p ≤ 0.05, t-test), and Control + i-PRF groups (p > 0.05, MWT). Control + i-PRF showed the lowest viability among i-PRF-groups (significant in comparison to all others, p > 0.05, MWT) and among i-PRF-XBSM groups, the lowest indexes were seen for BO + i-PRF (p > 0.05, t-test) (Figures 1, 2 and Table 2). At day 7, the highest increase in viability was observed in CB + i-PRF groups [when compared to BO + i-PRF (p ≤ 0.05, MWT), CX + i-PRF (p ≤ 0.05, t-test), controls (p > 0.05, t-test)] and MO + i-PRF groups (p > 0.05, MWT). At day 10, the highest viability was seen for controls, followed by CX + i-PRF [when compared to BO + i-PRF (p ≤ 0.05, t-test), CB + i-PRF, and MO + i-PRF (each: p > 0.05, MWT)] (Figures 1, 2B and Table 2B).

All i-PRF treated groups showed higher values in comparison to their equivalent pure non-i-PRF groups through the whole period. At day 7, values of all groups doubled in comparison to day 3 and were the highest of all the periods (Figures 1, 2 and Table 2).



Cell Metabolic Activity

On the third day, MTT test showed the non-significant highest metabolic activity in MO (p > 0.05, t-test), followed by CX (p > 0.05, t-test). The least metabolic activity was observed for BO (p > 0.05, t-test). At day 7, the non-significant highest values were observed for CB, followed by controls (p > 0.05, t-test, MWT). At day 10, considerably higher values were seen in CB [when compared to BO (p > 0.05, MWT), CX (p ≤ 0.01, t-test), MO (p ≤ 0.05, t-test), and controls (p > 0.05, t-test)], followed by controls (in comparison to MO (p ≤ 0.05, t-test), CX (p > 0.05, t-test), and BO (p > 0.05, MWT) (Figure 3A and Table 3A). At day 3, 7, and 10 among i-PRF-groups, the non-significant highest metabolic activity was seen in CB + i-PRF (p > 0.05, t-test) and controls + i-PRF (p > 0.05, t-test). The lowest metabolic activity was seen for MO + i-PRF on day 3 and 7 as well as BO + i-PRF on day 10 (Figure 3B and Table 3B).
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FIGURE 3. Bar charts: HOB metabolic activity (MTT) in groups with XBSM (A) and XBSM with i-PRF (B) on day 3, 7, and 10; mean values; error bars show SEM; in triplication for each group and each time point, three time points. *p ≤ 0.05, t-test; **p ≤ 0.001, t-test.



TABLE 3. HOB metabolic activity (MTT, absorbance 570 nm) in groups with XBSM (A) and XBSM with i-PRF (B) on days 3, 7, and 10; in triplication for each group and each time point, three time points.

[image: Table 3]Overall, groups containing i-PRF showed a higher value than non-i-PRF groups, except for MO on day 3. Metabolic activity levels of all groups had a general tendency to decline through the whole period (Figure 3 and Table 3).



Expression of Bone Gene Markers


Alkaline Phosphatase (ALP) Expression

On day 3, 7, and 10, all groups showed almost the same ALP expression level (p > 0.05, t-test), except MO, which didn’t show any expression at all through the whole period. On day 3 and 10, in the i-PRF-groups, the values were also almost on the same level (p > 0.05, t-test) with no expression in MO + i-PRF on day 10. At day 7, the highest expression was observed in BO + i-PRF [when compared to MO + i-PRF (p ≤ 0.05, t-test)], followed by CB + i-PRF (p > 0.05, t-test).

Overall, on day 3, 7, and 10, i-PRF-groups had slightly increased ALP expression over non-treated bone substitute materials, with the exception of CX + i-PRF on day 7 and MO + i-PRF on day 10.



Osteonectin (OCN) Expression

On day 3, CB had the highest OCN expression [significant in comparison to BO (p ≤ 0.05, t-test)]. On day 7, CX showed a significantly increased expression when compared to BO (p ≤ 0.05, t-test) and (non-significant) to CB (p > 0.05, t-test). On day 10, CX had significant highest values when compared to BO (p ≤ 0.05, t-test) and CB (p ≤ 0.001, t-test). There was no expression in MO through the whole period. On day 3, among i-PRF treated groups, the non-significant highest value of all groups was observed in CX + i-PRF (p > 0.05, t-test), the non-significant lowest in CB + i-PRF (p > 0.05, t-test). MO + i-PRF showed no OCN expression. On day 7, values of CX + i-PRF were higher than of MO + i-PRF (p ≤ 0.05, t-test) and CB + i-PRF (p > 0.05, t-test), followed by BO + i-PRF (p > 0.05, t-test). On day 10, CX + i-PRF showed the non-significant highest expression among treated groups (p > 0.05, t-test). Through the whole period, pre-treated groups showed increased expression rates when compared to non-treated XBSM, except for MO + i-PRF on day 3.



Bone Morphogenetic Protein 2 (BMP-2) Expression

Considering BMP-2 expression, on the day 3, the significant highest rate was observed in CX in comparison to BO (p ≤ 0.05, t-test), followed by CB (p > 0.05, t-test). On day 7 and 10, there was no considerable difference among the groups. Through the whole period, there was no expression in MO. On day 3, among the i-PRF-groups, CX + i-PRF demonstrated a significant increase when compared to MO + i-PRF (p ≤ 0.05, t-test) as well as a non-significant increase when compared to BO + i-PRF and CB + i-PRF (both p > 0.05, t-test). On day 7 and 10, there was no considerable difference among the groups with the exception of no expression of MO + i-PRF on day 10.

To sum up, on day 3, there was increased BMP-2 expression in all i-PRF-groups when compared to non-i-PRF-XBSM. On day 7, a positive effect of adding i-PRF on BMP-2 expression was seen in BO + i-PRF and MO + i-PRF, and on day 10 in BO + i-PRF.



DISCUSSION

For this in vitro study, four commercially available xenogenic, bovine bone substitute materials (XBSM)—alone and in combination with injectable platelet-rich fibrin (i-PRF) were evaluated regarding their biological effect on human osteoblast cells (HOB) after 3, 7 and 10 days. Cell viability, metabolic activity as well as expression of three bone regeneration markers (alkaline phosphatase (ALP), osteonectin (OCN), and bone morphogenic protein-2 (BMP-2) were analyzed. As a result, especially the high-sintered group showed beneficial in vitro effects when compared to low-sintered XBSM. Besides, addition of i-PRF to XBSM resulted in a significantly increased biological activity of HOB in most of the cases.

The main difference among the four XBSM is the preparation process, namely the temperature. They have a hydroxyapatite phase (Bohner, 2000), which causes a good biocompatibility due to similarity with crystalline phase of human bone, high porosity and micro-architecture (Laschke et al., 2007). Okumura et al. gave evidence that the reason of early osteogenesis on hydroxyapatite lies in the faster initial attachment of HOB (Stephan et al., 1999; Okumura et al., 2001). It was also reported that bovine hydroxyapatite materials treated at different temperatures show significant variation in osteoblastic activity because of changed surface roughness and biological performance (osteoconductivity) (Ong et al., 1998; Perić Kačarević et al., 2018; De Carvalho et al., 2019), which may result in different healing outcomes (Barbeck et al., 2015; Perić Kačarević et al., 2018). In our study, XBSM sintered at high temperatures [cerabone® (CB)] showed a significantly increased HOB viability and metabolic activity when compared to other materials processed at lower temperatures. CB is composed of hydroxyapatite with traces of calcium oxide with a porous bone-like morphology (Tadic and Epple, 2004). Being sintered at a high temperature (>1,200°C), it loses all organic compounds. It was reported, that CB presents the highest level of hydrophilicity in comparison to Bio-Oss® (BO) (Trajkovski et al., 2018). Besides, in 1,200°C sintered bovine hydroxyapatite, additional traces of NaCaPO4 and CaO were detected, which could result from decomposition of the bone carbonate and could improve HOB reaction (Tadic and Epple, 2004) as detected in the present study. Additionally, when considering the carbonate component, the influence of the surface energy of the bone substitute material may also increase initial HOB attachment and proliferation. Thus, the strengthening of the polar components of the dense surface of a bone substitute material may enhance HOB attachment and osteoconduction (Redey et al., 2000). The temperature of processing effects the elimination of carbonate content in the bone, which can be only initiated at 400°C and higher (Tadic and Epple, 2004). Besides, the high sintering temperature increases crystallinity, subsequently lowers biodegradation rates and increases volume stability (Ong et al., 1998; Bohner, 2000; Accorsi-Mendonça et al., 2008; Kusrini and Sontang, 2012; Riachi et al., 2012). On the other hand, it was stated in another study, that high-temperature sintering of a XBSM did not affect phase stability, densification behavior, fluid intrusion, and porosity when compared to non-sintered XBSM (Gehrke et al., 2019). In addition, no clinical long-term influence of osseous healing using differently processed bone substitute materials was found. Though, Kapogianni et al. (2019) analyzed samples from biopsies 6 months after sinus floor evaluation and after this considerable amount of time in a biological less demanding defect, no differences can be expected (Rickert et al., 2012; Kapogianni et al., 2019).

Despite the claim of no organic component, histological analyzes gave evidence for (xenogenic) organic remnants in XBSM treated under lower temperature, which may lead to decreased biocompatibility and osteoconductivity (Piattelli et al., 1999). BO is a carbonated hydroxyapatite, containing water, with porous granulate morphology and nanocristallinity (Tadic and Epple, 2004). It is manufactured at a temperature of 300°C, thus, is considered to include residual proteins (Kübler et al., 2004). In the present in vitro investigation, BO showed less distinct results for cell viability and metabolic activity as compared to other XBSMs. These findings are in accordance with other in vitro studies (Kübler et al., 2004; Liu et al., 2011). Sufficient osteogenic cell adhesion a bone substitute material is important for cellular proliferation, differentiation and matrix synthesis. Whereas initial cell attachment is based on unspecific cell-substrate interactions, later cell adhesion displays complex interactions between extracellular ligands and specific cellular receptors with high impact on further intracellular signal transduction (Keselowsky et al., 2007). Integrin receptors are transmembrane heterodimers consisting of non-covalently associated α and β sub-units. The sub-units β1 and αv have affinity to extracellular matrix proteins like fibronectin, collagen, and osteonectin via the RGD tri-peptide sequence (Heller et al., 2018). Integrin-mediated outside-in-signaling has been shown to regulate osteogenic cytoskeleton organization and gene expression (Anselme, 2000; El-Ghannam et al., 2004). Furthermore, during osteoblast/substrate interactions, the expression of these adhesion molecules is modified according to distinct surface characteristics (Anselme, 2000; Klein et al., 2013a). In the present study, ALP, OCN (early as well as late osteogenic differentiation markers), and BMP-2 expression of BO without and with i-PRF was comparably high. In combination with i-PRF, Creos Xenogain® (CX) showed a significantly elevated OCN expression through the whole period in comparison to other groups. However, the results of gene expression markers were inconsistent and it is possible that the inclusion of other gene expression markers such as type I collagen, Runt-related transcription factor 2 (Runx2) and Osteopontin would have shown different results.

Cell viability/metabolic activity of CX and MO more or less correlated to each other. MO is produced via low-heat processing of bovine bone, preserving the coarseness of bone with its high porosity. In a recent preclinical in vivo study, MO showed more osteogenic cells as well as more newly formed bone when compared to BO and autogenous bone (Esfahanizadeh et al., 2019). Nevertheless, the impact if cells are seeded on the well and the BSM is added afterward (Khanijou et al., 2020) or if the cells have been seeded on the BSM itself (Parisi et al., 2020) remains unclear.

Interactions of biomaterials such as BSM with the surrounding microenvironment define the respective biocompatibility and biochemical signaling pathways might play key roles in determining the materials’ success after implantation (Rahmati et al., 2020). In vitro assessment of cell metabolic activity may allow conclusions to be drawn about biocompatibility of biomaterials, and cells that are metabolically active are a precondition for osteoconductivity and osteoinductivity. But it should be clearly understood that in vitro studies still display only a limited part of the general in vivo set-up and there might be a substantial gap between cellular biocompatibility and in vivo models (Reichert et al., 2009; Rahmati et al., 2020). For example, surface characteristics of hydroxyapatite changes after getting in contact with blood proteins and extracellular matrix components (Herten et al., 2009). Thus, monotonous conditions of in vitro studies may distort in vivo results.

To the best of our knowledge, there are no in vitro studies on combination of i-PRF with different XBSMs. In a clinical study, Zhang et al. (2012) showed improvement in parameters of bone regeneration when adding PRF to XBSM but there was no statistical significance. In our previous in vitro study, we revealed that allogenic bone substitute material with i-PRF has a significant higher impact on HOB viability, migration and metabolic activity when compared to BO with i-PRF. Still, i-PRF-BO showed better results when compared to non-i-PRF-BO groups (Kyyak et al., 2020). In the present in vitro study, combination of i-PRF with xenogenic BSM significantly affected cell viability and metabolic activity of HOB, however not equally among the different XBSMs. Noteworthy is that material processed at high temperatures (CB + i-PRF) showed two times higher values of cell viability on day 3, when compared to other i-PRF-XBSM groups. Interestingly, all abovementioned indexes of i-PRF-CB were even higher than those of i-PRF-controls on day 3 and almost the same at most of the later time-points.

Still, it is not fully clear why the sintered XBSM showed better in vitro results above all studied materials—either with i-PRF or without. Therefore, further in vitro as well as preclinical studies for comparison between different bovine bone substitutes—for example using different amounts of bone substitute as they might have a dose-dependent effective range, using different media or using cells from different donors—are needed.

According to our in vitro study, it could be assumed that i-PRF addition to XBSM may have the potential to improve bone regeneration in clinical application. This might be of greatest importance, in particular, in cases with large complex defects or medically compromised patients. Additionally, XBSM sintered in a higher temperature showed an advantage over the XBSM treated in lower temperatures. The knowledge of the materials’ advantages leads to a better understanding of the regenerative processes and may improve the industrial production process.



CONCLUSION

XBSM sintered under high temperature showed better HOB viability through the whole period as well metabolic activity on day 7 and 10 when compared to XBSM groups treated at lower temperatures. The same XBSM with addition of i-PRF showed even better HOB viability on day 3 and 7 as well as metabolic activity through the whole period in comparison to other XBSMs combined with i-PRF.

Overall, combination of XBSMs with i-PRF improves HOB viability and metabolic activity (except for one XBSM on day 3), ALP and BMP-2 expression at earlier stages as well as OCN expression at later stages in vitro.
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Leonurine Promotes the Osteoblast Differentiation of Rat BMSCs by Activation of Autophagy via the PI3K/Akt/mTOR Pathway
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Background: Leonurine, a major bioactive component from Herba leonuri, has been shown to exhibit anti-inflammatory and antioxidant effects. The aim of this study was to investigate the effect of leonurine on bone marrow-derived mesenchymal stem cells (BMSCs) as a therapeutic approach for treating osteoporosis.

Materials and Methods: Rat bone marrow-derived mesenchymal stem cells (rBMSCs) were isolated from 4-weeks-old Sprague–Dawley rats. The cytocompatibility of leonurine on rBMSCs was tested via CCK-8 assays and flow cytometric analyses. The effects of leonurine on rBMSC osteogenic differentiation were analyzed via ALP staining, Alizarin red staining, quantitative real-time polymerase chain reaction (qRT-PCR), and Western blot. Additionally, autophagy-related markers were examined via qRT-PCR and Western blot analyses of rBMSCs during osteogenic differentiation with leonurine and with or without 3-methyladenine (3-MA) as an autophagic inhibitor. Finally, the PI3K/Akt/mTOR signaling pathway was evaluated during rBMSC osteogenesis.

Results: Leonurine at 2–100 μM promoted the proliferation of rBMSCs. ALP and Alizarin red staining results showed that 10 μM leonurine promoted rBMSC osteoblastic differentiation, which was consistent with the qRT-PCR and Western blot results. Compared with those of the control group, the mRNA and protein levels of Atg5, Atg7, and LC3 were upregulated in the rBMSCs upon leonurine treatment. Furthermore, leonurine rescued rBMSC autophagy after inhibition by 3-MA. Additionally, the PI3K/AKT/mTOR pathway was activated in rBMSCs upon leonurine treatment.

Conclusion: Leonurine promotes the osteoblast differentiation of rBMSCs by activating autophagy, which depends on the PI3K/Akt/mTOR pathway. Our results suggest that leonurine may be a potential treatment for osteoporosis.

Keywords: BMSCs, leonurine, autophagy, osteoporosis, PI3K/Akt/mTOR pathway


INTRODUCTION

Osteoporosis is the most common bone disease and is found in one-tenth of the population aged above 50 years and one-quarter of the population aged above 80 years (Wright et al., 2014). Concurrently, the rate of occurrence of osteoporosis-related bone fractures is increasing; it is estimated that one in two women and one in five men aged above 50 years are at risk of bone fracture as a direct result of osteoporosis (Das and Crockett, 2013). This condition is a major clinical and public health concern, and high morbidity, disability, and mortality rates are associated with the disease. The risks of osteoporosis include age, inadequate calcium, vitamin D deficiency, female sex, lack of activity, smoking, alcohol consumption, and some chronic inflammatory diseases (Jing et al., 2016).

Osteoporosis is characterized by the fundamental imbalance between bone formation and resorption, which is caused by the overactivation of osteoclasts, an increase in cell apoptosis, and a decrease in the osteogenesis of BMSCs. This process results in a defining feature of osteoporosis: the loss of bone mass, which increases the risk of fracture. Inadequate bone formation by osteoblasts originating from bone marrow mesenchymal stem cells (BMSCs) to compensate for bone resorption by osteoclasts is considered the major cause of osteoporosis. Several studies have revealed that osteogenic differentiation is impaired in patients with osteoporosis and that recovering osteogenic capacities could treat osteoporosis (Jing et al., 2016).

Autophagy is a cellular process wherein the primary function is to clear damaged cellular components such as long-lived proteins and organelles, thus participating in conservation across multiple cell types. In pathological situations, autophagy plays an important role in maintaining bone homeostasis (Pierrefite-Carle et al., 2015). Current evidence indicates the dysregulation of autophagy as a major contributor to the development of metabolic disorders, including insulin resistance, diabetes mellitus, obesity, atherosclerosis, and osteoporosis. Autophagy plays an integral role in maintaining bone homeostasis, with substantial evidence demonstrating its contribution to the survival of osteoblasts, regulation of osteoblast differentiation, maintenance of bone mass, and improvement of bone strength (Yao et al., 2016; Geng et al., 2019). In contrast, decreased autophagy leads to an increase in BMSC apoptosis and inhibition of osteoblast differentiation (Nollet et al., 2014). Recent literature demonstrates the relationship between autophagy and osteoblast differentiation: BMSCs contain many autophagosomes in their initial differentiation stage, illustrating a fundamental linkage between autophagy and metabolism involved in osteoblastic differentiation (Nuschke et al., 2014). This evidence provides a logical foundation for pursuing the treatment of osteoporosis via autophagic regulation in BMSCs.

Current medical treatments for osteoporosis commonly encompass diphosphonate, calcitonin, estrogen receptor modulators, and parathyroid hormone (PTH); accordingly, such treatments can cause undesired side effects, including gastrointestinal responses, renal toxicity (Xu et al., 2013), hypocalcemia (Smith et al., 2009), and an increased risk of cancer (Choi et al., 2020). For example, bisphosphonates trigger osteoclast apoptosis with therapeutic efficiency reaching bottlenecks at 3–5 years post-treatment, along with an increased risk of atypical femoral fractures (Han et al., 2017); Denosumab was reported to be correlated with atypical femoral fracture and osteonecrosis of the jaw, reported drug withdrawal symptoms, an increase risk of bone fractures due to a rapid increase in bone remodeling, and potential cardiovascular events (Adhikary et al., 2018); PTH was reported to induce abnormal psychiatric symptoms and a restricted anabolic window within 2 years of treatment (Lee et al., 2010). Alternatively, traditional Chinese medicine has been used to prevent and treat osteoporosis with a recorded history of over a thousand years; the use of herbal medicine and its extracts, including Epimedium, Salvia, Rehmanniae radix, and Ophiopognin, has been shown to elicit fewer side effects and demonstrated higher sustainability over long-term periods than synthetic drugs (Guo et al., 2014; Xu et al., 2016; Liu et al., 2017; Xi et al., 2018). Despite a deficit in the current understanding of drug–receptor interactions and signaling pathways involved in herbal medicine, traditional Chinese medicine still holds potential and empirical evidence identifies it as a safe and effective alternative in treating osteoporosis.

Leonurine is a natural chemical compound extracted from the traditional Chinese herbal medicine Herba leonuri. In particular, its high anti-inflammatory and antioxidant effects have been extensively illustrated and can reduce the damage caused by excessive ROS in many diseases, such as cardiovascular diseases, ischemic stroke, and atherosclerosis (Liu et al., 2010; Loh et al., 2010; Zhang et al., 2012). In motor system-related diseases, leonurine could contribute to the reconstruction of cartilage in disease situations and alleviate osteoporotic progression in a rat model by inhibiting osteoclast differentiation (Hu et al., 2019; Chen et al., 2020). A recent study demonstrated that leonurine can regulate autophagy to ameliorate cognitive dysfunction (Liu et al., 2016). Therefore, we hypothesized that leonurine may be a selective medicine for targeting osteoporosis by regulating autophagic activity in BMSCs.

The aim of this study was to confirm the roles of leonurine in BMSCs and the underlying molecular mechanisms. The proliferation of BMSCs cocultured with leonurine was detected by CCK-8 assays and flow cytometry in vitro. The osteogenic differentiation of leonurine on BMSCs was evaluated by ALP staining, PCR, and Western blot (WB) analysis. The PI3K/Akt/mTOR pathway was analyzed using WBs.



MATERIALS AND METHODS


Cell Culture and Differentiation Assays

Sprague–Dawley (SD) rat primary BMSCs were isolated from the bone marrow of 4-weeks-old rats. In brief, bone marrow cells were first flushed with cell culture medium and cultivated in Petri dishes. After 24 h of incubation, adherent cells (BMSCs) were extracted from each dish.

Extracted BMSCs were maintained in α-MEM (α-MEM, HyClone, United States) with 10% fetal bovine serum (FBS, Gibco, United States) and 1% penicillin/streptomycin (PS, Gibco, United States). The cells were cultured at 37°C/5% CO2, and the medium was replaced every 3 days. With cells passaged upon reaching 80% confluency, BMSCs of passages 3–6 were used in the ensuing experiments.

For osteogenic differentiation, BMSCs were cultured with osteogenic induction medium containing 10% FBS, 1% penicillin/streptomycin, 50 μg/ml ascorbic acid (Sigma, United States), 10 mM sodium β-glycerophosphate (Sigma, United States), and 10 nM dexamethasone (Sigma, United States).



The Biocompatibility of Leonurine on BMSCs


CCK8 (Cell Counting Kit-8) Assays

Cell proliferation was measured by Cell Counting Kit-8 assays (CCK-8, Dojindo, Shanghai, China) according to the manufacturer’s protocol with three replicates. The experimental group was treated with different concentrations of leonurine (0–100 μM). Briefly, the cells were cultivated in 96-well plates at a density of 3 × 103 cells per well. The seeding density was measured after an initial overnight incubation with a CCK-8 assay to test whether they were equal. Another repeat was performed after 3 days of culture, in which the medium was replaced with 10 μl of CCK 8 solution dissolved in 200 μl of cell culture medium. The plate was incubated for 2 h before absorbance at 450 nm was measured.



Flow Cytometric Analysis of Cell Cycle and Apoptosis

BMSCs were seeded in six-well plates at a density of 2 × 104 cells per well and treated with leonurine for 3 days. Subsequently, the cells were collected and fixed with 75% ethanol overnight at 4°C and washed with cold PBS twice before staining with 200 μl of PI/RNase staining buffer for 30 min at room temperature. Cell cycle distribution was detected by a BD FACSCanto II flow cytometer (BD BioScience, United States).

Apoptosis assays were further performed to ascertain the effect of leonurine on cell viability with FITC-Annexin V apoptosis detection kits (BD Bioscience, United States) according to the manufacturer’s protocols. Briefly, the cells were collected, washed with cold PBS, and resuspended in 1× binding buffer. Then, they were stained with 5 μl of Annexin V-FICT and 5 μM propidium iodide (PI) in the dark for 15 min at room temperature. Cell apoptosis was detected by a BD FACSCanto II flow cytometer (BD BioScience, United States).



The Osteogenic Differentiation of BMSCs Induced by Leonurine


Alkaline Phosphatase (ALP) Staining and Alizarin Red Staining

BMSCs at a density of 2 × 104 cells/well were seeded in 24-well plates. After 24 h, the baseline medium was replaced with osteogenic induction medium containing various concentrations of leonurine (0, 2, 5, and 10 μM). The cells were cultured in osteogenic induction medium for either 6 days (ALP staining) or 14 days (Alizarin red staining).

ALP staining was conducted to ascertain the effect of leonurine on BMSC differentiation. In brief, BMSCs were harvested after 6 days of culture and fixed with 4% paraformaldehyde for 10 min. An ALP color development kit (Beyotime, Shanghai, China) was used in the study according to the manufacturer’s protocols. Briefly, the cells were stained for 15 min and washed three times with PBS. The stained cells were subsequently observed under phase-contrast microscopy, with representative images captured.

Alizarin red staining was further performed to determine the degree of calcium deposition in BMSCs between the leonurine treatment groups at various concentrations. Briefly, BMSCs were harvested after 14 days of culture in osteogenic medium as outlined above. After fixation in 4% paraformaldehyde for 10 min, the cells were stained with Alizarin red staining kits (Beyotime, Shanghai) for 60 min and washed three times with ddH2O.

The stained cells were subsequently observed under phase-contrast microscopy, with representative images captured.



RNA Isolation and Quantitative Real-Time PCR (qRT-PCR) Analysis

BMSCs were seeded in six-well plates at a density of 5 × 104 cells/well. After 24 h, osteogenic induction medium containing 10 μM leonurine was added to the experimental groups, with the control groups receiving medium without leonurine. Total RNA from the BMSCs was isolated following osteogenic induction for 6 days with the TRIzol (Invitrogen, United States) extraction method according to the manufacturer’s protocol. The total RNA concentration was measured by a Nanodrop system (Thermo Fisher Scientific, United States). cDNA was reverse transcribed with a PrimeScript RT reagent Kit (TaKaRa, Japan). qPCR was conducted with HieffTM qPCR SYBR®, Green Master Mix in an ABI 7500 Real-Time PCR System (Applied Biosystems, Foster City, CA, United States). Relative gene expression was calculated using the comparative 2–Δ Δ Ct method. The primers used are listed in Table 1.


TABLE 1. Nucleotide sequences of primers used for qRT-PCR.
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Protein Extraction and WB Analysis

BMSCs at a density of 5 × 104 cells/well were seeded in six-well plates and divided into a control group or treatment group (10 μM leonurine). Total protein from the rBMSCs was isolated following osteogenic induction for 6 days with RIPA buffer containing protease inhibitor and phosphatase inhibitor. Equal amounts of protein were separated and transferred onto nitrocellulose membranes (Millipore Corporation, Billerica, United States). Primary antibodies (GAPDH, OPG, and Runx2) were incubated with membranes at 4°C overnight, with the ensuing secondary antibody incubated at room temperature for 1 h. The membranes were visualized using the Odyssey LI-CDR system. GAPDH (1:2,000) was purchased from Cell Signaling Technology (CST, Beverly, MA, United States). OPG (1:500) and Runx2 (1:500) were purchased from Abcam (Cambridge, MA, United States).



The Effect of Leonurine on Autophagy-Related Genes

BMSCs at a density of 5 × 104 cells/well were seeded in six-well plates. For autophagic inhibition, BMSCs were treated with 2 mM 3-methyladenine (3-MA, Sigma, United States) with or without leonurine (10 μM). First, 3-MA was dissolved in dimethyl sulfoxide (DMSO) prior to addition to the culture medium, with the final concentration of DMSO below 0.1% of the medium. Alizarin red staining was performed for 14 days and ALP staining was performed for 6 days as described above.

Additionally, WB and qPCR were performed with the no treatment (control) group, leonurine treatment group, 3-MA treatment group, and 3-MA with leonurine treatment group. The antibodies LC3AB I/II (1:1,000) and ATG7 (1:500) used in WB analyses were purchased from Cell Signaling Technology (CST, Beverly, MA, United States); P62 (1:1,000) was purchased from Abcam (Cambridge, MA, United States). The primers used in the qPCR analysis are listed in Table 1.



Analysis of Pathways Related to Leonurine

For PI3K activation, BMSCs were pretreated with 2 μM of the PI3K activator 740Y-P (APExBIO, United States) for 2 h separately prior to coculturing with 10 μM leonurine. Briefly, Y740Y-P was dissolved in DMSO, and the final concentration of DMSO contributed to less than 0.1% of the medium, inducing no notable cytotoxic effect. WB assays were performed as stated above. The experimental groups were the control group, pretreatment with the 740Y-P group, leonurine treatment with the 740Y-P pretreatment group, and the leonurine treatment group. Antibodies against AKT (1:1,000), p-AKT (1:1,000), and p-mTOR (1:1,000) were purchased from Cell Signaling Technology (CST, Beverly, MA, United States). Antibodies against PI3K (1:1,000) and p-PI3K (1:500) were purchased from Abcam (Cambridge, MA, United States).



Statistical Analysis

Statistical analysis was performed by SPSS 20.0 (IBM, Somers, NY, United States). Each experiment was independently repeated at least three times. Differences between two groups were analyzed with unpaired Student’s t-test, and more than three groups were analyzed with one-way analysis of variance followed by the Bonferroni post-test. Data are presented as the mean ± standard error (SEM). P < 0.05 were considered to indicate significant differences.



RESULTS


Leonurine Exhibits No Notable Toxicity and Contributes to BMSC Proliferation

To assess the cytotoxicity of leonurine and its effect on the proliferation of BMSCs, we conducted a series of CCK-8 cell viability assays, cell cycle distribution analyses, and apoptosis assays with flow cytometry. As shown in Figure 1A, our results demonstrated that no apparent cytotoxicity was observed in the leonurine-treated group after 72 h of coculture with BMSCs. In contrast, viability was significantly increased in the BMSCs treated with leonurine at a range of 2–100 μM, with a concentration of 10 μM resulting in a peak increase in viability followed by a gradual decrease at higher concentrations (40–100 μM). It reflects the fact that 10 μM leonurine is the lowest and most proper functional concentration on BMSCs.
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FIGURE 1. Assessment of toxicity of leonurine and its effect on BMSC proliferation. (A) CCK-8 essay for BMSCs co-cultured with leonurine for 3 days illustrated increases in viability with leonurine-treated BMSCs. (B) Assessment of cell cycle phase distribution of leonurine –treated BMSCs. (C) Quantitative analysis of cell cycle phase distribution. No significant differences were measured between groups. (D) Distribution of apoptotic BMSCs observed under flow cytometry (FITC-Annexin V apoptotic detection assay). (E) Ratio of apoptotic BMSCs cultured in 0-10μM leonurine for 6 days. No significant differences were measured between groups (*p < 0.05, **p < 0.01, ***p < 0.001).


The flow cytometric results of BMSCs cocultured with leonurine demonstrated no notable change in the distribution of any particular cell cycle stage (Figures 1B,C). We observed an effect only on cell proliferation. However, whether the cell cycle period was changed was unclear. Apoptosis assays after coculture for 3 days further confirmed that leonurine did not have apparent toxicity and did not cause cell apoptosis (including early apoptosis and late apoptosis) (Figures 1D,E). These data proved the security of leonurine on BMSCs, and the lowest functional concentration is 10 μM.



Leonurine Contributes to Osteoblast Differentiation

To investigate the effect of leonurine on osteoblast differentiation, we performed ALP staining and Alizarin red staining after 6 and 14 days of culture, respectively, as an early marker for osteoblastic differentiation and a late marker for calcium deposition in osteoblasts.

As shown in Figure 2, leonurine contributed to osteoblastic differentiation in a dose-dependent manner, which was most apparent in the 10 μM leonurine-treated group (Figure 2A), with a significant increase at day 6 (Figure 2B). Alizarin red staining yielded comparable results after 14 days of culture, where a significant increase in mineralization was recorded for the 10 μM leonurine-treated BMSCs (Figures 2C,D). Combined, these results demonstrated the significant effect of 10 μM leonurine (compared to lower concentrations) in improving osteogenesis; we thereafter selected 10 μM leonurine as the concentration for subsequent analyses.
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FIGURE 2. Effects of leonurine on osteoblast differentiation and mineralization of BMSCs. (A) ALP staining of leonurine-treated groups (0–10 μM) at day 6. (B) Quantitative analysis of ALP staining. Significant increases were recorded for 5 and 10 μM leonurine-treated groups. (C) Aliza red staining of leonurine-treated groups (0–10 μM) at day 14. (D) Quantitative analysis of ALP staining. Significant increases in mineralization were recorded for 5 and 10 μM leonurine-treated group (*p < 0.05, **p < 0.01, ***p < 0.001 vs. Control group). Scale bar = 500 μm.




Leonurine Promotes Osteogenic Differentiation via the Activation of Autophagy

To determine the contribution of leonurine to osteogenesis, we performed qRT-PCR and WB analysis to further quantify the results obtained via ALP and Alizarin red staining. As shown in Figure 3, the addition of 10 μM leonurine improved the expression of osteogenesis-related markers (OCN, OPN, and Runx2) at both the mRNA and protein levels (Figures 3A,B).
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FIGURE 3. Effects of leonurine on osteogenic and autophagic activity in BMSCs. (A) qRT-PCR analysis of osteogenesis related genes OCN, OPN, and Runx2 expression in BMSCs after 6 days of 10 μM leonurine treatment. Expression of all 3 mRNAs were significantly increased compared to control. (B) Western blot analysis of osteogenesis related proteins OPG and Runx2 in BMSCs after 6 days of 10μM leonurine treatment. Both proteins were significantly increased post-treatment. (C) Expression of autophagy related genes ATG5, ATG7, and P62 in BMSCs after 6 days of 10 μM leonurine treatment. Expression of all 3 mRNAs were significantly increased compared to control. (D) Expression of autophagy related proteins ATG7, P62, LC3 I, and LC3 II in BMSCs after 6 days of 10 μM leonurine treatment. Both proteins were significantly increased post-treatment (*p < 0.05, **p < 0.01, ***p < 0.001 vs. Control group).


Owing to the significant correlation present between autophagic activity and osteogenesis, autophagy-related mRNA and proteins, including ATG7, P62, and LC3 I/II, were subsequently quantified to determine whether leonurine could significantly modulate autophagy in BMSCs. Both qRT-PCR and WB analyses demonstrated that autophagy was enhanced in the leonurine-treated BMSCs compared to the untreated control cells (Figures 3C,D). This finding indicates that leonurine activated autophagy while accelerating the osteogenic process, demonstrating a strong relationship between them.

To further investigate the correlation between leonurine-induced activation of autophagy and its contribution to osteogenesis, we applied the autophagic inhibitor 3-MA with or without coculture treatment with leonurine. qRT-PCR and WB analyses both demonstrated significant inhibition of osteogenic activity with 3-MA treatment (Figures 4A,B), indicating a decrease in osteogenesis via the inhibition of autophagy in BMSCs; concurrently, autophagy was partly rescued with leonurine supplemented with 3-MA (Figures 4A,B).
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FIGURE 4. Modulation of osteogenic and autophagic activity by leonurine in autophagy-inhibited BMSCs (A) qRT-PCR analysis of osteogenesis related genes OCN, OPN, and Runx2 in BMSCs treated with 10 μM leonurine, under the presence of the autophagy inhibitor 3-MA at 2 mM concentration. Leonurine partially rescued the decrease in OCN and OPN expression under the presence of 3-MA. (*p < 0.05, **p < 0.01, ***p < 0.001 vs. Control group, &p < 0.05, &&p < 0.01, &⁣&&p < 0.001 vs. 3-MA group) (B) Western blot analysis for autophagy and osteogenesis related protein change in BMSCs treated with 10μM leonurine, under the presence of 3-MA at 2 mM concentration. The decrease in expression of both osteogenesis and autophagy related proteins due to 3-MA was partially rescued by the addition of 10 μM leonurine.


As additional evidence of the autophagic and osteogenic modulation of leonurine, significant inhibition of osteoblastic differentiation and mineralization by 3-MA was shown by ALP assays and Alizarin red staining after 6 and 14 days of culture, respectively, this phenomenon was reversed after the addition of 10 μM leonurine (Figures 5A,C). The quantitative analysis is shown in Figures 5B,D.
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FIGURE 5. Effects of leonurine on osteoblast differentiation and mineralization of autophagy-inhibited BMSCs. (A) ALP staining of 0–10 μM leonurine treated BMSCs at day 6, with or without 2 mM 3-MA for autophagy inhibition. 10 μM leonurine partially reversed the inhibition of osteoclastic differentiation by 3-MA. (B) Quantitative analysis of ALP staining. (C) Alizarin red staining of 0–10 μM leonurine treated BMSCs at day 14, with or without 2 mM 3-MA for autophagy inhibition. 10μM leonurine partially reversed the inhibition of mineralization by 3-MA. (D) Quantitative analysis of Aliza red staining (Scale bar is 200μM) (*p < 0.05, **p < 0.01, ***p < 0.001 vs. Control group, &p < 0.05, &&p < 0.01, &⁣&&p < 0.001 vs. 3-MA group).


As shown by this evidence, autophagic deficiency caused by 3-MA significantly decreased the osteogenic differentiation process, and these results support our hypothesis that leonurine can activate autophagy to contribute to osteogenesis.



Leonurine Can Activate Autophagy by Inhibiting the PI3K/Akt/mTOR Pathway

Considering the importance of the PI3K pathway involved in autophagy and leonurine previous report, we investigated the influence of leonurine on the PI3K pathway to ascertain its possible effect in modulating autophagy. Our results indicated that the PI3K activator activates PI3K within 2 h, which is accompanied by the inhibition of autophagy (Figure 6A). Leonurine inhibited PI3K/Akt/mTOR activity with downregulation of phosphorylated PI3K/AKT/mTOR and exerted a negative effect against the PI3K activator 740-Y-P (Figure 6B). This evidence demonstrated that leonurine potentially activates autophagy via inhibition of the PI3K/Akt/mTOR pathway.
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FIGURE 6. Modulation of PI3K-AKT-mTOR pathway by leonurine. (A) Western blot analysis on the addition of the PI3K activator 740-YP in BMSCs. 740-YP at a concentration of 2 μM increased expression of all downstream proteins in the PI3K-AKT-mTOR pathway. (B) Western blot analysis of the effect of leonurine on PI3K-AKT-mTOR pathway in BMSCs at 2 h. Expression of downstream proteins in PI3K-AKT-mTOR pathway in BMSCs treated with or without 2 μM 740-YP was negatively regulated by the addition of 10 μM leonurine.




DISCUSSION

In this study, we demonstrated that leonurine, a natural compound derived from Leonurus, contributes to autophagy to improve BMSC differentiation without apparent cytotoxicity. Next, we further investigated its mechanism of autophagic activation by inhibiting the PI3K/Akt/mTOR pathway. Our results provide a rationale for developing leonurine as a new medicine for treatment of osteoporosis.

Many antiosteoporotic medicines result in various unavoidable side effects. In contrast, substantial evidence indicates a lowered risk of adverse events in treating osteoporosis with traditional Chinese medicine. Clinical studies have demonstrated that certain traditional Chinese medicines and their compounds can not only decrease bone resorption but also contribute to bone formation through estrogen-like effects, antioxidant activity, and modulation of bone metabolism (Zhang et al., 2016). For example, berberine promotes the differentiation of osteoblasts of BMSCs by stabilizing Runx2/Osterix through the increased activation of PKA signaling (Han et al., 2017). Kaempferol inhibits glucocorticoid-induced bone loss by promoting osteoblast survival through activation of the ERK pathway (Adhikary et al., 2018). Alisol-B suppresses RANKL-induced osteoclast formation to prevent bone loss through suppression of RANKL-mediated JNK pathway activation (Lee et al., 2010). Regarding the activity and effects of leonurine, it has been demonstrated that leonurine exhibits a protective function against cardiovascular disease, stroke, and nervous system disease by suppressing oxidative stress and chronic inflammation (Liu et al., 2013; Li et al., 2017). A recent study confirmed that leonurine has an antiosteoporotic effect on osteoclasts by inhibiting the PI3K-AKT and NF-κB signaling pathways (Yuan et al., 2015). To further elucidate this topic, we investigated the antiosteoporotic effect of leonurine on BMSC functional recovery. Our results illustrated that leonurine promoted the proliferation of BMSCs at appropriate concentrations. Concurrently, leonurine promoted bone mineralization, as shown by ALP staining and Alizarin red staining, along with upregulation of both osteogenic genes and proteins at a concentration of 10 μM. Combined, these results primarily indicated that leonurine can contribute to BMSC proliferation and differentiation, improving mineralization.

Osteoporosis associated with aging is characterized by consistent changes in bone metabolism with suppression of bone formation as well as increased bone resorption, both of which are associated with abnormal autophagic activity in osteoblasts (Bianco et al., 2011). Currently, there is substantial evidence to illustrate that autophagy can strongly contribute to osteoblast survival, regulate osteoblast differentiation, maintain bone mass, and improve bone strength : in detail, bone marrow-derived mesenchymal stem cells have been regarded as the main contributors of osteoblasts to bone formation (Noort et al., 2002). With increasing age, bone marrow-derived mesenchymal stem cells tend to lose their self-renewal capacity and are directed toward adipogenic differentiation instead of osteogenesis; this phenomenon contributes significantly to bone loss and lipid accumulation in bone marrow (Moerman et al., 2004). Related studies have revealed that autophagy is a necessary factor for maintaining stemness and differentiation and that defective autophagy contributes to a decline in both cell count and cellular functions (Garcia-Prat et al., 2016).

The decline in autophagic activity is strongly correlated with osteoporosis, in which the inhibition of autophagy leads to increased cell apoptosis and activation of autophagy contributes to increased cell viability (Yang et al., 2014). Previous studies have demonstrated that knockout of the autophagy-related genes BECN-1, ATG7, and LC3 results in defective bone mineralization; concurrently, enhancing autophagy helps BMSCs retain their multipotency (Sargolzaeiaval et al., 2018). Prior research has examined the contribution of leonurine to the regulation of autophagy. In this study, we demonstrated that leonurine successfully activated autophagy in BMSCs and increased the expression of autophagy-related proteins during the BMSC differentiation stage. Following leonurine administration, the impaired osteogenic differentiation in BMSCs induced by the autophagic inhibitor 3-MA was partially recovered. Combined, this evidence indicates that leonurine could regulate BMSC function by activating autophagy.

Substantial evidence has confirmed the relationship between dysregulated autophagy and osteoporosis in vitro and in vivo (Liu et al., 2018). Based on these studies, autophagic activation was shown to contribute to osteogenesis and serves as a promising target in treating osteoporosis. Many studies have investigated autophagy-related pathways. Among them, mTOR-related pathways, including PI3K/Akt/mTOR, are highly involved in the regulation of cell autophagy (Gao et al., 2016), and evidence identifies the mTOR signaling pathway as a modulatory factor in mediating human osteoblastic differentiation. Deletion of Raptor, an essential component of the mTORC1 gene, in osteocytes did not affect bone development and growth but led to increased trabecular bone mass (Liu et al., 2018). Relevant studies have indicated that suppressing the phosphorylation of mTOR leads to the activation of autophagy, concurrently eliciting antiapoptotic effects on BMSCs and osteoblasts (Yang et al., 2019). Furthermore, the latest research indicates that suppression of the PI3K/AKT/mTOR pathway is a protective factor in glucocorticoid-induced osteoporosis (Wang et al., 2020).

Recent research has shown that leonurine can inhibit RANKL-mediated osteoclastogenesis, reducing the loss of bone volume caused by estrogen deficiency, and evidence of its antiosteoporotic function via upregulated osteogenesis in BMSCs was presented. Our overall results support the hypothesis that leonurine promotes BMSC osteoblastic differentiation via its main action of autophagic activation through PI3K/Akt/mTOR pathway inhibition. Previous literature has demonstrated the successful modulation of the PI3K/Akt/mTOR pathway by leonurine in various diseases (Loh et al., 2010; Yuan et al., 2015). In another study, leonurine inhibited PI3K/Akt/mTOR pathway activation, and the results strongly indicated direct binding to the PI3K protein in chondrocyte cells. Therefore, there is a strong relationship between PI3K/Akt/mTOR and autophagy. We first clarified that leonurine induced inhibition of the PI3K pathway, which has a direct relationship with autophagy. Comparable results were found in our research, in which PI3K phosphorylation was inhibited after leonurine treatment. Concurrently, our results suggested that leonurine induces a negative effect on the PI3K/AKT/mTOR pathway, acting as a direct antagonist of the PI3K/AKT activator (740Y-P)-dependent signaling pathway in this study. This finding contributes to our understanding of the mechanism by which leonurine harnesses autophagic activity to stimulate osteogenesis. However, a majority of other research on the leonurine-involved pathway has mainly focused on the NF-κB pathway, which has a strong relationship with inflammation (Hoesel and Schmid, 2013). Osteoporosis-related research on leonurine reported that leonurine impedes osteoclasts differentiation by inhibition of PI3K/AKT and NF-κB pathway (Yuan et al., 2015). We combined the evidence of direct combination to PI3K protein to further test leonurine mechanism of PI3K/Akt/mTOR pathway regulation in osteoblasts. This compensates the research on anti-osteoporosis mechanism from another aspect. However, our research did not examine NF-κB pathway function in autophagy, and this crosstalk with the PI3K pathway should further be taken into consideration for analysis of the mechanism of leonurine in a future study.

In conclusion, our research suggests the possible use of leonurine in activating BMSC autophagy to treat osteoporosis. Leonurine inhibits the PI3K/Akt/mTOR pathway to activate autophagy, subsequently contributing to osteoblast differentiation. These results strongly suggest that leonurine is a candidate medicine for potential studies in developing new therapies for osteoporosis.
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Case Report: Histological and Histomorphometrical Results of a 3-D Printed Biphasic Calcium Phosphate Ceramic 7 Years After Insertion in a Human Maxillary Alveolar Ridge
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Introduction: Dental implant placement can be challenging when insufficient bone volume is present and bone augmentation procedures are indicated. The purpose was to assess clinically and histologically a specimen of 30%HA-60%β-TCP BCP 3D-printed scaffold, after 7-years.

Case Description: The patient underwent bone regeneration of maxillary buccal plate with 3D-printed biphasic-HA block in 2013. After 7-years, a specimen of the regenerated bone was harvested and processed to perform microCT and histomorphometrical analyses.

Results: The microarchitecture study performed by microCT in the test-biopsy showed that biomaterial volume decreased more than 23% and that newly-formed bone volume represented more than 57% of the overall mineralized tissue. Comparing with unloaded controls or peri-dental bone, Test-sample appeared much more mineralized and bulky. Histological evaluation showed complete integration of the scaffold and signs of particles degradation. The percentage of bone, biomaterials and soft tissues was, respectively, 59.2, 25.6, and 15.2%. Under polarized light microscopy, the biomaterial was surrounded by lamellar bone. These results indicate that, while unloaded jaws mimicked the typical osteoporotic microarchitecture after 1-year without loading, the BCP helped to preserve a correct microarchitecture after 7-years.

Conclusions: BCP 3D-printed scaffolds represent a suitable solution for bone regeneration: they can lead to straightforward and less time-consuming surgery, and to bone preservation.

Keywords: bone substitutes, biomaterials, bone regeneration, bone augmentation, histological analysis, micro-ct, clinical research, clinical study


INTRODUCTION

Dental implant placement can be challenging when an insufficient bone volume is present at the recipient site (Araújo and Lindhe, 2005). Autogenous bone has been described as the gold standard in bone regeneration techniques but, due to its limitations (limited intraoral sources, tendency to rapid and partial resorption and additional surgery with increased morbidity; Yamamichi et al., 2008; Scarano et al., 2011; Iezzi et al., 2012), allografts and xenografts have been developed and proposed as suitable alternatives: they are theoretically available in limitless amounts and in different dimensions and profiles, and can be customized or combined with growth factors, hormones, drugs, and stem cells (Piattelli et al., 1996a; Pettinicchio et al., 2012; Mangano et al., 2015a; Paré et al., 2020).

Different bone substitute materials have been tested but it remains still unknown which graft material could be considered the best (Mazor et al., 2009; Iezzi et al., 2012; Pettinicchio et al., 2012; Danesh-Sani et al., 2016). Biphasic calcium phosphate ceramics (BCPs) have been reported to have a high biocompatibility and a capability to enhance cell viability and proliferation (Castilho et al., 2014; Asa'ad et al., 2016; Zeng et al., 2020). With the improvement of computer-aided design/computer-aided manufacturing (CAD/CAM) technologies it has been feasible to analyze the bone deficiency of a patient on a 3D-CT scan and to create bone grafts that fit perfectly into the receiving site (Mangano et al., 2015b; Luongo et al., 2016; Raymond et al., 2018). Several techniques have been used to produce three dimensional scaffolds [e.g., inkjet printing, stereo lithography, fused deposition modeling, and selective laser sintering (Bose et al., 2013; Hwang et al., 2017; Liu et al., 2019; Chung et al., 2020)]. These techniques allow the creation of solid constructs with an excellent pore interconnectivity, high biocompatibility, capabilities of maintaining space and, for bone regeneration procedures, they seem to be able to provide greater osteoconductivity (Carrel et al., 2016; Hwang et al., 2017; Raymond et al., 2018; Kim et al., 2020).

The purpose of the present study was to assess clinically, histologically and under high resolution X-ray tomography a specimen of 30% hydroxyapatite (HA) and 70% tricalcium phosphate (TCP) BCP-3D-printed scaffold, harvested after 7 years of healing.


Case Description

The Ethical Committee of the Hospital of Varese, Italy approved the study protocol (N°826 del 03/10/2013). In 2013, the patient requested fixed prosthetic rehabilitation due to the lack of the second premolar and first molar of the right upper jaw. As there was lack of bone support, and the patient refused a sinus lift, it was decided to insert a dental implant in zone 1.5 with simultaneous bone regeneration of the atrophic buccal wall. The patient, who signed a written informed consent form, had undergone implant therapy with bone regeneration of the maxilla buccal plate to replace the second premolar, in 2013. Horizontal bone augmentation procedure was performed using 3D-printed biphasic HA-blocks, which were placed on the bone wall and stabilized by sutures. In CBCT 1, it is possible to see the HA 3D printed graft characterized by its particular predefined porous structure. In X-ray and CBCT 2, 4 months after regeneration, the prosthetic rehabilitation was performed with a bridge from 1.4 to 1.7. After 7 years, during which the patient had no clinical control, the patient came back with serious periodontal problems affecting the first upper right premolar (1.4) and the second upper right molar (1.7), as shown in X-ray and CBCT 3. Therefore, the patient underwent another implant surgery, to replace the first premolar in the regenerated region, and a core of regenerated bone was obtained with a trephine.




MATERIALS AND METHODS


Scaffold Fabrication

In this study, the ceramic scaffold was made-up by the direct rapid prototyping technique dispense-plotting (Deisinger et al., 2008). The biomaterials was produced by Biomed Center (Bayrouth, Germany) following the systematic approach to the biological evaluation of the medical device, as part of the risk management process present in the ISO standard ISO 10993-1:2018 and according with ISO 14971 and ISO 13175-3: “Implants for surgery—Calcium phosphates—Part 3: Hydroxyapatite and beta-tricalcium,” as shown in the flowchart. 3D printed Biphasic HA chemical composition is manufactured under highly controlled process. A computer-generated scaffold model was designed with a cylinder-shaped outer geometry by using a 3D-CAD software. In the later sintering process, the size of the scaffold prototype was customized to the shrinkage of the ceramic material. Physical rods consisting of paste-like aqueous ceramic slurry were extruded out of a container through a jet and deposited using an industrial robot (GLT, Pforzheim, Germany), to build up the green bodies. In this study HA and TCP powders (Merck, Germany) were combined to get a biphasic powder blend with a HA/TCP weight proportion of 30/70. Thermal treatment of the raw HA powder at 900°C for 1 h and the addition of a compatible binder/dispersant system of organic additives, of 10.5 wt% relative to the amount of ceramic powder, provided to the aqueous biphasic ceramic slurry its specific rheological behavior. The rod deposition was well-ordered in x, y, and z direction to build 3D scaffolds layer by layer on a deposition platform. The rotation of the direction of the rod deposition by 60° from layer to layer produced a 3D network with an interconnecting pore arrangement. The assemblies built of ceramic slurry were dehydrated at room temperature and then sintered at 1,250°C for 1 h. The double packaging and labeling process was carried out in clean rooms (classified as ISO 6). The sterilization of the product was performed by gamma irradiation. Identification and traceability of the devices was also guaranteed.



High-Resolution Tomography

MicroCT experiments were performed in two sessions: (1) at a laboratory-based microCT device (CISMIN Center, Polytechnic University of Marche, Ancona, Italy), achieving morphometric information on microarchitecture of the overall mineralized bone, of the newly formed bone and of the residual biomaterial, (2) at the SYRMEP microCT beamline of the ELETTRA Synchrotron Radiation Facility (Basovizza, Trieste, Italy), achieving quantitative information on osteocyte lacunae size and distribution in the newly formed bone. For laboratory-based microCT, a Skyscan 1174 (SkyScan-Bruker, Antwerp, Belgium) tomographic acquisition was set with the following parameters: voltage: 50 kV; current: 800 μA; pixel size: 6.5 μm; rotation step over 180°:0.1°; exposure time per projection: 0.1°; filter: 1 mm of Al. The absorption projection images (8 bit-TIFF) were reassembled using the NRecon software (SkyScan-Bruker, Antwerp, Belgium) to obtain a set of cross-sectional slices (8 bit-BMP), with ring artifact and beam hardening corrections. For the synchrotron-based microCT acquisition, the scans were performed using the following parameters: energy: white beam with peak energy at ~19 keV; voxel size: (890 nm3); rotation step over 180°:0.1°; specimen-detector distance: ~100 mm. Due to the coherence of the synchrotron source, the recorded radiographs included phase contrast signals. The method was based on the discrimination between the absorption index β and the refractive index decrement δ of the index of refraction n = 1 - δ + iβ in the tissues of the biopsy. The reconstruction was performed using Paganin's method (Paganin et al., 2002), together with the usual filtered back projection (FBP) algorithm. In the Paganin's method, the phase was retrieved by assuming a linear correlation between β and δ. The δ/β ratio, in the present experimental protocol, was set to 5.

The commercial software VG Studio MAX 1.2 (Volume Graphics, Heidelberg, Germany) was used to create 3D images and visualize the 3D phase distribution. X-ray contrast variations within samples turned into different peaks in the gray level scale, conforming to the several phases. The volume of each phase was acquired by multiplying the volume of a voxel by the quantity of voxels underlying the peak associated with the relevant phase. The Mixture Modeling algorithm (NIH ImageJ Plugin) was employed to threshold the histograms. Thresholded slices were used to automatically detach the new bone phase from the scaffold phase. The analyzed subvolumes were 3D portions completely embraced in the sample bulk.

The microarchitecture investigation was centered on the Parfitt structural indices (Parfitt et al., 1987): the following morphometric parameters were evaluated for the entire mineralized tissue: specific specimen volume (SV/TV—expressed as a percentage), specific specimen surface (SS/SV—per millimeter), Strut thickness (STh—expressed in micrometers), Strut number (SNr—per millimeter), and Strut spacing (SSp—expressed in micrometers). Varying bone orientation with dependency on mechanical loading, information on the eventual presence of preferential orientation(s) were extracted (Harrigan and Mann, 1984) by calculation of the anisotropy degree index (Tb.DA). Tb.DA was investigated by BoneJ Plugin (Doube et al., 2010) of the ImageJ software (Abramoff et al., 2004; Schneider et al., 2012; Rasband, 2019): it varies between 0 (perfect isotropy) and 1 (strong anisotropy). Finally, trabecular connectivity density (Tb.Conn.D) was calculated: it supplies an overall quantitative evaluation, with greater values for better-connected organizations and lower values for poorly-connected ones. For the calculation of the regenerated bone, the same quantitative descriptors, previously related to the full mineralized tissue were applied in order to quantify: overall Bone Volume (BV—mm3), overall Bone Surface (BS—mm2), Bone Volume to Total Volume ratio (BV/TV—expressed as a percentage), Bone Surface to Bone Volume ratio (BS/BV—per millimeter), Bone thickness (BTh—expressed in micrometers), Bone number (BNr—per millimeter), and Bone spacing (BSp—expressed in micrometers). The kinetics of the scaffold dissolution was also examined using again the same quantitative descriptors used to the entire mineralized tissue and to the regenerated bone [i.e.,: overall Scaffold Volume (ScV—mm3), overall Scaffold Surface (ScS—mm2), Scaffold Volume to Total Volume ratio (ScV/TV—expressed as a percentage), Scaffold Surface to Scaffold Volume ratio (ScS/ScV—per millimeter), Scaffold thickness (ScTh—expressed in micrometers), Scaffold number (ScNr—per millimeter), and Scaffold spacing (ScSp—expressed in micrometers)].

Synchrotron-based imaging allowed to achieve information on morphometric properties of the osteocyte lacunar network, with data on the mean lacunar thickness (Lc.Th), the mean lacunar volume (Lc.V), and the lacunar density (amount of lacunae per whole volume—Lc.Nr/TV).



Histology

The biopsy was fixed in 10% buffered formalin and processed (Precise 1 Automated System; Assing, Rome, Italy) to obtain thin ground sections. The specimen was dehydrated in an ascending sequence of alcohol solutions and embedded in an ascending sequence of glycol-methacrylate resin (Technovit 7200 VLC; Kulzer, Wehrheim, Germany). After polymerization, the specimen was segmented, along its longitudinal axis, with a high precision diamond disk at about 150 μm and ground down to about 30 μm with a specifically designed grinding machine. Each slice was stained with acid fuchsin and toluidine blue and analyzed under a light microscope (Laborlux S, Leitz, Wetzlar, Germany) associated to a high-resolution video camera (3CCD, JVCKY-F55B, JVC, Yokohama, Japan) and interfaced with a monitor and PC (Intel Pentium III 1200 MMX, Intel, Santa Clara, CA, USA). This optical system was connected with a digitizing pad (Matrix Vision GmbH, Oppenweiler, Germany) and a histomorphometry software set with image capturing means (Image-Pro Plus 4.5, Media Cybernetics Inc., Immagini & Computer Snc, Milano, Italy). One single well-trained examiner (GI), who was not involved in the surgical treatment, assessed the histological results. The following outcome measures were carried out: percentages of newly formed bone, marrow spaces and residual graft particles. Birefringence was measured as a sign of transverse collagen orientation using polarized light. Collagen fibers were observed by placing the thin bone sections under an Axiolab light microscope (Laborlux S, Leitz, Wetzlar, Germany) equipped with two linear polarizers and two quarter wave plates set to have a transferred circularly polarized light. Collagen fibers aligned perfectly transverse to the course of the light spread (parallel to the specimen slice plane) appeared bright due to a modification in the refraction of existing light, while the collagen fibers aligned along the axis of light spread (perpendicular to the specimen slice plane) looked dark because no refraction happened.




RESULTS


Scaffold Characterization

The sintered dispense-plotted assemblies had a typical mesh like organization with rod diameters of 300 ± 30 μm and pore sizes between the rods of about 370 ± 25 μm. By determining the geometrical density of the sintered scaffolds, a total porosity of about 60% was estimated. Relative bulk density of the sintered specimens was assessed to 99% th.d. by pycnometry. Two main material phases of the sintered ceramic were identified by semi-quantitative XRD measurements: 30% HA, 60% β-TCP, plus a small peak of α-TCP (70% of TCP in total).



High-Resolution X-Ray Tomography

MicroCT images of representative subvolumes of the Test-sample (i.e., of the maxilla biopsy grafted with the BCP and retrieved after 7 years, were shown in Figure 1). All tissues, but mineralized bone and residual scaffold, have been made virtually transparent in Figure 1A, while in Figure 1B the same subvolume was shown with also the newly formed bone made transparent for a better visualization of the residual scaffold, not fully resorbed after 7 years in-vivo. A transversal section and the 3D distribution of the osteocyte lacunae in a representative subvolume were respectively reported in Figures 1C,D. Numerous subvolumes, collected in different areas and completely included in the biopsy, were chosen, producing the microarchitecture data described in Tables 1, 2A.


[image: Figure 1]
FIGURE 1. (A, B) Representative 3D subvolumes as obtained at desktop microCT: (A) block-based TCP/HA scaffold as retrieved from in vivo test after 7 years; (B) same sample of (A) showing the residual scaffold not fully resorbed after 7 years in-vivo. Bone was virtually made transparent. Pink phase: bone; White phase: residual scaffold; (C) Representative transversal 2D section as obtained at synchrotron microCT; light gray phase: residual scaffold; dark gray phase: bone; black phase: medullar spaces; Scale bar = 100 μm. (D) Representative 3D distribution of the osteocyte lacunae in a 3D bone subvolume, as obtained at synchrotron microCT. Sc, scaffold; B, bone.



Table 1. Study of microarchitecture in the test-maxillary biopsy (Test) retrieved after 7 years in-vivo: whole Mineralized Structure (S), Newly Formed Bone (B), and Scaffold Residuals (Sc) were considered.
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Table 2A.  Study of microarchitecture in the test-maxillary biopsy (Test) retrieved after 7 years in-vivo: comparison with peri-dental bone microarchitecture (Pd-Ctr) and with unloaded bone control (UnL-Ctr).

[image: Table 2]

The study of the microarchitecture in the test-maxillary biopsy (Test-sample retrieved after 7 years in-vivo) was detailed in Table 1: the full mineralized structure (S), the newly-formed bone (B), and the scaffold residuals (Sc) were considered. A comparison was made with the BCP scaffold as produced [i.e., before the in-vivo test (Ctr-Sc)]. After 7 years, against a comparable number of struts, an increase in the specific volume of almost 80% was observed and the average thickness of the struts by more than 100%, together with a decrease in the specific surface of almost 54% and average spacing between struts of over 80%. Furthermore, after 7 years in vivo, a reduction of the biomaterial volume of more than 23% was observed and the newly formed bone volume was more than 57% of the overall mineralized volume. In this context, it has been widely accepted in literature that jawbones, 6 months after tooth extraction, were perfectly healed in healthy patients (Guralnick, 1968; Jahangiri et al., 1998). Basing on the previously shown data, also the Test-sample had to be considered healed. However, this Test-sample did not participate in mastication for 7 years; thus, it was particularly interesting to study possible alterations with the physiological conditions of the peri-dental bone (Pd-Ctr) and with unloaded controls (UnL-Ctr), (i.e., with bone biopsies spontaneously healed in 12 months after tooth extraction but not participating in mastication). This comparative study, shown in Tables 2A,B, was supported by the data of a recent study (Iezzi et al., 2020). Table 2A showed such comparison in terms of microarchitecture quantitative study: it was observed that the Test-sample turned out to be much more mineralized and bulky not only compared to UnL-Ctr, with an increase of the mineralized volume of 121%, but also compared to the peri-dental physiological context (Pd-Ctr), with an increase by over 61%. Interestingly, the anisotropy degree (DA) of the Test-sample resembled that of the peri-dental site and it was shown to be much less oriented than the UnL-Ctr samples. The increasing in terms of mineralized volume of the BCP-based Test-sample was correlated to the study of bone architecture at the length-scale pertaining the observation of the osteocyte lacunar network; the same subvolumes investigated for producing the microarchitecture data were also studied for the osteocyte lacunae 3D morphometric analysis (Table 2B): considering the standard deviations, comparable values in Test and in Control sites (both Pd-Ctr and UnL-Ctr), when evaluating Lac.V, Lac.Th, and Lac.Nr. However, the observation of the pure mean values, revealed the same values in Test-sample and the UnL-Ctr samples in terms of lacunar density (Lac.Nr), but an increased mean Lac.Nr in the physiological context of the peri-dental site (Pd-Ctr), in agreement with previous observations (Iezzi et al., 2020).


Table 2B. Three-dimensional morphometric investigation of the osteocyte lacunar network in the test-maxilla (Test) retrieved after 7 years in-vivo: comparison with peri-dental bone (Pd-Ctr) and with unloaded bone (UnL-Ctr).
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Histological Results

After microCT testing the biopsy was available for histological evaluation. At low magnification, the sample revealed a complete integration of the scaffold, and only in the most peripheral portion, a small amount of soft tissue was present. Indeed, the residual biomaterial block, constituted by interconnected pores, was filled with bone. This portion was close to a thin layer of cortical bone with very small marrow spaces (at the bottom of the sample) (Figure 2A). At high magnification, the biomaterial was well-incorporated in the mature bone both in areas close to the cortical bone and in the areas far from it. At the bone-biomaterial particles interface, the particles showed a lower density compared to their central portion (Figure 2B). No gaps were detected at the bone-particles interface, and the bone was always in intimate contact with the particles. The porous structure of the biomaterial was partially modified, and the shape of the particles revealed signs of degradation. Moreover, in one field, close to the residual biomaterial, a multinucleated giant cell was observed, showing that the process of biomaterial resorption happened slowly over time (Figure 2C). In the small marrow spaces, some blood vessels were present, and in a few fields, foci of bone remodeling were observed (Figure 2D) with osteoblastic activity. No inflammatory cells were present. The percentage of bone, residual biomaterials and soft tissues was respectively 59.2, 25.6, and 15.2%.


[image: Figure 2]
FIGURE 2. (A) Light microscopic ground sections of the specimen showed the residual biomaterial block (P) surrounded by mature bone (B). The bone marrow (MB) and a small portion of connective tissue (CT) were present. At the bottom of the samples (occlusal region), mature bone with very small marrow spaces was shown (B) (Acid fuchsin-Toluidine blue 12X). (B) At higher-power magnification, the biomaterial particles (P) were in tight contact with the mature bone (B). At the bone-biomaterial particles interface, the particles showed a lower density (black arrows) compared to their central portion (Acid fuchsin-Toluidine blue 40X). (C) Close to the residual biomaterial, which revealed signs of resorption (black arrows), a multinucleated giant cell was observed (MC). (D) In the small marrow spaces (MS), some blood vessels (V), and signs of bone remodeling were present (black arrows) (Acid fuchsin-Toluidine blue 200 and 100X). (E) Mature lamellar bone (LB) with small osteocyte lacunae were observed (black arrows) and many secondary osteons were detected (O). (F) Histological section under polarized light. The collagen fibers of the lamellar bone (LB) was oriented in a parallel way in many fields, and close to the biomaterial particles (P) (Acid fuchsin-Toluidine blue 40X).




Polarized Light Observations

The same fields of the samples were examined under polarized light and compared to the light microscopic images in order to study the quality of the bone and the orientation of collagen fibers. In all cases, the biomaterial block was surrounded by lamellar bone with oriented parallel collagen fibers (Figures 2E,F), and only in small areas they were randomly oriented.




DISCUSSION

The purpose of the present study was to assess the healing and resorption process of BCP 3D printed bone substitute and the nature and amount of regenerated bone. The newly formed tissues were evaluated by an innovative experimental approach based on histological and X-ray high-resolution tomography (microCT) analysis. MicroCT was widely shown to be a powerful tool for scaffold characterization (Landi et al., 2000; John and Wenz, 2004; Iezzi et al., 2012, 2020; Giuliani et al., 2018a,b,c), obtaining not only a 3D image of a scaffold, but also providing qualitative and quantitative information on its structure (Renghini et al., 2013; Giuliani et al., 2014, 2016).

It is possible, starting from CBCT files, to create a 3D prototype of the patient's maxilla/mandible, obtained by transferring the files to specific reconstruction software (Mangano et al., 2015b; Luongo et al., 2016). Potent CAD software can design a custom-made bone graft straightforwardly on this 3D model (Figliuzzi et al., 2013; Mangano et al., 2015b; Luongo et al., 2016; Chung et al., 2020). The file of the 3D designed scaffold is sent to a computer-numeric-control (CNC) machine, which mills the custom-made bone graft of the chosen material (Figliuzzi et al., 2013; Mangano et al., 2015b; Luongo et al., 2016). Finally, the surgeon can easily adapt the customized scaffold in the surgical site, performing a straightforward and less time consuming surgery procedure, with reduced discomfort for the patient (Figliuzzi et al., 2013; Mangano et al., 2015b; Luongo et al., 2016; Kim et al., 2020). Micro- and macro-porous biphasic calcium phosphate (BCP) have been mainly recommended and characterized in oral surgery practices (Piattelli et al., 1996b; Mangano et al., 2013a, 2015b, 2019; Giuliani et al., 2014, 2016; Kim et al., 2020). They are produced by combining HA and beta-TCP in various compositions rates (HA/beta-TCP ratios), and represent the most important BCP ceramics for dental and medical applications (Piattelli et al., 1996b; Mangano et al., 2013a, 2015b, 2019). In literature, successful bone regeneration using biphasic calcium phosphate materials, both granules and blocks, has been reported in some clinical applications for maxillary sinus elevation (Mangano et al., 2013a; Giuliani et al., 2014; Ohayon, 2014). However, most of these reported studies are based on a single time point (6 months), not allowing an accurate assessment of the kinetics of bone growth on the long-term and thus inhibiting a detailed comparison between different morphologies of the scaffold (Scarano et al., 2000; Giuliani et al., 2016). Moreover, most of the existing studies report on 60% HA and 40% TCP, which is characterized by two types of porosity: macroporosity (pores with diameters range 300–600 micron) leads the colonization of ceramic by osteogenic cells, and microporosity (pores with diameters <10 micron) permits biological fluids circulation (Iezzi et al., 2012; Mangano et al., 2019). TCP dissolution leads to more space available for new bone formation, while the HA maintains its role as a scaffold (Mangano et al., 2015b). 3DP offers several advantages over other SFF techniques for scaffold production:

1. 3DP can make scaffolds with high consistency and precise structural anisotropy.

2. 3DP does not implicate high temperature, strong chemicals, and support structures.

3. The high constructing speed of the print head makes the mass production of scaffolds feasible.

4. It is possible to include biological mediators into the scaffolds if the binder is water.

Besides its chemical structure, one of the key parameters in 3D scaffolds is its internal configuration. Pore size would be directly associated to bone formation, since it offers surface for cell adhesion and space for bone ingrowth; pore interconnection would provide the way for cell distribution/migration and permit an efficient in vivo blood vessel development, suitable for bone tissue neo-formation and remodeling. Studies on non-human primates have shown bone formation by bioactive biomimetic matrices scaffolds (Ripamonti et al., 2008). Geometry is a series of recurring concavities that biomimetizes the remodeling cycle of the primate osteonic bone.

Recent studies have shown that microCT is a powerful tool for studying not only the microarchitecture of the jaw (Mangano et al., 2013b; Giuliani et al., 2016, 2018b), but also its osteocyte lacunar morphology and density (Giuliani et al., 2018b,c; Iezzi et al., 2020). In this context, it was observed in the BCP-based Test-sample an augmented specific volume and trabecular thickness, together with decreased specific surface and trabecular spacing, with respect to the unloaded control, and the peri-dental sites.



CONCLUSIONS

Within the limitations of this study, based on only one patient, results indicate that while the usual unloaded jaw sites, the BCP-based Test-sample preserved a correct microarchitecture even after 7 years without masticatory loading. However, our investigation of the lacunar mean data indicated that the fact that the present specimen was unloaded for 7 years did not affect the mean volume and size of the osteocyte lacunae, but a lower lacunar density was found with respect to the peri-dental biopsies, confirming previous data (Iezzi et al., 2020).

More studies on human, with higher number of patients and with long follow up should be conducted to confirm data presented in the present paper.
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The growth plate (GP) is a cartilaginous region situated between the epiphysis and metaphysis at the end of the immature long bone, which is susceptible to mechanical damage because of its vulnerable structure. Due to the limited regeneration ability of the GP, current clinical treatment strategies (e.g., bone bridge resection and fat engraftment) always result in bone bridge formation, which will cause length discrepancy and angular deformity, thus making satisfactory outcomes difficult to achieve. The introduction of cartilage repair theory and cartilage tissue engineering technology may encourage novel therapeutic approaches for GP repair using tissue engineered GPs, including biocompatible scaffolds incorporated with appropriate seed cells and growth factors. In this review, we summarize the physiological structure of GPs, the pathological process, and repair phases of GP injuries, placing greater emphasis on advanced tissue engineering strategies for GP repair. Furthermore, we also propose that three-dimensional printing technology will play a significant role in this field in the future given its advantage of bionic replication of complex structures. We predict that tissue engineering strategies will offer a significant alternative to the management of GP injuries.
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INTRODUCTION

The growth plate (GP), or the physis, is a cartilaginous region situated between the epiphysis and metaphysis at the end of immature long bones. It acts as the primary center for longitudinal growth in children’s long bones (Kronenberg, 2003; Mackie et al., 2011). Being cartilaginous, the GP is the weakest region in the pediatric skeleton, and is vulnerable to injuries including infections, fractures, bone tumors, and iatrogenic damage. The most common sites of GP injuries are the ankle, the distal femur, and the distal radius (MacIntyre and Dewan, 2016). According to the epidemiological data, GP injuries account for 15–30% among all pediatric skeletal injuries (Shen et al., 2019). The major problem with GP injuries is that the injured GP cartilage will be replaced by undesirable bony tissue, forming a bone bridge, which may cause length discrepancies and angular deformities (Gigante and Martinez, 2019). This result can be detrimental to children who are still in the growth phase. Current clinical treatments often include the use of interpositional materials as fillers at the site of the defect after resection of the bone bridge, these materials include autogenous fat, muscle, and cement. Conversely, when the bone bridge occupies less than 50% of the GP, it will require surgical intervention to resect the bone bridge to insert different interpositional materials including fat, bone wax, muscle, or polymeric silicone materials. However, the clinical success of this surgery is less than 35%, as currently available interpositional materials do not integrate well with host tissues and often lead to subsequent complications. Conversely, when the bone bridge occupies over 50% of the GP, it will necessitate corrective surgeries and limb lengthening procedures in clinic. Similarly, outcomes are unsatisfactory (Ladenhauf et al., 2020). Unfortunately, clinical efforts will lead to secondary damage or result in the recurrence of bone bridge formation (Shaw et al., 2018). It is critical to identify new approaches to prevent bone bridge formation and to promote tissue regeneration.

In recent years, due to the introduction of cartilage repair theory, cartilage tissue engineering has been considered a potential alternative treatment for GP injuries (Diaz-Payno et al., 2020). This technology mainly involves seed cells, growth factors, and scaffolds. The seed cells are expanded in vitro and are implanted into the scaffolds to form a cell-based scaffold (Zhao et al., 2019). Although seed cells are influenced by the microenvironment in situ, growth factors are still critical to inducing cells to differentiate into desired lineages. Scaffolds fabricated by biocompatible and biodegradable materials, with three-dimensional (3D) structures and suitable mechanical strength, can serve as a substitute for GP defects (Li et al., 2017). After being implanted in the GP defects, the scaffold is degraded gradually during the formation of the new cartilage tissue (Liu J. Y. et al., 2020). Although many studies have been carried out and have achieved good results, there is no consensus on the most suitable materials, seed cells, or growth factors (Erickson et al., 2018). Hence, cartilage tissue engineering still requires more intensive studies in the future.

In this review, we will summarize the histological structure of the GP and pathological processes occurring during bone bridge formation. We will review the progress achieved in tissue engineering for treatment of GP injuries, the challenges in clinical application, and the prospect for the future development will also be analyzed (Scheme 1).
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SCHEME Illustration of the bone bridge formation and the treatment of the GP injuries using tissue engineering.




THE MECHANISM OF THE GP DAMAGE


Physiological Characteristics of the GP


The Histological Structure of the GP

The differentiation stages of chondrocytes divide the GP into three distinct zones, from the epiphysis to metaphysis: the resting zone, proliferation zone, and hypertrophic zone (Liu et al., 2019; Figure 1A). Because of the cell types and locations, the composition of the extracellular matrix (ECM) also differs in terms of mechanical strength. Furthermore, the proportions between the three zones also differs among species.
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FIGURE 1. (A) Structure of the GPs. (B) The Salter-Harris (SH) Classification System.


Adjacent to the epiphysis, the resting zone forms a reservoir of stem cells or progenitor cells for chondrocytes in the proliferative zone. Each cell can differentiate into chondrocytes and forms a cell column parallel to the axis of long bones (Newton et al., 2019). Cells located here also secrete parathyroid hormone-related protein (PTHrP), which modulates GP homeostasis by interacting with a growth factor called the Indian hedgehog (Ihh) secreted by hypertrophic chondrocytes (Mizuhashi et al., 2018). PTHrP mainly preserves the population of resting cells and promotes chondrocyte proliferation at the upper region of the GPs. Conversely, Ihh directly antagonizes PTHrP signaling and promotes chondrocyte hypertrophy at the lower region of the GPs (Lee D. et al., 2019). Although these resting cells possess the ability to produce cartilaginous matrix, they tend to remain inactive with lower collagen II (Col II) and proteoglycan production. The main composition of the ECM in this zone is horizontally aligned Col II (Mizuhashi et al., 2019).

Located adjacent to the resting zone, the proliferative zone is vital for cellular division and matrix production, it contains vertically arranged chondrocytes. These longitudinal columns of chondrocytes are separated by the cartilage matrix surrounding them. The ECM is mainly produced in this zone and is enriched in vertically aligned Col II and aggrecan (Lui et al., 2014; Shaw et al., 2018).

In addition, regulated by different growth factors, including bone morphogenic protein (BMP), fibroblast growth factor (FGF), insulin-like growth factor-1 (IGF-1), and tumor necrosis factor (TNF), chondrocytes in the hypertrophic zone stop proliferating, and swell in size (Chung and Xian, 2014). By analyzing the relationship between different parameters and bone growth, the enlargement of chondrocytes is mostly associated with the longitude growth (44–59%) (Cooper et al., 2013). The hypertrophic zone is mainly associated with matrix mineralization, where the ECM is mostly composed of Col X (Pazzaglia et al., 2020). Under the influence of low oxygen tension and in the presence of vascular endothelial growth factor (VEGF), the hypertrophic zone allows blood vessels invasion from the metaphysis. The vessels bring osteoblasts, osteoclasts, and mineralized cartilage-resorptive cells to the zone, and thus convert the mineralized matrix into a bone trabecular-like metaphysis (Cheng et al., 2019). As for hypertrophic chondrocytes in this zone, hypertrophic cells were originally believed to be the final state of chondrocyte differentiation. However, recent fate-mapping studies have altered this view since some hypertrophic chondrocytes differentiate into osteoblasts or progenitor cells instead of undergoing apoptosis. Thus, it is tempting to investigate how resting stem cells establish the fate of hypertrophic cells (Yang et al., 2014; Zhou et al., 2014; Park et al., 2015).



Mechanical Properties of the GP

In the past, studies were limited by ethical concerns and access to materials, and only a few experiments tested the mechanical properties of human GPs. Most studies were based on animal testing, including piglets (Shen et al., 2019), bovine (Cohen et al., 1992), and sheep models (Celarek et al., 2014). In general, for 10-year-old children, with a loading rate of 0.003 s–1, the mean human ultimate stress is 0.98 ± 0.29 MPa, the mean human ultimate strain is 31 ± 7%, and the mean human tangent modulus is 4.26 ± 1.22 MPa (Williams et al., 2001). Animal studies have demonstrated that the lateral region of the proximal tibial GPs was stronger than the central region and the ultimate tensile strength was similar in different parts of the body. However, the tensile strength is largely affected by the GP thickness. For example, the capital femoral GPs in humans is twice as thick as the bovine proximal tibial GPs, but the tensile strength is only half bovine GPs (Cohen et al., 1992; Williams et al., 2001; Sylvestre et al., 2007). Thus, the GP tends to be weaken as it thickens.

It is important to imitate the natural mechanical properties of GPs in order to successfully engineer cartilage tissue scaffolds. However, to date these characteristics have not been clearly elucidated and additional in-depth studies are required.

Biomechanics plays important role in GP formation and function as well. By varying the loading frequency, amplitude, or duration, it is shown to affect the height, morphology, gene expression, and matrix mineralization of the GP (D’Andrea et al., 2020). Stokes et al. (2007) demonstrated that intermittent static loading increased GP height while persistent static loading decreased it. As for chondrocyte count in proliferative zone, it is shown to increase in tension, but decrease under compression using persistent static load. Similarly, persistent static tension is reported to stimulate hypertrophic zone height while compression is found to reduce it (Killion et al., 2017). Except for the mechanical loads on GPs, the mechanical properties of biomaterials used in scaffolds are reported to affect chondrogenesis as well. For instance, cells exposed to stiffer substrates showed a more organized cytoskeleton and faster proliferation rate. Moreover, on softer substrates, cells tended to migrate faster than stiffer one (Ghosh et al., 2007). In conclusion, intermittent tension lading with stiffer scaffolds may benefit GP reconstruction. It is important to figure out the effects of different forms of mechanical stimulation on engineered GPs and to find the optimized stimulus for GP reconstruction. Understanding the effects of mechanical stimulation may help find targets for mechanical strategies for GP repair as well.



Differences Between GP and Other Cartilages

The key for GP regeneration is to reconstruct the gradient differentiation states of chondrocytes in a columnar structure. Enlighten by cartilage regeneration, in order to promote GP regeneration based on cartilage repair theory, it is important to dig up the difference and similarity between GP and other cartilage, especially with articular cartilage.

In cartilage, the GP is the most unique. Among all cartilage inhuman, articular cartilage is the most similar to GPs. Both of them are composed of chondrocytes and cartilage matrix, they are divided into different zones according to the differentiational state of chondrocytes. Their main components of ECM are Col II, Col X, and glycosaminoglycans(GAGs). However, there are also some differences between GPs and articular cartilage. Firstly, from the perspective of developmental biology, the GP is most affected by age. In short bones, like phalanges, the GP will close early, while in long bones, it will close later (Lui et al., 2018). When people reach adulthood, all GPs will be replaced by bone plates. In traditional assumptions, it is eventually programmed to cease at the age of 14 in girls and 16 in boys (Little and Milewski, 2016). However, articular cartilage will maintain function and degenerate until people get old. Secondly, in terms of tissue structure, GPs have three distinct zones while articular cartilage is divided into four zones: the superficial zone, the middle zone, the deep zone, and the calcified zone (Qiao et al., 2021). Meanwhile, the arrangement of chondrocytes in GPs are more regular in a columnar structure. Unlike the junction between bone and articular cartilage, GPs have two chondro-osseous junctions because of their anatomical locations (Kazemi and Williams, 2020). In addition, the ECM between GPs and articular cartilage are different as well. As Diaz-Payno et al. (2020) reported, GP specific ECM could be used to promote osteogenesis of BMSCs while articular cartilage derived ECM was potent for chondrogenesis. The spatial distribution of growth factors was also different. In the GP, expression of BMP2 and BMP6 are increased from resting zone to hypertrophic zone. But in articular cartilage, they are decreased from superficial to calcified zones (Garrison et al., 2017). Finally, the functions of GPs and articular cartilage are totally different. The GP is mainly responsible for longitudinal growth, which is vulnerable and cannot bear much compression, especially for the hypertrophic zone (Xie et al., 2020). Articular cartilage is located in joints, which plays the role of lubrication and buffering (Matsuzaki et al., 2018).




Pathological Characteristics of the GP Damage


Classification of GP Injuries

The Salter-Harris (SH) Classification System is most commonly used classification in clinical use that classifies GP injuries into five patterns (Figure 1B). About 5% of GP injuries are SH type I, where the injuries affect the whole GP and produces fragmentation. SH type II is the most common type of injury and accounts for 75% of observed injuries, whereby the injuries not only occur transversely across the GP, but also obliquely penetrate the metaphysis. In SH type III, the injuries cross the GP and obliquely penetrate the epiphysis, although this type only accounts for 10% of injuries. In SH type IV, the injuries occur longitudinally through the GP from the articular surface to the metaphysis, this type occurs in 10% of all GP injuries. SH type V, the compressional type, is the least common injury, but is the most likely type to result in bone bridge formation (Chung and Xian, 2014; Sferopoulos, 2014). Among these patterns, the more superficial injuries (SH type III, IV, and V) that destroy both the GP and its blood supply often lead to growth arrest and bone bridge formation, the deeper injuries (SH type I and II) which do not disturb the blood supply usually achieve a better prognosis (Yukata et al., 2018; Watanabe et al., 2019).



Phases of GP Injuries

In previous studies, numerous animal models have been used to elucidate the pathophysiology involved in bone repair in GP injuries (Figure 2). These animal models included immature mice (Erickson et al., 2017), the miniature pig (Ding et al., 2018), and sheep models (Knapik et al., 2018). These studies identified four phases of injury responses leading to bone repair, namely, the inflammatory phase, the fibrogenic phase, the osteogenic phase, and the remodeling phase (Zhou et al., 2004, 2006).
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FIGURE 2. Animal models of GP injuries. (A) The rat model of proximal tibia GP injuries. (B) Micro-CT and Alcian Blue Hematoxylin staining with Orange G/Eosin counterstain (ABH stain) of the GP injuries at 7 days and 28 days post-injury (Erickson et al., 2017). (C) The rabbit model of proximal tibia GP injuries. (D) X-ray microscopy and ABH stain of the GP injuries (Yu et al., 2019).


As for common bone fracture and soft tissue injuries, the first phase after GP injuries is the inflammatory phase, and involves an initial influx of inflammatory cells including neutrophils, macrophages/monocytes, and lymphocytes (Figure 3A). Consistent with this infiltration, the rat neutrophil chemokine CINC-1, equivalent to human interleukin (IL)-8, peaks on day 1 and decreases to basal levels on day 4 (Chung et al., 2006, 2011; Chung and Xian, 2014). In order to confirm the importance of the neutrophil-mediated inflammatory responses in bone repair, Chung et al. (2006) utilized a neutrophil-neutralizing antiserum in rats, and their results showed an increase of osteogenesis-related genes like osteocalcin and core binding factor α-1, a decrease of chondrogenesis-related genes like sex determining region Y box-9 (Sox-9) and Col II, which suggested the inflammatory phase was vital for downstream bone repair events. In addition, TNF-α and IL-1α also increase significantly on day 1 (Wang et al., 2017). Using a TNF-α antagonist, Zhou et al. (2006) found a clear delay of mesenchymal infiltration, which means TNF-α is required for the migration and proliferation of mesenchymal cells. Other studies also highlighted that TNF-α is a critical factor for healing and tissue repair (Birkl et al., 2019). Overall, the inflammatory phase plays a significant role in the repair of GP injuries as it modulates the cascade downstream of the healing responses.
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FIGURE 3. Phases of bone bridge formation. (A) The inflammatory phase. (B) The fibrogenic phase. (C) The osteogenic phase. (D) The remodeling phase.


After the initial inflammatory response, the fibrogenic phase appears on days 3–7 after the GP injuries and involves the fibrous vinmentin-immunopositive mesenchymal cells gathering at the injured site. These cells may contain mesenchymal stem cells (MSCs), osteoprogenitor, and chondroprogenitor cells, which are confirmed to be vital for the fracture repair process (Macsai et al., 2011; Neumayer et al., 2017; Figure 3B). In the fibrogenic phase, growth factors, such as FGF-2 and platelet derived growth factor (PDGF) play an important role (Zhou et al., 2004; Shaw et al., 2018). FGF-2 in particular acts by stimulating osteoprogenitor and mesenchymal cell proliferation, migration, alkaline phosphatase (ALP) activity, as well as inhibiting chondrocyte differentiation (Nasrabadi et al., 2018). During wound healing, PDGF functions to enhance cell migration, proliferation, and angiogenesis. During repair of GP injuries, PDGF is essential for the proliferation and migration of fibroblasts and osteoblasts (Zhou et al., 2004; Chung et al., 2009, 2011).

Around day 7, the subsequent osteogenic phase occurs with the appearance of trabecular bone. The Runt-related transcription factor 2 (Runx-2) and ALP-positive stained cells are observed. Additional bone matrix proteins including osteocalcin (OCN) are produced (Xian et al., 2004). Similarly, Col I production is observed by the presence of regenerated bone tissue at the injury site. During this phase, the bone bridge begins to form (Chung and Xian, 2014; Figure 3C).

The remodeling phase can be observed from day 14 onwards, since there are more mesenchymal cells and osteoclasts present in the bone trabeculae (Chung et al., 2009). During this phase, chondrogenesis-related genes like Sox-9 and Col II are expressed at a low level, while the osteogenesis-related genes like OCN are highly expressed (Zhou et al., 2004). In addition, growth factors, such as TNF-α, IGF-1, and BMP-7, increase as well, and they promote differentiation and recruitment of the osteoclasts, thus promoting bone remodeling (Fischer et al., 2018; Kim et al., 2018; Figure 3D).



Responses to GP Injuries in Different Anatomical Locations

After the GP injury, chondrocyte columns become disorganized at the injury site (Hajdu et al., 2011). Throughout the whole section, the thickness of the injured area was always higher than non-injured area. As more hypertrophic chondrocytes occurred after the fibrogenic phase, the height of resting zone and hypertrophic zone increased while proliferative zone height relatively reduced. Immunohistochemistry of Col X staining also reported that Col X extends throughout the entire injury site (Drenkard et al., 2017). Furthermore, the GP injury also affects the adjacent non-injured region because injuries destroyed the controlled endochondral ossification process. For example, Macsai et al. (2011) detected bone bridge formation at the uninjured area of GPs on day 60 in rats. Further analysis revealed there was a decrease in expression of chondrogenic factors including Sox-9, transforming growth factor-β1 (TGF-β1), and IGF-1, and an increase of apoptotic factors like caspase-3 in the adjacent non-injured area (Musumeci et al., 2013). Studies have demonstrated there are different responses in varied locations after GP injuries, but the detailed evidence is limited. It requires more studies to elucidate how the three distinct zones response in varied phases and how these contributions change the outcomes after GP injuries.





CARTILAGE TISSUE ENGINEERING FOR GP INJURIES

The engineering of cartilage tissue is a comprehensive approach that utilizes various cell types and growth factors, including bone marrow mesenchymal stem cells (BMSCs), chondrocytes, and TGF-β, IGF-1, and FGF-2 (Chen et al., 2020; Wei et al., 2020), as well as different scaffolds constructed with natural or synthetic materials (Abdollahiyan et al., 2020). In this section, we will discuss the progress of cartilage tissue engineering in the treatment of GP injuries.


Seed Cells

Because of the limited microenvironment for cartilage regeneration, seed cells are widely used to fill defects following bone bridge resections. By promoting cell proliferation and ECM excretion, the seed cells will restore the cartilage tissue of the GP. Extensively used seed cells, such as MSCs and chondrocytes in GP repair are discussed below.


Mesenchymal Stem Cells

MSCs have been widely used in cartilage tissue engineering due to their capability for self-renewal and potential for multiple differentiation. MSCs can secrete diverse growth factors and differentiate into various cellular types, such as osteocytes, chondrocytes, and adipocytes, which play an important role in cell-based therapies (Isobe et al., 2016; Gultekin et al., 2020). As mentioned earlier, during the fibrogenic phase, there is an influx of MSCs in the injured site, indicating that MSCs are vital in the repair process of GP injuries (Zhou et al., 2004).

In previous studies, MSCs from multifarious sources were utilized in the treatment of GP injuries and achieved excellent results (Sananta et al., 2020). Li et al. (2017) fabricated an oriented ECM scaffold incorporating BMSCs to cure the injured GPs in rabbits, and results showed that compared to ECM scaffolds alone, ECM scaffolds with BMSCs prevented the bone bridge formation, reduced the length discrepancy and consequently the angular deformity. To further examine the role of periosteum MSCs, Chen et al. (2003) transferred the periosteum together with harvested MSCs embedded agarose to the site of GP defects, the transferred group receiving agarose alone showed poor results, while the angular deformity and growth arrest were corrected in the MSCs embedded group. In another study, Ando et al. produced a 6-week-old rabbit growth arrest model by disrupting the medial half of the proximal tibias, in order to test the effect of synovial derived MSCs, a scaffold-free construct was used, and results showed that the MSCs proliferated and differentiated into cells similar to chondrocytes, suggesting that the MSC-based therapy could be an effective method for curing GP injuries (Yoshida et al., 2012).

In addition to MSCs derived from bone marrow, periosteum, and synovium, MSCs can also be obtained from adipose tissue, umbilical cord, placenta, and skeletal muscle (Uder et al., 2018). Previous studies have demonstrated that MSCs derived from various compartments possess different regenerative potentials (Kaviani et al., 2019). Therefore, it is necessary to define the most practical way to promote the GP repair for clinical applications among all the available sources. Therefore, Isobe et al. (2016) examined the multipotentiality of MSCs derived from adult dental pulp, synovial fluid, exfoliated deciduous teeth, and bone marrow, and concluded that bone marrow- and synovial fluid-derived MSCs were most suitable for osteogenesis while synovial fluid-derived cells produced the highest levels of chondrogenesis. Similarly, Sakaguchi et al. (2005) also compared the properties of MSCs derived from bone marrow, periosteum, adipose tissue, and skeletal muscle, and also verified that MSC features differed significantly according to their sources, and MSCs isolated from synovium were superior in both osteogenesis and chondrogenesis. Although synovium-derived MSCs seemed to have more potential for GP repair, they are more difficult to obtain and purify, which limits their application. Meanwhile, BMSCs can be isolated easily and are expanded efficiently (Yee et al., 2018). Furthermore, it has been demonstrated that BMSCs can stimulate angiogenesis, suppress the immunoreaction, and inhibit fiber tissue formation (An et al., 2018). Altogether, the evidence suggests that BMSCs maybe more suitable as seed cells in the treatment of GP injuries (Planka et al., 2009).

As for MSCs, another problem that has been addressed is whether autogenous MSCs are superior to allogeneic MSCs. In one clinical study, patients with Hurler syndrome (MPS-IH) infused allogeneic BMSCs for treatment of patients with metachromatic leukodystrophy (MLD). The results indicated an improvement in bone mineral density and nerve function among all patients, indicating that allogeneic MSCs could survive and function in host tissue (Koc et al., 2002). Furthermore, Planka et al. (2008) transplanted autogenous and allogeneic MSCs in rabbits with distal femoral GP injuries, and found there was no significant difference either in femur length discrepancy or in angular deformity between these two procedures. It seems there is a high tolerance of allogeneic MSCs in host immune rejection. Studies have elucidated that allogeneic MSCs escape from the host immune response by altering cytokine secretion, and thus modulate immune cells including dendritic cells, natural killer cells, and effector T cells (Bocelli-Tyndall et al., 2007; Cequier et al., 2019). Therefore, the effects of allogeneic MSCs are equal to those of autogenous MSCs.



Chondrocytes

Since the most abundant cell type in the GP is chondrocytes, it is quite rational to implant chondrocytes in cartilage tissue engineered scaffolds for treatment of GP injuries (Lee et al., 2016; Tomaszewski et al., 2016). Chondrocytes can also be obtained from different compartments in autograft or allograft. In an autologous chondrocyte experiment, Tomaszewski et al. (2014) resected the medial part of the proximal tibia GP in rabbits and then implanted it in the GP defects. Histological and radiological results demonstrated that implanting of autologous chondrocytes significantly prevented the bone bridge formation and growth arrest. In another study, Jin et al. (2006) investigated autologous chondrocytes obtained from the iliac crest, seeded on the demineralized bone matrix (DBM) scaffold for the treatment of rabbit GP injuries. This type of autologous tissue engineered scaffold not only prevented the angular deformity and bone formation, but also built the columnar structure at the injured site. Although the autologous chondrocytes can avoid the immune rejection and show good results both in vitro and in vivo, they are limited in number and may cause additional damage (Boopalan et al., 2019). From this standpoint, allogeneic chondrocytes may represent a better alternative if they present good results in future studies. Li et al. (2013) used allogeneic chondrocytes harvested from distal femoral GPs, microencapsulated by semipermeable membranes, and transplant the preparations in a GP injury model. Sixteen weeks later, the chondrocytes-treated group showed less length discrepancy and angular deformity than other groups, the histological results also exhibited columnar arrangement formed by neogenetic chondrocytes at the injured site, which indicated that the allogeneic chondrocytes could prevent bone formation to the same extent as autologous chondrocytes. Since there is no significant difference between allogeneic and autologous chondrocytes, it is tempting to speculate how allogeneic chondrocytes escape from the immune response. Several studies have proposed that the avascular nature in cartilage and the surrounding ECM may provide a protective immune barrier for embedded chondrocytes (Zhao et al., 2019).

Allogeneic and autologous chondrocytes may have a similar treatment effect, but when determining the body sites for chondrocyte derivations, it is difficult to define the most suitable site. Although Jin et al. (2006) indicated that chondrocytes derived from the iliac crest GP had more advantages than chondrocytes from joint cartilage as the former still had the potential for proliferation and differentiation (Jin et al., 2006). More studies are needed to elucidate the different effects between chondrocytes isolated from various sources.

As for proliferative and differentiation abilities, in vitro studies have shown that three dimensional (3D) cultures can retain the chondrogenic potential better than monolayer cultures (Chow et al., 2011). Parreno et al. (2017) demonstrated that the monolayer culture of chondrocytes could alter their phenotype and produce more Col I secretion and less Col II secretion, which indicated the primitive feature of chondrocytes was lost. Meanwhile, several studies have demonstrated that 3D culture of chondrocytes can promote cellular proliferation without changing phenotypes. For example, rabbit articular chondrocytes cultured on poly(ethylene glycol)/poly(ε-caprolactone) (PEG/PCL) hydrogel led to the up-regulated expression of chondrogenic genes such as Sox-9, aggrecan, and Col II in 2 weeks, and increased proteoglycans and Col II accumulation after 4 weeks (Chang et al., 2018). Therefore, in order to retain the phenotype of implanted chondrocytes, a favorable strategy is to incubate them in a 3D culture environment before seeding.




Growth Factors

Cartilage-stimulating growth factors are bioactive peptides that bind to specific receptors and trigger a series of cell activities including cell migration, proliferation, and differentiation (Chen et al., 2020). In order to ameliorate the microenvironment for cartilage tissue formation, it is necessary to use chondrogenic factors such as IGF-1, FGF-2, and TGF-β1, to stimulate the chondrogenic differentiation of chondrocyte-related progenitor cells.


TGF-β

TGF-β is produced in an inactive form and is activated via signaling pathways, it plays an important role during the chondrogenesis of MSCs (Chen et al., 2018). In vivo, TGF-β has two forms, and mostly accumulates by binding to the ECM, while the other form is a soluble free form, which is present in only small amounts, but plays a predominant role. Previous studies have demonstrated that TGF-β functions differently and has opposite effects on GP through TGF-β/Smad2/3 or BMP/Smad1/5/8 signals. The TGF-β/Smad2/3 signaling pathway stimulates chondrogenesis and ECM synthesis while the BMP/Smad1/5/8 signaling pathway inhibits chondrogenesis and promotes osteogenesis (Thielen et al., 2019). As a short-lived cytokine, TGF-β is only active for a few minutes in response to GP inflammation or ECM damage (Liu W. et al., 2020).

Since TGF-β is a critical factor in cartilaginous differentiation, cartilage tissue engineered scaffolds have used TGF-β in the treatment of GP repair. An in vitro study indicated that MSCs induced by TGF-β1 presented significantly higher levels of aggrecan, Col II, and Sox-9 in a high-density monolayer culture (Coleman et al., 2013). In an ovine animal model, McCarty et al. (2010) utilized a gelfoam scaffold containing autologous BMSCs and TGF-β1, implanted in the proximal ovine tibial GP defect, and results showed that the scaffold containing TGF-β1 inhibited bone bridge formation.

Two strategies have been described for using TGF-β to stimulate MSC differentiation or proliferation: one involves the secretion of TGF-β by chondrocytes through co-culture of MSCs and chondrocytes, the other involves the addition of exogenous TGF-β. Chen et al. (2018) used a mathematical model to compare these two distinct strategies and proposed a hybrid strategy. The authors reported that in cocultures of chondrocytes and MSCs, a critical value of chondrocyte density was to be achieved before the complete differentiation of MSCs could be induced. For the in vitro environment, the critical density was between 5 and 25%. With regard to the exogenous administration of TGF-β, there were two critical values, acrit1 and acrit2: below the concentration of acrit1, no cells were produced, and above the initial concentration of acrit2, all MSCs would be driven to differentiation. The value of acrit2 was slightly lower than 10 ng/mL. Moreover, by combing these two strategies, fewer chondrocytes were required and less exogenous TGF-β was needed to induce MSCs differentiation, and a lower concentration of acrit2 was needed, requiring about 10% chondrocytes co-culture (Chen et al., 2018). Similarly, Dahlin et al. (2014) also observed that co-culture of articular chondrocytes and MSCs required less TGF-β3 to achieve an equivalent chondrogenesis level compared to MSCs cultured alone. In conclusion, it is more effective to use chondrocyte co-cultures and less exogenous TGF-β to stimulate MSCs differentiation or proliferation.



IGF-1

Being vital in cartilage homeostasis and repair, IGF-1 is an anabolic growth factor which has been extensively studied (Lo et al., 2020). Previous studies have confirmed that IGF-1 can not only stimulate chondrocytes to synthesis matrix proteins like Col II and proteoglycan, but it can also inhibit chondrocytes degradation and apoptosis during cartilage damage by blocking the function of IL-1 or TNF-α (Mahran et al., 2019). In a clinical trial, IGF-1 was used to treat short stature children for 1 year. No adverse events were reported, which indicated that IGF-1 may have potential for clinical application (Midyett et al., 2010).

Over the past 20 years, several studies have been conducted to investigate the effects of IGF-1 on loaded scaffolds in GP regeneration. In an in vitro study, Mullen et al. (2015) utilized a porous collagen-glycosaminoglycan scaffold containing chondrocytes and different concentrations of IGF-1, and testing the amount of proteoglycan and Col II products. The results showed that the most suitable IGF-1 loading concentration was 50 μg/mL, and IGF-1 loaded groups synthesized more ECM than the empty group (Mullen et al., 2015). An in vivo study also indicated that a collagen sponge impregnated with exogenous IGF-1 induced higher chondrocytes influx and ECM production in immature cartilage defects, which means that IGF-1 is beneficial to cartilage repair (Tuncel et al., 2005). In another study, porous PLGA scaffolds loaded with IGF-1 were used in the treatment of a rabbit model with proximal tibial GP defects, after implantation in the GP defects, regenerated cartilage was observed in the IGF-1 releasing group, while there was only bone formation in the empty group and in the scaffolds alone group (Figure 4), all the results indicated that IGF-1 was suitable for GP regeneration (Sundararaj et al., 2015). As for the biphasic pattern of IGF-1 release in PLGA scaffolds, initially, due to the rapid surface diffusion, a burst in IGF-1 release is observed within 24–48 h, this burst can be therapeutic for it initiates early MSCs differentiation, proliferation, and ECM deposition. Afterward, IGF-1 is released to a much lower degree with erosion of the scaffold matrix, thus maintaining a certain concentration of IGF-1 in the injured site (Giteau et al., 2008; Mullen et al., 2015; Sundararaj et al., 2015).
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FIGURE 4. Effects of IGF-1 loaded scaffolds in GP injuries. (A) Morphology of the PLGA scaffold and its degradation in the cell culture medium. (B) The transverse plane of PLGA scaffolds observed using a scanning electron microscope (SEM). (C) The proximal tibial GP defects of rabbits. (D) The biphasic pattern of IGF-1 release. (E) Hematoxylin and eosin (H&E) staining staining of the GP repair. (a) control group without implantation, (b) the blank scaffold group, (c) the IGF-1 loaded scaffold group (reproduced with permission from Sundararaj et al., 2015).




FGF-2

The family of the FGF has been demonstrated to be critical for a wide range of cell types regarding differentiation, proliferation, migration, and growth. Among the FGF family members, FGF-2, FGF-8, and FGF-18 have recently been proposed to be the most important contributing factors in cartilage modulation (Lee et al., 2018). As for GP-related MSCs differentiation and proliferation, FGF-2 has been extensively investigated. Interestingly, previous studies have shown contradictory effects for FGF-2 in the expansion and differentiation phases (Jin et al., 2020). During MSCs expansion, FGF-2 enhances the proliferation potential and retards the differentiation process by regulating the expression of FGF receptor 1 (Yang et al., 2008). Moreover, by upregulating FGF receptor 3, it also promotes matrix deposition (Furusho et al., 2020). During the differentiation phase, the FGF receptor 1 is poorly expressed, and thus inhibits differentiation and matrix deposition (Han et al., 2020).

FGF-2 is effective when applied to cartilage tissue engineered scaffolds for GP repair which mainly exist in the resting and proliferating zones (Krejci et al., 2007). An in vitro study indicated that MSCs expanded and maintained high viability of FGF-2 levels, but showed minimal matrix deposition (Coleman et al., 2013). Other MSCs culture experiments also demonstrated that MSCs express FGF receptors, and FGF-2 treatment increased the mitogenic ability of MSCs, thus promoting their proliferation rate during expansion (Xu et al., 2017). In the application of engineered cartilage tissue, FGF-2 was usually used with other growth factors. In an experiment of rat BMSCs culture, Coleman et al. (2007) demonstrated that BMSCs produced greater amounts of sulfated glycosaminoglycans in the presence of FGF-2 and TGF-β1 than with TGF-β1 treated alone, which indicates that FGF-2 plays a role in GP regeneration.



Other Growth Factors

In addition to the growth factors described above, (i.e., TGF-β, IGF-1, and FGF-2) there are many other growth factors that have also have been validated to be associated with GP repair.

Using a rat tibial GP injury model, Chung et al. (2014) found that treatment with anti-VEGF antibody inhibited the activity of VEGF, which decreased bone formation, OCN, and Runx-2 expression, indicating that VEGF-promoted angiogenesis plays an important role in undesired bone repair. Another study found that neurotrophin-3 enhanced osteogenesis and angiogenesis by upregulating BMP-2 and VEGF in bone formation, indicating that neurotrophin-3 may be a potential target to inhibit bone repair in GP injuries (Su et al., 2016). Similar to VEGF and BMP-2, BMP-6, and BMP receptor-1a were also shown to contribute to bone formation (Fischerauer et al., 2013). However, Zhou et al. (2006) demonstrated that TNF-α could inhibit bone formation at the injured GP site in rats by stimulating p38 MAP kinase activity. In conclusion, these growth factors are positively or negatively associated with unwanted bone formation during GP repair, they are potential targets for curing GP injuries. However, the therapeutic application of these growth factors in cartilage tissue engineering have not been fully explored. Further studies are required to elucidate their roles for GP regeneration.




Scaffolds

Since the GP is a functional area responsible for longitudinal growth and withstands weight-bearing between the metaphysis and diaphysis, it is important for cartilage scaffolds to exhibit good biocompatibility, biodegradability, suitable porosity, as well as appropriate mechanical properties. Currently, a wide range of biomaterials have been used for GP repair, including natural and synthetic materials.


Fabrication Methods

In cartilage tissue engineering, various preparation methods have been applied while fabricating scaffolds. These methods include the freeze-drying technique, the salt leaching technique, 3D printing technique, the gas foaming technique, electrospinning technique, crosslinking methods for hydrogel scaffolds preparation and so on. In this section, we will present the most commonly used technique in GP scaffold fabrication.


The Freeze-Drying Technique

The freeze-drying technique has been commonly used for fabricating porous scaffolds in previous investigations. It contains three major phases: first, the material solutions are infused into a cylindrical mold, which is then allowed to freeze in a freezer at −20°C for 1 or 2 h. Then, the mold is transferred into a freeze dryer to allow lyophilization under vacuum for approximately 48 h. Finally, the scaffold is then dried and stored in a refrigerator at 4°C (Suphasiriroj et al., 2009; Zheng et al., 2011). Scaffolds manufactured using this method have significant advantages, generating pore sizes of around 100 μm and porosity of more than 90%, and with some improvements, it can also produce structured scaffolds, which not only improve mechanical properties, but also exhibit a biomimetic columnar structure to stimulate chondrocytes proliferation in GPs (Mohammady et al., 2020). However, freeze-drying is a complex and time consuming process with harsh environmental requirements and the need for expensive equipment limit its applications. Nonetheless it is still challenging to find new techniques with simpler procedure and cheaper cost.



The Salt Leaching Technique

The salt leaching technique is mainly used to fabricate scaffolds using materials in the form of microspheres. The procedure can be illustrated briefly as follows: initially the microspheres are mixed with salt particles, mostly NaCl. Afterward, the mixture is placed in a cast (according to the diameter of scaffolds) and is consolidated by compressing at a load of 2.5 tons (tons increase with diameters) for a few minutes. Then, the disc is heated near the melting point (Tg) of the material for about 48 h in order to fuse the microspheres. After that, the salt is leached in deionized water overnight to create porous scaffolds. Finally, the porous scaffolds are lyophilized in a vacuum (Das et al., 2018). Following these steps, the scaffolds are ready to use. The pore size achieved by this method is between 1 and 700 μm, the porosity is around 60% (Ravi et al., 2012). Although scaffolds made in this way have good mechanical properties, the procedure is also time consuming and complex, the available materials are limited and the pore sizes are randomly distributed. Therefore, it is necessary to find another technique which can control the pore size in a more accurate way.



3D Printing Technique

Application of 3D printing, or additive manufacturing, also known as solid-freeform technology or rapid prototyping, is a promising technology developed since the mid-1980s, and has been applied in various fields including construction, automation, and aerospace. The additive manufacturing techniques include stereolithography (SLA), fused deposition modeling (FDM), selective laser sintering (SLS), inkjet bioprinting, and extrusion bioprinting (Reeser and Doiron, 2019). Compared to traditional techniques used to make scaffolds for the treatment of GP injuries, 3D printing has the following advantages. (1) Few equipment and technical requirements: to complete the scaffold, all that is needed are prepared materials, a 3D printer, and a computer-aided design (CAD) software (Mikolajczyk et al., 2019). There is no need to modify temperature or time, the 3D printer automatically adjusts these parameters (Siller et al., 2019). (2) Lower costs and time saving: with minimal use of materials and printing requires only a few hours or even a few minutes, thus demanding less labor and material resources, the 3D printing technique can maximally cut the cost (Ballard et al., 2020). (3) A wide range of available materials: unlike conventional fabricating techniques, 3D printing uses a variety of materials, including metals, alloys, polymers, and bioceramics (Tardajos et al., 2018). (4) Precise individual customization: through a CAD software monitor, the pore size and porosity are made highly consistent with expectations, consequently, it is possible to fabricate gradient scaffolds with accurately designed pore sizes (Wo et al., 2020).



Hydrogel Scaffolds Preparation Techniques

Nowadays, hydrogels are immensely used in cartilage tissue engineering because of their excellent biocompatible properties. They have three dimensional networks which are formed from crosslinked polymer. They provide desired structure by absorbing water, which mimic the natural ECM of cartilage (Choi et al., 2020b). Various hydrogel scaffolds have been used in cartilage tissue engineering, their composition include natural materials (e.g., alginate, chitosan, Col and gelatin), synthetic materials [e.g., polyether, poly(vinyl pyrrolidone), and poly(acrylate acid)] and composite materials.

As for preparation of hydrogels, they are crosslinked by physical or chemical crosslinking methods. Physical crosslinking is a way to produce network of polymer chains by physical treatments like heating, cooling, freeze-drying, or ultrasonication. In this way, the polymer networks are connected by reversible bonds such as ionic interaction, hydrogen bonds, or crystallization (Zhang et al., 2021). The advantage of physical crosslinking methods is that each component does not produce chemical reaction during crosslinking. It avoids the production of new substances which may be toxic. Its deficiency is obvious as well. Hydrogels made in this way are deficient in mechanical strength and thermal stability (Wang Y. X. et al., 2020). Materials suitable for physical crosslinking are chitosan, Col I, alginates, and polyvinyl alcohol. Chemical crosslinking is another gelation method which creates covalent linkage among polymer chains by using proper crosslinking reagents (Kong et al., 2020). These crosslinking reagents include glutaric dialdehyde, tannic acid, genipin and so on. Because of the strong connections, chemical crosslinking not only enhances mechanical strengths of hydrogels, but also improves the resistance to degeneration. Moreover, the biomechanical strengths can be adjusted by altering the type or concentration of reagents (Fathi-Achachelouei et al., 2020). The main disadvantage of chemical crosslinking method is the potential usage of cytotoxic reagents, catalysts, or initiators (Oryan et al., 2018).

For preparation of hydrogel scaffolds, various techniques have been used, such as bioprinting technique, microfluidic technique, photolithography technique and so on. Among these techniques, bioprinting technique is a 3D printing technique using hydrogels as a bioink (Antich et al., 2020). Besides bioprinting, microfluidic technology is another efficient method to fabricate hydrogel scaffolds with precision. Through droplet production methods like dielectrophoresis and electrowetting on dielectric, microfluidic systems can produce microparticles in a highly monodispersed pattern and manipulate these nanoliter of liquids through microchannels. Because of the production of tiny droplets, this technique is a powerful tool for preparing scaffolds with complex 3D structure, as well as hydrogel scaffolds with mechanical or chemical gradients (Moreira et al., 2021). The photolithography technique is mainly used in hydrogel that crosslinked via ultraviolet light. After fabricate hydrogel in a plane pattern, the light will transmit through the hydrogels in designed pathway. The mechanical strength of scaffolds can be altered by changing the intensity or irradiation time of ultraviolet light (Vedadghavami et al., 2017).




Materials


Natural Materials

Thanks to the superior biocompatibility and suitable biodegradability, natural materials like ECM, alginate, agarose, and chitosan are appropriate to initiate chondrocyte regeneration and cartilaginous ECM secretion (Choi et al., 2020a).


ECM Derived From GPs.

As a natural material derived from GP, ECM is an alternative matrix used to make scaffolds for treatment of GP injuries, since it is not only composed of cartilage matrix such as GAGs and Col II which can best imitate the microenvironment for chondrocyte regeneration (Cunniffe et al., 2019), but it is also known to contain various growth factors that modulate angiogenesis, cell migration, differentiation, proliferation, and the immune response (Horton et al., 2020).

Previous studies have shown that GP-derived ECM containing diverse growth factors, such as VEGF and IGF-β1, not only supported vascularization, but also enhanced the regeneration of BMSCs (Cunniffe et al., 2017). These results suggested that this type of ECM was a multipotential substrate and its function would change based on the transplantation site. For treatment of GP injuries, Li et al. (2017) collected the ECM from GPs and constructed the structured ECM scaffolds loaded with BMSCs. Sixteen weeks after transplantation into the tibial GP defects, the histological results showed regeneration of new chondrocytes, and the radiographic results showed reduced length and angular deformities (Figure 5), indicating this GP generated a structured ECM scaffold with the potential for GP repair (Li et al., 2017). Although GP-derived ECM was biocompatible with the porous structure and proved superior to artificial polymer materials, the restricted accessibility limits its application (Lee S. et al., 2019). For clinical usage, it is necessary to find materials that are more accessible, inexpensive, biocompatible, and biodegradable.
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FIGURE 5. The ECM scaffold in treatment of GP injuries. (A) The process of ECM scaffold fabrication. (B) SEM micrograph of ECM scaffolds. (C) The histological results of ECM based scaffolds. (a–d) In the ECM + BMSCs group, from 4 to 16 weeks, neogenetic chondrocytes increased gradually and were arranged in a columnar structure. (e–h) In the ECM alone group, from 4 to 16 weeks, fibrous tissue and bone tissue gradually come into being. (i–l) In the control group, from 4 to 16 weeks, fibrous tissue and bone tissue covered the defects early. (D) The radiological results of three groups [Reproduced with permission from Li et al. (2017)].




Alginate.

With ideal biocompatibility and low toxicity, alginate is one of the most extensively used materials for hydrogel-based cartilage tissue engineering (Sturtivant and Callanan, 2020). Since alginate hydrogels are able to provide a 3D environment with a wide range of pore sizes, scaffolds made by alginate facilitate MSCs distribution and provide efficient nutrient transport (Farokhi et al., 2020). Furthermore, it can also be used to deliver growth factors with adjustable release rates by changing the molecular weight (Jiao et al., 2019). In order to enhance the chondrogenesis of MSCs in alginate, several studies have successfully delivered growth factor or genes to local MSCs, thus directs the fate of MSCs and increases sGAG and Col II production (Davis et al., 2018; Khatab et al., 2020). As for GP cartilage regeneration, using an in vitro model of the GP chondrocytes seeded on alginate hydrogel scaffolds with exogenous factors also resulted in high viability, low level hypertrophy, and cartilage matrix deposition (Coleman et al., 2007; Erickson et al., 2018). In a GP injuries model, alginate-polylysinealginate semipermeable membranes were used for chondrocyte encapsulation. After 16 weeks of implantation into defects, the radiological results showed less angular deformity and length discrepancies, indicating this alginate material was suitable for GP reconstruction (Li et al., 2013). However, alginate hydrogel is negatively charged, which results in a dissimilar environment for encapsulated cells (Freeman and Kelly, 2017). Nonetheless, alginate hydrogel is still a suitable material for constructing scaffolds for GP regeneration.



Agarose.

Agarose is another popular material for cartilage tissue engineering. As a natural polysaccharide polymer, agarose is composed of repetitions of D-galactose and 3, 6-anhydro-L-galactopyranose (Choi et al., 2020a; Salati et al., 2020). Similar to alginate, it is commonly used for hydrogel due to its excellent biodegradability and biocompatibility as well (Bonhome-Espinosa et al., 2020). Moreover, agarose has a similar structure to ECM, and possess great capacity of water absorbing, both features make it particularly suitable for cell adhesion, cell growth, differentiation, and nutrient permeation (Grolman et al., 2019). When applied to treatment of GP defects with MSCs, both in vitro and in vivo studies presented chondrogenesis and correction of limb deformity, indicating agarose scaffolds could support cell growth and delivery growth factors (Chen et al., 2003; Coleman et al., 2013). Most importantly, its thermal reversible gelation behavior and internal networks allow it to composite with other polymers, which makes it possible to fabricate scaffolds with higher strength (Lee Y. et al., 2019).



Chitosan.

Chitosan, made of β(1–4) glycosidic bonds and D-glucosamine residues, is a natural polymer found in the exoskeleton of crustaceans (Ribeiro et al., 2020). It contains different amounts of N-acetyl-D-glucosamine (NAG) groups. When the chitosan has more than 50% NAG, it is called chitin, and when it has more than 50% N-glucosamine, it is called chitosan (Saravanan et al., 2016). With the characteristics of excellent mechanical stability, biocompatibility, biodegradability, and a hydrophilic surface, chitosan is thought to be a suitable material to fabricate porous scaffolds (Ishikawa et al., 2020). When applied to cartilage tissue engineering, it has shown to promote hyaluronic acid synthesis, which benefits cartilage regeneration (Kashi et al., 2018). To restore the damaged GP, the chitosan scaffold alone showed poor results, but when combined with a large concentration of MSCs, it resulted in less angular deformity in rabbits (Azarpira et al., 2015). Therefore, MSCs based chitosan scaffolds may be a good combination in treatment of GP injuries (Erickson et al., 2020).




Synthetic Materials

Synthetic materials, such as PLGA, PLA, and PCL, are widely used to make scaffolds in cartilage tissue engineering, they have tunable properties in terms of mechanics and degradation rates can be artificially regulated by changing the degree of polymerization (Uz et al., 2019). Compared to natural materials, they possess more suitable mechanical strength for load bearing and drug delivery.


PLGA.

PLGA is a promising synthetic polymer material suitable for the treatment of GP damage. It has alterable mechanical properties by controlling the proportion of lactic acid and glycolic acid, which makes it suitable for cartilage tissue implantation (Yan et al., 2017). When implanted in vivo, PLGA scaffolds will be degraded into lactic acid and glycolic acid which will be eliminated through GP metabolic pathway (Fathi-Achachelouei et al., 2020). Moreover, thanks to its controllable drug release kinetics, PLGA microspheres have also been approved for drug delivery by the Food and Drug Administration (FDA) (Zuo et al., 2016). Certainly, when utilized as a drug delivery vehicle of IGF-1, more chondrocytes and Col II were observed both in vitro and in vivo (Sundararaj et al., 2015). In a detailed study, Clark et al. (2015) used PLGA scaffolds alone or loaded with IGF-1 and cells for the treatment of GP injuries, PLGA alone had therapeutical effects as it showed more chondrocytes accumulation compared to fat grafts used in the clinic. Moreover, in our study BMSCs loaded with IGF-1 improved chondrocyte proliferation with more chondrocyte accumulation, and inhibited bone formation than scaffolds alone or IGF-1 delivered alone (Figure 6). All these results unravel that the PLGA scaffold is a good interpositional material and an appropriate carrier for GPs reconstruction.
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FIGURE 6. PLGA scaffolds in the treatment of GP injuries. (A) (a–c) The morphology of PLGA scaffolds in vitro and in vivo. (d) Measurements of the lateral distal femoral angle (LDFA) and the medial proximal tibial angle (MPTA). (B) (a) MPTA and (b) LDFA results of GP injuries at 3 weeks (without bone bridge resection) and 11 weeks (8 weeks after scaffolds implantation). (C) Micro-CT of the tibia in four treatment groups. (D) The histological results of GP repair with low power and high power in different groups (reproduced with permission from Clark et al., 2015).




Polylactic Acid.

Polylactic acid (PLA) is also a hydrophobic polyester used in biomedical applications (Yao et al., 2020). As a semicrystalline polymer, its crystallinity is approximately 37%, its glass transition temperature is approximately 67°C, and its melting temperature is approximately 180°C (Wan and Zhang, 2018). In addition, PLA is a thermoplastic polymer with high mechanical strength and low degradation rate (Georgiopoulos et al., 2018). Similar to PLGA, PLA is degraded in the form of oligomers, and its degradation products are lactic acid which is present in human body and can be metabolized via natural pathways (Gremare et al., 2018). The disadvantages of PLA are its poor thermal stability, high hydrophobicity, and brittleness (Vroman and Tighzert, 2009; Saini et al., 2016). However, there are only a few studies available using PLA scaffolds in the treatment of GP injuries. Implanted in proximal tibial GP defects in rabbits, the treatment of PLA scaffolds combined with chondrocytes resulted in new columnar chondrocytes formation, indicating that PLA is an appropriate material to fabricate scaffolds in GP related cartilage tissue engineering (Zhou et al., 2000, 2003).




Composite Materials

Scaffolds made by composite materials are currently increasingly used. Given the disadvantages of single materials, it is reasonable to mix materials with complementary advantages together when fabricating a scaffold (Keplinger et al., 2019; Trakoolwannachai et al., 2019). As described above, the remarkable ECM material derived from GP is a typical composite material mainly composed of GAGs and Col II (Horton et al., 2020). With tunable mechanical properties and excellent biocompatibility, composite materials can suitably simulate the internal environment and exhibit good cell affinity. For example, agarose hydrogel is a biocompatible material with poor mechanical properties, and is rapidly degraded in vivo (Zarrintaj et al., 2018). To overcome these limitations, agarose based composite materials are necessary. Kumar et al. (2018) synthesized a composite material with agarose and chitosan, and this new material-based scaffolds showed more suitable degradation rates and higher mechanical strength which may be more suitable for cartilage tissue engineering. Not only do natural composite materials have better characteristics, but also composite materials made by natural and synthetic materials are advantageous. For example, Wang et al. (2016) utilized a composite scaffold synthetized by PLGA, Col, and silk fibroin for cartilage repair, by altering the ratio of constituents. The in vitro studies indicated this composite scaffold promoted MSCs proliferation and differentiation without side effects, and the in vivo results showed enhanced cartilage regeneration in cartilage defects (Wang et al., 2016). In another study treating GP arrest in pigs, a scaffold consisting of chitosan and Col I was investigated. The composite material was more stable in the simulated body environment and the mechanical properties were significantly better than the single materials (Planka et al., 2012). In conclusion, scaffolds made by composite materials will be a promising solution for GP repair and regeneration (Table 1).


TABLE 1. Recently published experimental studies.
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THE POTENTIAL APPLICATIONS OF 3D PRINTING


Utilization of 3D Printing in Cartilage Tissue Engineering

Over the last two decades, the technology of 3D printing has played a crucial role in the development of cartilage tissue engineering. A significant breakthrough has involved the utilization of biomimetic materials. As described above, ECM is an excellent material that provides a suitable microenvironment for chondrocytes growth and proliferation. Recently, several studies have explored its strengths for fabricating scaffolds. After removing all the cellular materials the ECM can be obtained from fat, cartilage, heart, or muscle tissue. The decellularized ECM has successfully been transformed into bioink for 3D printing (Fahimipour et al., 2019). Pati et al. (2014) produced 3D printed scaffolds with a porous 3D structure using cartilage derived ECM with a PCL framework. When cultured with MSCs, high cell viability and cartilage-related gene expression were observed, suggesting the 3D printed scaffolds would provide critical stimuli for MSCs growth, engraftment, and long-term functions (Pati et al., 2014). Another study printed an alginate reinforced ECM scaffold for cartilage regeneration, the ECM based scaffold was capable of supporting MSCs and could deliver growth factors to promote robust chondrogenesis with a high level of Col II expression (Rathan et al., 2019). A different method used to achieve biomimetic materials involves using composite materials. Many studies have prepared cartilage imitating materials with chitosan-PCL/silk firoin composite (Thunsiri et al., 2020), chitosan-gelatin hydrogel/PLGA composite (Schneider et al., 2018), or chitosan/gelatin/sodium β-glycerophosphate composite (Hu et al., 2019). Scaffolds printed by these chondro-inductive materials have been shown to stimulate chondrocytes survival and proliferation (Muller et al., 2017).

Thanks to the accurate control of 3D printing, another breakthrough achieved is the production of gradient scaffolds with distinct regions (Daly et al., 2017). Because gradient structures are present in human cartilage, it is reasonable to used scaffolds with various pore sizes. The heterogeneous interspace has a direct impact on nutrient distribution, which determines the chondrogenesis (Li et al., 2020). Through 3D fiber deposition technology, Di Luca et al. (2016) prepared a gradient scaffold with four distinct pore sizes of 326, 540, 744, and 968 μm. MSCs seeded in the gradient scaffold observed enhanced chondrogenesis with more GAG deposition compared with non-gradient scaffolds (Di Luca et al., 2016). Therefore, scaffolds with gradient structure are considered as a good strategy to promote chondrogenic differentiation of MSCs.



Potential Superiorities of 3D Printing in GP Repair

Since the GP has three distinct zones with diverse differentiation stages of chondrocytes and different ECM components, the mechanical properties of each region are also distinctive (Shaw et al., 2018). From this standpoint, a 3D printing technique will be a fitting method as it produces scaffolds with gradient pore sizes possessing heterogeneous mechanical strength (Montazerian et al., 2019). Moreover, when printing different regions of a scaffold, using bioink with distinct strengths will also change the mechanical properties in different parts of the scaffold, which will best imitate the physiological structure of the GP.

Furthermore, chondrocytes with gradient density in scaffolds could be achieved by 3D bioprinting technology. Ren et al. (2016) bioprinted a cell gradient scaffold using Col II and chondrocytes and cultured it for several weeks. The gradient chondrocyte density resulted in a gradient deposition of ECM, making it possible to achieve the distinct GP ECM through variable cell density bioprinting (Ren et al., 2016).

Previous investigations have also suggested that more scaffolds improve the restore the physical structure, the better enhance of cartilage regeneration (Pati et al., 2014; Di Luca et al., 2016). Therefore, we expect the 3D printing technology will be applied widely in cartilage tissue engineering to treat GP injuries.




FUTURE DIRECTIONS

Due to the avascular and hypoxic characteristics of cartilage tissue, healing is difficult after a severe injury (Wang D. Q. et al., 2020). Based on this shortcoming, cell-based cartilage tissue engineering technology has been proposed for the treatment of cartilage damage. In this cartilage repair system, seed cells are provided directly, and scaffolds made of biomaterials are used as carriers to fill the defects (Munir et al., 2020). Inspired by this system, the same method can be applied to GP injuries because of the limited self-healing capacity. Tissue engineered GPs have been explored in many studies; however, many problems remain unresolved as well.


Mechanism of GP Development

At present, the precise regulatory mechanism of the GP is not clear. It is critical to unravel how different cytokines interact to precisely regulate the growth of long bones. In the future, a deeper understanding of the regulatory signaling pathways in skeletal development will make it possible to inhibit bone bridge formation with medicines that modulate specific signaling pathways. Moreover, additional studies are needed to clarify the specific phenotype of GP cells. Differences between chondrocytes in the GPs and chondrocytes in articular cartilage should also be elucidated. Recently, stem cells in the resting zone have been identified (Newton et al., 2019), but how these cells proliferate and differentiate into hypertrophic chondrocytes, and what determines the fate of hypertrophic chondrocytes still remains unknown. The essential physiology of GP chondrocytes needs to be further deepened.



Repair Cells

Recently, much progress has been achieved in the area of tissue engineered cartilage repair in GP injuries. The most extensively used seed cells are BMSCs and chondrocytes. However, other stem cells like embryonic stem cells and induced pluripotent stem cells (iPSCs) are also frequently used in cartilage tissue engineering. Thus, it is worth investigating the application of other types of stem cells in the treatment of GP injuries. Given the proficient application of iPSCs in cartilage repair system, it would be easier to apply iPSCs for the treatment of GP injuries in the future. Thanks to the easy accessibility and multiple differentiation potentials, iPSCs will likely play a critical role in clinical applications (Swaroop et al., 2018). In addition, due to the current limitations in basic research, the methods used to identify regenerated GP chondrocytes relies on histological observation and immunological detection of cartilage-related proteins (Fernandez-Iglesias et al., 2020). Nonetheless, these methods can only evaluate chondrocytes in general, while the identification of GP-specific chondrocytes still remains an unsolved problem. It is expected that in the future, we can find a specific protein related to the GP chondrocytes in order to accurately identify GP reconstruction.



Local Bioactive Microenvironment

At present, a self-healing system of tissue engineered GPs is widely used for damaged GPs. Experimental results show that cartilage repair is successful, a large number of chondrocytes are regenerated, and cartilaginous ECM is synthesized in large quantities (Hong Y. P. et al., 2020). Following bone bridge resection, defects can be filled with scaffolds, which are loaded with seed cells (Erickson et al., 2018). If necessary, growth factors could also be added to enrich the regeneration microenvironment (Sundararaj et al., 2015). As for the selection of growth factors, during the process of development to maturity, there are a variety of regulatory factors involved in GP regulation, such as Ihh, PTHrP, and BMP-2 (Hallett et al., 2019). But unfortunately, the application of these bioactive substances has not been fully explored. Future studies should assess the therapeutic effects of these active factors.



Structure Design of Scaffolds

The scaffold materials used currently have many shortcomings. Considering the numerous composite materials available for cartilage tissue engineering exhibiting excellent performance, 3D printing technology will allow to achieve a precise control in fabrication technology, which has been widely used to produce scaffolds with complex and gradient structures (Hong H. et al., 2020). It is foreseeable that bionic scaffolds fabricated by composite materials will play an important role in treatment of GP injuries in the near future. Currently, scaffolds with various structures are used in cartilage tissue engineering, for example, to generate pores of different shapes and orientations, such as in grid, triangular, rectangular, or circular. Further, porous scaffolds having different porosity and pore sizes, with interconnected or unconnected pores, have all been applied to cartilage tissue engineering, but there is still no consensus on the best structure. Additional studies will be required to identify the most suitable parameters for GP reconstruction.




CONCLUSION

The GP plays an important role in the longitudinal growth of long bones. Considering damage to GPs will result in limb length discrepancies and angular deformities, it is critical to identify more effective ways to address these problems. Inspired by the advances in the cartilage repair system, tissue engineered GPs have received greater attention as a potential therapy for GP regeneration. The construction of the implants theoretically should include repair seed cells for cartilaginous tissue reconstruction, growth factors to induce chondrogenesis, as well as scaffolds for load bearing, active substance delivery, and enhancing the regenerative microenvironment. This review mainly focused on the developments of tissue engineered GPs in the treatment of GP injuries. The unsolved problems and challenges that impede its clinical application were unraveled. Moreover, combined with the advantages of 3D bioprinting technology to fabricate scaffolds with gradient bionic structure, tissue engineered GPs will help overcome the challenges in the treatment of GP injuries in the future.
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Recent research has demonstrated that reinforced three-dimensional (3D) collagen matrices can provide a stable scaffold for restoring the lost volume of a deficient alveolar bone. In the present study, we aimed to comparatively investigate the migratory, adhesive, proliferative, and differentiation potential of mesenchymal stromal ST2 and pre-osteoblastic MC3T3-E1 cells in response to four 3D collagen-based matrices. Dried acellular dermal matrix (DADM), hydrated acellular dermal matrix (HADM), non-crosslinked collagen matrix (NCM), and crosslinked collagen matrix (CCM) did all enhance the motility of the osteoprogenitor cells. Compared to DADM and NCM, HADM and CCM triggered stronger migratory response. While cells grown on DADM and NCM demonstrated proliferative rates comparable to control cells grown in the absence of a biomaterial, cells grown on HADM and CCM proliferated significantly faster. The pro-proliferative effects of the two matrices were supported by upregulated expression of genes regulating cell division. Increased expression of genes encoding the adhesive molecules fibronectin, vinculin, CD44 antigen, and the intracellular adhesive molecule-1 was detected in cells grown on each of the scaffolds, suggesting excellent adhesive properties of the investigated biomaterials. In contrast to genes encoding the bone matrix proteins collagen type I (Col1a1) and osteopontin (Spp1) induced by all matrices, the expression of the osteogenic differentiation markers Runx2, Alpl, Dlx5, Ibsp, Bglap2, and Phex was significantly increased in cells grown on HADM and CCM only. Short/clinically relevant pre-coating of the 3D biomaterials with enamel matrix derivative (EMD) or recombinant bone morphogenetic protein-2 (rBMP-2) significantly boosted the osteogenic differentiation of both osteoprogenitor lines on all matrices, including DADM and NCM, indicating that EMD and BMP-2 retained their biological activity after being released from the matrices. Whereas EMD triggered the expression of all osteogenesis-related genes, rBMP-2 upregulated early, intermediate, and late osteogenic differentiation markers except for Col1a1 and Spp1. Altogether, our results support favorable influence of HADM and CCM on the recruitment, growth, and osteogenic differentiation of the osteoprogenitor cell types. Furthermore, our data strongly support the biofunctionalization of the collagen-based matrices with EMD or rBMP-2 as a potential treatment modality for bone defects in the clinical practice.
Keywords: three-dimensional biomaterials, xenografts, bone regeneration, periodontal regeneration, osteogenesis, growth factors, gene expression, transcription
INTRODUCTION
Augmentation of bone defects remains a major challenge in reconstructive orthopedic, periodontal, and maxillofacial surgeries. Bone atrophy often results from trauma, infection, neoplasm, congenital disorder, or tooth extraction. Periodontal disease, endodontic lesions, severe tooth decay, or fracture can necessitate a tooth extraction. The majority of treatment modalities include the use of autogenous bone as a gold standard as well as xenogenic, allogenic, or alloplastic bone substitutes (Doonquah et al., 2021). The ideal biomaterial for the purpose of bone regeneration should be biocompatible, volume stable (space-making), osteoconductive, and osteoinductive (Yamada and Egusa, 2018). Furthermore, it should possess a predictable pattern of biodegradability, be easy for manufacturing and handling, and highly cost effective. As a primary component of the bone matrix that plays a role in numerous cellular processes, collagen appears a potential candidate for the design of three-dimensional (3D) scaffolds for bone regeneration (Pawelec et al., 2016; Pabst and Kämmerer, 2020). However, it is well known that collagen biomaterials have high biodegradability and low mechanical strength. Therefore, attempts have been made to improve the collagen scaffolds for bone tissue engineering, e.g., collagen-based composite scaffolds with bioceramic, carbon, and polymer components have been proposed (Zhang et al., 2018). Furthermore, non-enzymatic or enzymatic crosslinking procedures have been utilized in order to reduce the naturally high biodegradability and to increase the mechanical stability of the collagen matrices by establishing intermolecular bonds (Adamiak and Sionkowska, 2020). The combination of 3D collagen matrices with bone substitute materials (Basudan et al., 2016; Papi et al., 2021) or bioactive substances (Herford and Cicciù, 2012; Herford et al., 2012; Ramseier et al., 2012; Jin and Giannobile, 2014; Edelmayer et al., 2020; França-Grohmann et al., 2020) for the repair of periodontal hard tissue loss and severe alveolar ridge deficiencies have appeared as promising strategies.
In a recent study, we have demonstrated that four commercially available 3D collagen-based matrices of porcine origin can be efficiently loaded with enamel matrix derivative (EMD) or recombinant growth factors such as the transforming growth factor-β1 (TGF-β1), fibroblast growth factor-2 (FGF-2), platelet-derived growth factor-BB (PDGF-BB), growth and differentiation factor-5 (GDF-5), or the bone morphogenetic protein-2 (BMP-2) (Nica et al., 2020). Except for recombinant GDF-5, the loading efficiency of the investigated growth factors was close to 100%. Furthermore, the matrices have exhibited sustained growth factor release over 13 days with kinetics that will likely favor the long-term tissue regeneration following surgical reconstructive periodontal therapies. We have further demonstrated that the investigated collagen-based matrices successfully promote migration, adhesion, and proliferation of cell types involved in oral soft tissue regeneration, namely primary human oral fibroblasts and periodontal ligament cells (Lin et al., 2020). The current study extends the in vitro investigations on the four 3D matrices in relation to their ability to trigger osteogenic differentiation.
Osteogenesis is a complex multistep process that requires a biomaterial with excellent physicochemical and biological properties in order to support the migration, attachment, proliferation, and differentiation of osteoprogenitor cells at the defect site. The biomaterials under investigation in the current study were selected based on their commercial availability, easy supply, excellent characteristics declared by the manufacturers, and limited (if any) data for their potential utilization in supporting bone regeneration. Therefore, one of the examined biomaterials is a dry-supplied acellular dermal matrix (mucoderm®; botiss biomaterials GmbH, Zossen, Germany), labelled DADM. In vitro and in vivo cell-matrix interaction studies have shown that DADM supports the metabolic activity and proliferation of various cell types including osteoblasts (Pabst et al., 2014). Furthermore, a successful biofunctionalization of DADM with EMD or platelet-rich fibrin have positively influenced the behavior of primary human endothelial cells in vitro (Park et al., 2018; Blatt et al., 2020) as well as the angiogenesis in vivo (Blatt et al., 2020). A novel tissue-engineered acellular dermal matrix provided in a hydrated form, labeled HADM (NovoMatrix™ Reconstructive Tissue Matrix; BioHorizons, Birmingham, AL, United States), has shown consistent favorable effects on the behavior of primary human oral fibroblasts and periodontal ligament cells in vitro (Lin et al., 2020) as well as in treating gingival recession defects in an in vivo animal model (Suárez-López Del Amo et al., 2019). The third examined xenograft is a non-crosslinked collagen matrix, labeled NCM (Geistlich Mucograft®; Geistlich, Wolhusen, Switzerland) and composed of native collagen types I and III (Nevins et al., 2003; Ghanaati et al., 2011). Interestingly, the addition of PDGF-BB to the NCM was shown to accelerate soft tissue healing and promote bone formation in bilateral mandibular alveolar defects of a minipig model (Herford and Cicciù, 2012; Herford et al., 2012). Furthermore, similar to the effects of adsorbed BMP-7, vascular endothelial growth factor and PDGF, the stromal-derived factor-1 as a potent chemoattractant of circulating stem cells was successfully adsorbed on NCM, resulting in improved bone healing at calvarial critical-sized defects in a pre-clinical murine model (Jin and Giannobile, 2014). The final forth xenograft included in the study is a novel ribose-crosslinked collagen matrix, labeled CCM (Ossix® Volumax; Datum Dental Ltd., Lod, Israel). This thick resorbable collagen scaffold, reinforced by a novel proprietary crosslinking technology (Glymatrix®), was able to restore the lost volume of a deficient ridge between existing teeth (Smidt et al., 2019). The authors of the study commented that the augmentation procedure using CCM was simpler to perform compared to procedures with bone substitute materials and/or an interpositional connective tissue graft harvested from a remote donor site. Reinforced collagen membranes of the same product family have been shown to induce bone regeneration in critical-sized alveolar ridge defects in a dog model (Zubery et al., 2007) as well as in humans with direct mineral apposition on the glycated collagen (Zubery et al., 2008). On a cellular level, the glycated collagen membrane promoted the attachment and proliferation of human periodontal ligament fibroblasts and human SaOs-2 osteoblasts (Rothamel et al., 2004). However, thorough analyses of the responses of osteoprogenitor cells to each of the listed 3D collagen-based matrices are entirely lacking.
The aim of the present study was to investigate the migratory, proliferative, and adhesive properties as well as the osteogenic differentiation potential of mesenchymal stromal and pre-osteoblastic cells cultured on each of the four collagen-based matrices. The study further aimed to investigate whether the biological activity of EMD or BMP-2 can be transferred onto the biomaterials in vitro, leading to enhanced osteogenic properties of the two cell types.
MATERIALS AND METHODS
Cell Culture and 3D Xenogenic Collagen-Based Matrices
Two types of osteoprogenitors of mouse origin were used throughout the study: bone marrow-derived mesenchymal stromal ST2 cells were obtained from the RIKEN Cell Bank (Tsukuba, Japan) and calvaria-derived pre-osteoblastic MC3T3-E1 cells were obtained from the ECACC collection (Sigma, Buchs, Switzerland). Both cell lines were characterized as osteoprogenitors by well-documented past (Franceschi and Iyer, 1992; Quarles et al., 1992; Franceschi et al., 1994; Torii et al., 1996; Otsuka et al., 1999) and recent studies (Cui et al., 2016; Parisi et al., 2021), and considered good models for studying osteogenesis in vitro. Both lines were grown in Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% fetal calf serum (FCS; Invitrogen, Zug, Switzerland) and 1% antibiotics/antimycotics (ThermoFisher Scientific, Basel, Switzerland). Cells were starved in 0.3% FCS/DMEM for 24 h before their culturing under experimental conditions.
DADM [kindly provided by botiss biomaterials GmbH (Berlin, Germany)], HADM [kindly provided by Camlog Biotechnologies GmbH (Basel, Switzerland)], NCM, and CCM [kindly provided by Datum Dental Ltd., (Lod, Israel)] were cut sterile into 10 × 10 mm pieces, washed in serum-free DMEM for 10 min and placed on the bottom of 24-well ultra-low attachment plates (Corning, NY, United States). Cells grown in tissue culture-treated 24-well plates (Greiner Bio-One, St. Gallen, Switzerland) in the absence of a biomaterial were used as control (Ctrl).
In some cases, the collagen matrices were coated for 10 min at room temperature with 1 mg/ml of EMD (Straumann® Emdogain®; botiss biomaterials GmbH, Zossen, Germany) or 100 ng/ml of recombinant (r) BMP-2 (Peprotech, London, United Kingdom). The EMD and rBMP-2 were diluted in serum-free DMEM from a 10 mg/ml and 10 μg/ml stock solutions, respectively. Collagen-based matrices incubated in serum-free DMEM, in the absence of EMD or rBMP-2, were used as controls. To remove unbound proteins after the 10-min incubation, the collagen matrices were extensively washed in serum-free DMEM for three cycles of 5 min each. The quantities of TGF-β1 [as a measure for the release of EMD (Stähli et al., 2014; Stähli et al., 2016)] and BMP-2 in culture supernatants of cells grown on EMD- or BMP-2-coated collagen matrices, respectively, were determined by using colorimetric enzyme-linked immunosorbent assay (ELISA; R&D Systems, Minneapolis, MN, United States) as described (Nica et al., 2020) and following the manufacturer’s protocol.
For differentiation experiments followed by gene expression analyses, 10% FCS/DMEM medium was supplemented with 50 μg/ml ascorbic acid (Invitrogen) and 2 mM β-glycerophosphate (Invitrogen) as described (Parisi et al., 2021).
Cell Migration Assay
Cell migration was analyzed by a Boyden chamber assay utilizing ThinCert® transwell polyethylene terephthalate (PET) membrane supports (8 µm pore size; Greiner Bio-One, St. Gallen, Switzerland) as described (Asparuhova et al., 2021). After 24 h of starvation, 3 × 104 cells were cultured in the top insert chamber with 200 µl 0% FCS/DMEM. Each of the collagen matrices was placed in the low chamber with 800 µl 10% FCS/DMEM. Cells were allowed to migrate across the capillary pore PET membrane for 18 h at 37°C before fixation in Shandon™ Formal-Fixx™ (ThermoFisher Scientific), and staining in 0.1% crystal violet solution (Sigma). Images of duplicate inserts were acquired on an Olympus CKX41 microscope using a ProgResCT3 camera. Migration was quantified by using the ImageJ software (Schneider et al., 2012) as described (Gurbuz et al., 2014). Data represent means ± SD from three independent experiments performed with each of the two cell lines.
Cell Proliferation Assay
Growth rates of ST2 and MC3T3-E1 cells cultured on the collagen-based matrices were determined by trypan blue dye exclusion cell counting performed in a Countess™ II instrument (Invitrogen) according to the manufacturer’s instructions. After 24 h of starvation, 2 × 103 cells/well were plated in 3% FCS/DMEM and allowed to proliferate for 1, 3, and 6 days before staining with 0.4% trypan blue (Invitrogen) solution. The culture media was replaced every 2 days. Data represent means ± SD from four independent experiments performed with each of the two cell lines.
Gene Expression Analysis
Quantitative reverse transcription-polymerase chain reaction (qRT-PCR) was used to investigate the expression of three groups of genes: 1) proliferative markers (Mybl2, Bub1, Plk1, Mki67, Pcna, Ccne1, Ccnd1, and Ccnb1), 2) adhesive markers (Fn1, Vcl, Cd44, and Icam1), and 3) osteogenesis markers (Col1a1, Spp1, Runx2, Alpl, Dlx5, Ibsp, Bglap2, and Phex) as described (Lin et al., 2020; Parisi et al., 2021).
After 24 h of starvation, 2.5 × 105 cells/well were cultured in 3% FCS/DMEM or osteogenic supplements-containing 10% FCS/DMEM in the absence (control) or in the presence of each of the four collagen matrices. Proliferative or osteogenesis markers, respectively, were analyzed on day 3 post-seeding. In addition, osteogenesis marker gene expression was analyzed in cells grown for 3 days on native/uncoated matrices (control groups) or matrices coated with either EMD or rBMP-2 (test groups), according to the coating procedure described in Cell Culture and 3D Xenogenic Collagen-Based Matrices.
For analysis of adhesive marker gene expression, 6 × 105 cells/well were seeded in 10% FCS/DMEM in the absence (control) or in the presence of each of the four matrices and allowed to adhere for 10 h. After removal of the culture medium and before cell lysis, control cells and collagen matrices seeded with cells were extensively rinsed three times in phosphate-buffered solution (PBS) for complete removal of nonadherent cells.
Total RNA from cells of each experimental group was isolated using TRIzol (ThermoFisher Scientific) according to the manufacturer’s instructions. The extracted RNA was additionally purified by using the RNeasy MinElute Cleanup Kit (Qiagen, Basel, Switzerland). RNA, spectrophotometrically quantified on a NanoDrop 2000c instrument (ThermoFisher Scientific), was reverse transcribed using the Applied Biosystems™ High-Capacity cDNA Reverse Transcription Kit (ThermoFisher Scientific). Subsequently, relative transcripts for the above listed genes, normalized to the internal control Gapdh, were quantified using FastStart Universal SYBR Green Master ROX (Roche, Basel, Switzerland) and the primer sequences listed in Supplementary Tables 1–3. Quantitative PCR was carried out in a QuantStudio 3 instrument (Applied Biosystems, Rotkreuz, Switzerland) using a standard thermal cycling profile. The efficiency ∆∆Ct method was used to calculate gene expression levels normalized to Gapdh values and calibrated to values of controls. Samples were run in duplicates. Data represent means ± SD from four independent experiments performed with each of the two cell lines.
Statistical Analysis
Grouped data is represented by means ± SD. Differences between groups were assessed by one-way analysis of variance (ANOVA) with Tukey’s post-hoc test using GraphPad InStat Software (GraphPad, La Jolla, CA, United States), version 3.05. Significance was indicated using the scale, ***p < 0.001, **p < 0.01, and *p < 0.05.
RESULTS
Increased Migratory Potential of Osteoprogenitor Cell Lines Toward Four Different Collagen-Based Matrices
Migratory properties of mesenchymal stromal ST2 and pre-osteoblastic MC3T3-E1 cells toward the investigated 3D matrices were examined in vitro by using a modified Boyden chamber migration assay. Each of the four matrices caused significant (p < 0.05) induction in the migration rate of the two cell lines compared to control cells, where the migration occurred in the absence of a matrix (Figure 1). Compared to control cells, HADM caused the highest (3-fold) and most significant (p < 0.001) increase in the migration rate of the two cell lines. By effectiveness, HADM was immediately followed by CCM, which induced strongly significant (p < 0.001) cell migration by 2.4-fold in ST2 and 2.7-fold in MC3T3-E1 cells compared to the respective controls.
[image: Figure 1]FIGURE 1 | Increased migratory potential of osteoprogenitor cell lines toward four different collagen-based matrices. Migration of mesenchymal stromal ST2 (A, B) and pre-osteoblastic MC3T3-E1 (A, C) cells toward DADM, HADM, NCM, and CCM matrices was evaluated by a modified Boyden chamber migration assay utilizing ThinCert® transwell PET membrane supports with 8 μm pore size. (A) Representative images of fixed and stained cells that have migrated to the lower side of the membrane in each of the experimental groups. Scale bar, 500 μm. (B, C) Quantification of the cell migration in the absence (Ctrl) or presence of collagen-based matrices by using the Image J software measuring the area on the lower side of the membrane support covered with migrated cells. Data represent means ± SD from three independent experiments performed with each of the two cell lines. Significant differences to the respective controls unless otherwise indicated, ***p < 0.001, **p < 0.01, *p < 0.05.
Compared to DADM and NCM, the pro-migratory properties of HADM and CCM were significantly better pronounced in ST2 cells only (Figure 1B). In MC3T3-E1 cells, HADM triggered significantly higher migration compared to DADM (p < 0.05) and NCM (p < 0.01) whereas the pro-migratory effect of CCM was stronger but not significantly different than the effect caused by DADM and NCM (Figure 1C). Furthermore, a significant difference in the effects caused by CCM and HADM, in favor of the latter, was observed in ST2 (p < 0.05; Figure 1B) but not in MC3T3-E1 (Figure 1C) cells.
Strongly Induced Proliferation of Osteoprogenitor Cell Lines Grown on the Hydrated Acellular Dermal Matrix and the Ribose-Crosslinked Collagen Matrix
The proliferative rates of ST2 and MC3T3-E1 cells grown on each of the four collagen-based matrices were assessed by trypan blue dye exclusion cell counting performed in a Countess™ II instrument on days 1, 3, and 6 post-seeding. The four matrices remained compact and showed no signs of degradation during the 6-day culture period. After day 1, differences in the growth of the two cell lines on each of the matrices were detected. Both ST2 and MC3T3-E1 cells exhibited significantly higher (>1.5-fold) proliferative rates on HADM and CCM compared to control cells, with p < 0.01 between day 3 and 6 (Figure 2). In contrast, ST2 and MC3T3-E1 cells grew slightly but not significantly faster on DADM and NCM compared to the growth of control cells.
[image: Figure 2]FIGURE 2 | Strongly induced proliferation of osteoprogenitor cell lines grown on HADM and CCM collagen-based matrices. Proliferation rates of ST2 (A) and MC3T3-E1 (B) cells cultured in the absence of a matrix (Ctrl) or on each of the four (DADM, HADM, NCM, or CCM) collagen-based matrices were assessed by automated trypan blue dye exclusion cell counting. The number of viable cells in each experimental group was determined on day 1, 3, and 6. Data represent means ± SD from three independent experiments performed with each of the two cell lines. Significant differences to control cells at each individual time point, ***p < 0.001, **p < 0.01.
In addition, compared to DADM and NCM, the pro-proliferative effect of HADM appeared to be significantly better pronounced in both osteoprogenitor lines between day 3 and 6 (Figures 2A,B). In contrast, CCM did not exhibit a consistently higher effect on the proliferative rate of the two cell lines compared to DADM and NCM. ST2 and MC3T3-E1 cells grew with a significantly higher rate on CCM compared to DADM on day 3 (Figures 2A,B) but only the pre-osteoblastic MC3T3-E1 cells were faster growing on CCM compared to NCM on the same time point (Figure 2B). In the sake of a clearer visualization, symbols for significance are depicted for each collagen matrix tested compared to the control group only.
Increased Expression of Proliferative Marker Genes in Osteoprogenitor Cells Grown on the Hydrated Acellular Dermal Matrix and the Ribose-Crosslinked Collagen Matrix
To confirm the increased proliferative rates of osteoprogenitors grown on HADM and CCM matrices and to investigate further, how these two collagen-based scaffolds exhibit their effect on the growth of the ST2 and MC3T3-E1 cells, we performed a screen for the expression of genes involved in the regulation of the cell cycle progression (Whitfield et al., 2006). These are Mybl2 encoding the Myb-related protein B, Bub1 encoding a mitotic checkpoint serine/threonine-protein kinase, Plk1 encoding the polo-like kinase 1, Mki67 encoding the Ki-67 proliferative marker, Pcna encoding the proliferating cell nuclear antigen, and Ccne1, Ccnd1, and Ccnb1 encoding cyclin-E1, -D1, and -B1, respectively. The expression of the listed proliferative markers was analyzed by qRT-PCR. In agreement with the proliferation data as seen in Figure 2, on day 3, we observed a general trend of induced expression of the majority of the investigated proliferative marker genes in ST2 and MC3T3-E1 cells cultured on each of the collagen-based matrices compared to the expression levels detected in control cells (Figure 3). However, among the four investigated matrices, only HADM and CCM caused statistically significant (p < 0.05) upregulation of all proliferative markers in both osteoprogenitor cell lines, in the range of 2.0–7.5-fold, compared to control cells cultured in the absence of a matrix. In both cell lines, the Ccne1 was the only gene that appeared significantly (p < 0.05) induced in cells grown on DADM compared to control cells (Figures 3A,B).
[image: Figure 3]FIGURE 3 | Increased expression of proliferate marker genes in osteoprogenitor cells grown on HADM and CCM collagen-based matrices. ST2 (A) and MC3T3-E1 (B) cells were grown on DADM, HADM, NCM, or CCM collagen-based matrices for 3 days before total cellular RNA was extracted and analyzed for the expression of Mybl2, Bub1, Plk1, Mki67, Pcna, Ccne1, Ccnd1, and Ccnb1 proliferative marker genes by qRT-PCR. Controls (Ctrl) represent cells of each cell type grown in the absence of a collagen matrix. Values normalized to Gapdh are expressed relative to the values of control cells. Data represent means ± SD from four independent experiments performed with each of the two cell lines. Significant differences to the respective controls unless otherwise indicated, ***p < 0.001, **p < 0.01, *p < 0.05.
Interestingly, two cell type-specific differences in the effects of the investigated matrices on the proliferative marker gene expression were detected. In the ST2 cells, the HADM and CCM matrices performed significantly (p < 0.01) better than DADM and NCM matrices (Figure 3A). The only exception was seen for the Plk1 gene expression that did not significantly differ between cells cultured on HADM and NCM. Moreover, except for Ccnb1 gene, which was significantly (p < 0.05) stronger induced in ST2 cells cultured on CCM than on HADM matrix, no further differences in the effects caused by HADM and CCM were observed and the two matrices performed equally well. In contrast to ST2 cells, four out of the eight investigated proliferative marker genes were significantly (p < 0.05) stronger upregulated in MC3T3-E1 cells cultured on HADM compared to CCM (Figure 3B). These were Mybl2, Mki67, Ccnd1, and Ccnb1. In these four cases, the difference in the effect caused by CCM and HADM, in favour of the latter, was also accompanied by no significant difference in the performance between CCM and DADM or CCM and NCM (in the case of Ccnb1). Plk1 was the only gene that was significantly (p < 0.05) better expressed in MC3T3-E1 cells cultured on CCM compared to its expression in cells cultured on HADM and respectively, no difference in the effects caused by HADM and DADM were observed.
In summary, the increased expression of genes regulating the cell cycle progression in the two osteoprogenitor cell lines grown on HADM and CCM matrices supports at least in part the strong pro-proliferative effect of HADM and CCM.
Increased Expression of Adhesive Marker Genes in Osteoprogenitor Cells Grown on Four Different Collagen-Based Matrices
Cellular adhesion precedes functional differentiation of osteoprogenitors (Biggs and Dalby, 2010). Therefore, we performed a screen for the expression of several adhesive marker genes, such as Fn1, Vcl, Cd44, and Icam1, in ST2 and MC3T3-E1 cells grown on the collagen-based scaffolds. Fn1 gene encodes fibronectin, which is a ubiquitously expressed, non-collagenous extracellular matrix (ECM) protein with a major role in regulating cell adhesion and differentiation (Newby et al., 2020). Vcl encodes vinculin, which is an essential component of the focal adhesions and associated with both cell-cell and cell-matrix interactions (Bays and DeMali, 2017). Cd44 and Icam1 encode the CD44 antigen and the intercellular adhesion molecule-1, respectively. Both are cell surface glycoprotein receptors that promote not only cell-cell and cell-matrix adhesion but also the migration and retention of inflammatory cells to various tissues (Hosokawa et al., 2006; Leonardi et al., 2006; Lucarini et al., 2009).
Quantification of the expression of the above listed adhesive marker genes by means of qRT-PCR revealed a significant (p < 0.05) induction of all four mRNA levels in both ST2 (Figure 4A) and MC3T3-E1 (Figure 4B) cells grown on each of the four collagen matrices above the expression levels detected in control cells. The observed upregulation in the expression of Fn1, Vcl, Cd44, and Icam1 was comparable in both osteprogenitor lines and in the range of 2.4–9.8-fold (Figures 4A,B). Cd44 was characterized with a significantly (p < 0.01) higher expression in ST2 cells grown on CCM compared to its expression in ST2 cells grown on HADM and NCM (Figure 4A). On contrary, HADM caused a significantly (p < 0.05) higher upregulation of Icam1 expression than CCM in the ST2 cells. Isolated cases of a more potent effect of DADM compared to NCM as well as of CCM compared to DADM on the induction of Fn1 and Vcl in MC3T3-E1 cells, respectively, were also observed (Figure 4B).
[image: Figure 4]FIGURE 4 | Increased expression of adhesive marker genes in osteoprogenitor cells grown on four different collagen-based matrices. ST2 (A) and MC3T3-E1 (B) cells were cultured in the absence of a matrix (Ctrl) or on DADM, HADM, NCM, or CCM collagen-based matrices for 10 h followed by an extensive wash for complete removal of nonadherent cells. Subsequently, total cellular RNA was isolated, purified, and analyzed for the expression of Fn1, Vcl, Cd44, and Icam1 adhesive markers by qRT-PCR. Values normalized to Gapdh are expressed relative to the values of control cells. Data represent means ± SD from four independent experiments performed with each of the two cell lines. Significant differences to the respective controls unless otherwise indicated, ***p < 0.001, **p < 0.01, *p < 0.05.
Taken together, our data demonstrate a potent pro-adhesive capacity of the four collagen matrices with no clear trend for a difference in their potency.
Increased Expression of Osteogenic Differentiation Markers in Osteoprogenitor Cells Grown on the Hydrated Acellular Dermal Matrix and the Ribose-Crosslinked Collagen Matrix
As a next step, a screen for the expression of osteogenesis-related genes was performed. Therefore, ST2 and MC3T3-E1 cells grown on each of the investigated scaffolds were analyzed for the expression of 1) genes encoding bone matrix proteins such as collagen type I (Col1a1) and osteopontin (also known as secreted phosphoprotein 1, Spp1); 2) genes encoding early osteogenic markers such as the runt-related transcription factor 2 (Runx2) and alkaline phosphatase (Alpl); and 3) genes encoding intermediate and late osteogenic markers such as distal-less homeobox 5 (Dlx5), integrin-binding sialoprotein (Ibsp), osteocalcin (or bone gamma-carboxyglutamate protein 2, Bglap2), and phosphate regulating endopeptidase homolog, X-linked (Phex).
The qRT-PCR analyses showed that cells from each of the two lines grown on each of the four collagen-based scaffolds exhibited strongly induced expression of Col1a1 and Spp1 mRNAs above the expression levels detected in the respective control cells (Figure 5). The effects of DADM and HADM on the expression of Col1a and Spp1 in ST2 cells (Figure 5A) as well as on the expression of Spp1 in MC3T3-E1 cells (Figure 5B) were comparable and significantly (p < 0.05) better pronounced than the effects of NCM and CCM. Interestingly, HADM and CCM caused a strong (p < 0.01) upregulation of early, intermediate and late osteogenic differentiation markers whereas DADM and NCM had no effect on these transcripts. In isolated cases, the pro-osteogenic effects of HADM appeared superior compared to CCM. This was evident for the expression of Runx2 and Bglap2 in ST2 cells (Figure 5A) as well as for the expression of Alpl and Ibsp in MC3T3-E1 cells (Figure 5B). In contrast, the Bglap2 transcript in MC3T3-E1 cells was significantly (p < 0.01) better induced by CCM compared to HADM (Figure 5B).
[image: Figure 5]FIGURE 5 | Increased expression of osteogenic differentiation markers in osteoprogenitor cells grown on HADM and CCM collagen-based matrices. ST2 (A) and MC3T3-E1 (B) cells were cultured in the absence of a collagen matrix (Ctrl) or on DADM, HADM, NCM, or CCM collagen-based matrices for 3 days before total cellular RNA was extracted, purified, and analyzed for the expression of Col1a1, Spp1, Runx2, Alpl, Dlx5, Ibsp, Bglap2, and Phex osteogenic markers by qRT-PCR. Values normalized to Gapdh are expressed relative to the values of control cells. Data represent means ± SD from four independent experiments performed with each of the two cell lines. Significant differences to the respective controls unless otherwise indicated, ***p < 0.001, **p < 0.01, *p < 0.05.
These results suggest a stimulating effect of all investigated collagen-based scaffolds on the early stages of osteogenic differentiation, namely production of ECM that will later enable mineral deposition. Among the four investigated matrices, only HADM and CCM may be able to contribute to the osteogenesis progression by triggering the expression of osteogenic factors characterizing the advanced differentiation stages.
Enhancing Effect of Collagen-Based Matrices Biofunctionalized With Enamel Matrix Derivative or Recombinant Bone Morphogenetic Protein-2 on the Expression of Osteogenic Differentiation Markers in Osteoprogenitor Cells
In the light of a limited modulation of the osteogenic process by only two of the four investigated collagen-based matrices, we investigated whether a short, clinically relevant coating of the scaffolds with either EMD or rBMP-2 can positively influence the osteogenic process. Earlier studies identified TGF-β1 in EMD by immunoassays (Stähli et al., 2014) and had shown that TGF-β-like activity can be passively released from EMD-coated collagen products (Stähli et al., 2016). To ensure proper technical performance of the coating experiments, on day 3, we measured the amounts of TGF-β1 and BMP-2 released in culture supernatants of cells cultured on EMD- and BMP-2-coated collagen matrices, respectively, by using ELISAs. The TGF-β1 was in the range of 2,140 ± 230 pg/ml ÷ 3,168 ± 220 pg/ml, and BMP-2 was in the range of 660 ± 55 pg/ml ÷ 940 ± 42 pg/ml.
In comparison with control conditions consisting of ST2 or MC3T3-E1 cells grown on the respective native/uncoated matrices, the expression levels of Col1a1 and Spp1 were significantly (p < 0.01) upregulated in osteoprogenitors cultured on all EMD-coated collagen matrices (Figure 6A). No effect of rBMP-2 was observed on the expression of these two genes. The expression of the early osteogenic marker genes Runx2 and Alpl was significantly (p < 0.05) induced by both EMD and rBMP-2 on each of the collagen-based matrices with a trend of a better pronounced effect of rBMP-2 in both ST2 and MC3T3-E1 cells cultured on NCM or CCM as well as in MC3T3-E1 cells cultured on DADM (Figure 6B).
[image: Figure 6]FIGURE 6 | Enhancing effect of collagen-based matrices biofunctionalized with EMD or rBMP-2 on the expression of genes characterizing the early stages of osteogenic differentiation. Each of the two osteoprogenitor cell lines, ST2 and MC3T3-E1, were cultured on DADM, HADM, NCM, or CCM collagen-based matrices under three different conditions: 1) control condition (Ctrl), consisting of cells grown on native/uncoated matrices, 2) cells grown on matrices coated with EMD, and 3) cells grown on matrices coated with rBMP-2. For conditions 2) and 3), collagen matrices were coated for 10 min at room temperature in serum-free DMEM containing 1 mg/ml of EMD or 100 ng/ml of rBMP-2, respectively, followed by extensive wash of the matrices as described in the Materials and Methods section. Cells were grown under the above listed conditions for 3 days before total RNA was extracted and analyzed by qRT-PCR for the expression of Col1a1 and Spp1 (A), Runx2 and Alpl (B). Values normalized to Gapdh are expressed relative to the values of the respective control cells. Means ± SD from four independent experiments performed with each of the two cell lines and significant differences to the control unless otherwise indicated, ***p < 0.001, *p < 0.01, *p < 0.05 are shown.
In comparison with the respective uncoated matrices, all four matrices coated with either EMD or rBMP-2 were able to cause prominent upregulation of the intermediate and late osteogenic markers Dlx5, Ibsp, Bglap2, and Phex in each of the two cell lines (Figures 7A,B). The induction was in the range of 1.7–8.2-fold (p < 0.05). Interestingly, whereas on some of the scaffolds Dlx5, Ibsp, and Phex transcripts were characterized with a higher induction caused by rBMP-2 compared to EMD, the expression of Bglap2 mRNA was significantly better induced by EMD applied as a coating to HADM, NCM, and CCM. However, no clear pattern of better functionalization of the collagen matrices with one or the other bioactive substance could be identified.
[image: Figure 7]FIGURE 7 | Enhancing effect of collagen-based matrices biofunctionalized with EMD or rBMP-2 on the expression of genes characterizing intermediate and late stages of osteogenic differentiation. Each of the two osteoprogenitor cell lines, ST2 and MC3T3-E1, were cultured on DADM, HADM, NCM, or CCM collagen-based matrices under three different conditions: 1) control condition (Ctrl), consisting of cells grown on native/uncoated matrices, 2) cells grown on matrices coated with EMD, and 3) cells grown on matrices coated with rBMP-2. For conditions 2) and 3), collagen matrices were coated for 10 min at room temperature in serum-free DMEM containing 1 mg/ml of EMD or 100 ng/ml of rBMP-2, respectively, followed by extensive wash of the matrices as described in the Materials and Methods section. Cells were grown under the above listed conditions for 3 days before total RNA was extracted and analyzed by qRT-PCR for the expression of Dlx5 and Ibsp (A), Bglap2 and Phex (B). Values normalized to Gapdh are expressed relative to the values of the respective control cells. Means ± SD from four independent experiments performed with each of the two cell lines and significant differences to the control unless otherwise indicated, ***p < 0.001, *p < 0.01, *p < 0.05 are shown.
The observed changes in the osteogenic marker gene expression indicate preserved biological activity of EMD and rBMP-2 adsorbed and released from each of the investigated collagen-based matrices as well as a clear stimulatory effect of each of the two substances on the osteogenic differentiation of the two osteoprogenitor lines. Whereas BMP-2 did not influence the expression of genes encoding bone matrix proteins, the effect of EMD was ubiquitous and spread over the entire range of genes regulating the osteogenic process.
DISCUSSION
Collagen-based biomaterials are shown to have advantages over other biomaterials and are therefore used in various tissue-engineering applications (Patil and Masters, 2020). Since collagen is the most abundant protein in the human body and a major component of bone and periodontal connective tissue, it appears chemotactic for various cell types (Farndale et al., 2004; Rothamel et al., 2004; Thibault et al., 2007; Lin et al., 2020), in addition to its prominent role in coagulum formation (Farndale et al., 2004; Kumar et al., 2014; Asparuhova et al., 2021) and angiogenesis at wounded sites (Twardowski et al., 2007). Clinically, collagen-based scaffolds are mostly utilized for guided tissue regeneration and soft tissue augmentation (Pabst and Kämmerer, 2020). The aim of the current study was to investigate the biocompatibility of different collagen-based scaffolds in cultures of mesenchymal stromal and pre-osteoblastic cells as well as to evaluate their potential to induce osteogenic cell differentiation in vitro. To the best of our knowledge, only one of the four matrices, namely the glycated CCM, has been previously tested in the context of osteogenesis, more specifically for restoring lost tissue volume of a deficient ridge (Smidt et al., 2019). Therefore, the current study appears to be the only one comparing the effects of the four different scaffolds on the behavior of cells involved in hard tissue regeneration.
The osteogenic process is characterized by recruitment of osteoprogenitor cells, their attachment, growth, and differentiation into mature osteoblasts (Teti, 2011). Following the sequence of events accompanying the osteogenesis, our data have clearly demonstrated increased migratory, adhesive, proliferative, and osteogenic properties of mesenchymal stromal ST2 and pre-osteoblastic MC3T3-E1 cells grown on each of the four (for migration and adhesion) or on some (for proliferation and osteogenesis) matrices. Indeed, while all investigated 3D matrices exhibited favorable effects on the motility and attachment of the two osteoprogenitor cell lines, only the hydrated matrix of new generation, HADM and the crosslinked matrix, CCM were able to induce significant cell proliferation and to boost the expression of differentiation markers characterizing both early and late stages of the osteogenesis. However, the osteogenic potential of the other two matrices, DADM and NCM, was significantly boosted by EMD and rBMP-2 applied as a coating to the biomaterials. Taken together, the obtained results suggest an application of the 3D collagen-based matrices in guided bone regeneration (GBR). A summary of the results and suggested clinical application is depicted in Figure 8.
[image: Figure 8]FIGURE 8 | Summary of the in vitro results and suggested clinical application of the investigated 3D collagen-based matrices in guided bone regeneration (GBR). A schematic presentation of GBR with the use of autogenous bone or bone substitute material (white granules) for bone augmentation and a collagen matrix (pointed by arrows) as a barrier. The selective ingrowth of bone-forming cells into a bone defect site may be improved by the osteoinductive properties of the native HADM or CCM (A), or the EMD- or BMP-2-biofunctionalized DADM, HADM, NCM or CCM (B). The clinical application of the matrices in GBR is supported by their positive effects on the migratory, adhesive, proliferative, and differentiation properties of osteoprogenitor cells observed in vitro. The suggested application needs to be proved in future in vivo pre-clinical and clinical studies.
Interestingly, often chemically-induced crosslinking, e.g., the intra- and/or intermolecular crosslinking of collagen molecules with glutaraldehyde, has been proposed as a possible reason for a decreased biocompatibility of collagen-based materials (Marinucci et al., 2003; Adamiak and Sionkowska, 2020). In our study, the sugar-crosslinked CCM, which has been generated by a crosslinking method resembling the naturally occurring glycation process in mammalian cells, did not show any signs of reduced biocompatibility. On contrary, both the mesenchymal stromal and pre-osteoblastic cells showed increased proliferative rates on the CCM matrix that were comparable to the cell growth rates on the non-crosslinked HADM and superior compared with the natural NCM and DADM matrices. The impact of the four collagen-based matrices on the migratory, adhesive, and proliferative properties of ST2 and MC3T3-E1 cells, with a better pronounced pro-proliferative effect of HADM and CCM, resembled the impact of the matrices on the functionality of primary human periodontal ligament cells and oral fibroblasts investigated in a recently published study (Lin et al., 2020). This suggests that the difference in the potency of the four matrices to induce changes in the cellular behavior is not cell-specific but rather dependents on their physicochemical characteristics. Numerous investigations have demonstrated that the matrix composition, pore size and degree of porosity, and surface motifs involved in the cell recognition and cell-matrix interactions are in the basis of the differential behavior of cells grown on the different matrices (Stevens and George, 2005; Yeung et al., 2005; Chen et al., 2013; Rodina et al., 2016; Rodina et al., 2017). It has been shown that mesenchymal stem cells are prone to undergo osteospecific differentiation and functional bone tissue formation when cultured on topographies that increase the focal adhesion frequency and reinforcement (Biggs et al., 2009; Sjöström et al., 2009; Biggs and Dalby, 2010). Whereas fibroblasts prefer smooth or finely textured surfaces, osteoprogenitor cells attach better to rough or textured porous surfaces that would also enhance mineralization at the advanced stages of the osteoblast differentiation (Bowers et al., 1992; Rausch et al., 2021). Topographical analyses of the 3D matrices as well as investigations of the cell-matrix interactions in a direct way, by means of microscopy, have not been performed in the current investigation and deserve special attention.
Furthermore, focal adhesion reinforcement has been directly correlated with the expression of the transcription factor Runx2 as a master regulator of osteogenic marker gene expression (Salasznyk et al., 2007; Gordon et al., 2009). Upregulation of Runx2 expression has been documented in mesenchymal populations cultured on a variety of next generation biomaterials including 3D fibrous scaffolds (Woo et al., 2007), nanostructures (Mendonça et al., 2009), biofunctionalized titanium (Lim et al., 2009), and hydroxyapatite/tricalcium phosphate scaffolds (Sun et al., 2008). In our study, Runx2 as well as Alpl, Dlx5, Ibsp, Bglap2, and Phex transcripts were all significantly induced in osteoprogenitors cultured on native/non-functionalized HADM and CCM matrices only. This suggests that among the four investigated matrices, native HADM and CCM carry the greatest osteoinductive capacity. It remains to be elucidated whether native, unmodified HADM and CCM would have the ability to ossify when placed in proximity to bone in vivo. It is well known that collagen itself has a limited ability to induce apatite formation. Therefore, we investigated the possibility to use bioactive substances such as EMD, known to exhibit growth factor activities (Wyganowska-Świątkowska et al., 2015), or the highly osteogenic BMP-2 (Wozney et al., 1988) for biofunctionalization of the investigated biomaterials.
Recombinant growth factors are generally characterized with short half-lives, instability and fast degradation rates when applied in solution, side effects, and poor cost-effectiveness (Bowen-Pope et al., 1984; Anusaksathien and Giannobile, 2002; Carreira et al., 2014; Rocque et al., 2014). In a recent study, we have examined the adsorption and release of EMD and rBMP-2 from the four investigated collagen-based matrices (Nica et al., 2020). BMP-2 was characterized with relatively low release from all four matrices during the entire 13-day test period and several time points at which a burst release was observed. Based on findings demonstrating that TGF-β-like activity can be passively released from EMD-coated collagen products (Stähli et al., 2016), the EMD release kinetics was investigated by the means of TGF-β1 release and demonstrated a burst release within 24 h from HADM, DADM, NCM, and within 3 days from CCM, followed by a sustained slow release over 13 days. Both types of release kinetics were suggested as advantageous for the slow process of bone regeneration following implant placement or periodontal reconstruction. These findings prompted us to choose namely EMD and rBMP-2 as coatings in the present study.
EMD is an extract from fetal teeth composed of a mixture of enamel matrix proteins. Amelogenin proteins, including their enzymatically cleaved and alternatively spliced fragments, dominate this protein mixture by more than 90% (Grandin et al., 2012). The ability of EMD to regulate osteoblast proliferation and differentiation has been described as cell-specific and dependent on the stage of cell differentiation. More specifically, EMD has been shown to stimulate proliferation in the early stages of osteoblastic maturation and to enhance osteogenic differentiation in committed osteoblasts only (Schwartz et al., 2000). In our study, we have not detected any inverse relation between differentiation triggered by EMD-coated collagen matrices in the mesenchymal stromal ST2 and pre-osteoblastic MC3T3-E1 cells, likely due to the very close differentiation status of the two cell lines. Moreover, in agreement with earlier studies showing that EMD significantly upregulates Col1 (Du et al., 2005; Mrozik et al., 2012), Spp1 (Rincon et al., 2005), Alpl (Du et al., 2005; Fukae et al., 2006; Nagano et al., 2006), and Bglap2 (Iwata et al., 2002; Du et al., 2005) gene expression, we have demonstrated a stimulatory effect of EMD-coated matrices on the expression of the above listed genes. Indeed, various in vitro studies reported on the capacity of EMD to induce osteogenic gene expression in alveolar bone proper-derived stem cells (Fawzy El-Sayed et al., 2014) and dental follicle cells (Hakki et al., 2001) as well as to increase collagen, fibronectin, and TGF-β1 production in periodontal ligament cells (Van der Pauw et al., 2000). In addition to these in vitro studies, a number of clinical studies have reported a prominent regenerative effect of EMD in treating intrabony and furcation defects (Velasquez-Plata et al., 2002; Windisch et al., 2002; Donos et al., 2003; Sculean et al., 2003; Sculean et al., 2004; Losada et al., 2017).
BMP-2, on the other hand, belongs to the BMP subgroup of the TGF-β superfamily of proteins. The BMPs were first identified as factors able to induce ectopic bone formation in vivo (Wozney et al., 1988). Numerous studies on BMP-2 have shown that it strongly enhances the expression of osteogenic markers in cultures of bone marrow-derived stromal cells (Thies et al., 1992; Rickard et al., 1994; Asparuhova et al., 2018), myoblasts (Katagiri et al., 1994), alveolar bone proper-derived stem cells (Fawzy El-Sayed et al., 2014), and dental pulp stem cells (Hrubi et al., 2018). However, treatment of cells with BMP-2 have resulted in various outcomes and its osteogenic effects have appeared strongly dependent on the cell type, the applied dose, the treatment duration, and the local microenvironment, namely the presence of other osteoinductive molecules (Zhao et al., 2003; Hrubi et al., 2018). In this respect, it was not surprising that we observed no effect of BMP-2-coated matrices on the expression of genes encoding bone matrix proteins (Col1a1 and Spp1) but strongly induced expression of genes encoding early (Runx2 and Alpl), intermediate (Dlx5, Ibsp, and Bglap2), and late (Phex) osteogenic differentiation markers. On the one hand, the differential effects of EMD- and rBMP-2-coated matrices on the expression of Col1a1 and Spp1 transcripts can be explained by the proven TGF-β1 activity of EMD (Stähli et al., 2014; Wyganowska-Świątkowska et al., 2015; Stähli et al., 2016). TGF-β1 stimulates the synthesis of ECM proteins such as collagen, osteopontin, osteonectin, fibronectin, and integrins, and inhibits matrix degradation by stimulating the production of protease inhibitors and suppressing the production of proteases (Roberts et al., 1988). On the other hand, the observed similarities in the effects of EMD- and rBMP-2-coated matrices on the expression of the rest of osteogenic marker genes can be attributed to an existing relation between EMD and BMPs. It has been reported that 1) EMD upregulates the endogenous cellular production of BMPs (Parkar and Tonetti, 2004), and 2) EMD can be contaminated with trace amounts of active BMP-2 during the manufacturing process (Saito et al., 2008; Johnson et al., 2009).
The strategy of combining the investigated 3D collagen-based matrices with bioactive substances has the potential to enhance the bone regenerative process and to shed further light onto the underlying mechanisms of bone regeneration. In recent years, collagen-based matrices have been loaded not only with diverse bioactive substances but also with various cell types, drugs such as bisphosphonates, or vectors/nucleic acids encoding growth factors (Zhang et al., 2018). However, a composite collagen-based scaffold with ideal physicochemical and biological properties is still not available. Moreover, in vivo pre-clinical and clinical studies validating the utility of engineered composite scaffolds are largely missing. In vitro cell culture investigations carry the inherited limitation of testing biomaterials in the context of specific cell lines, which often do not fully represent the primary cells and are placed outside of their natural environment (in the case of two-dimensional culture models).
Within the limitations of the current in vitro study, it can be concluded that two of the four investigated collagen-based 3D scaffolds, namely the HADM and CCM, have the potential to be applied in GBR procedures (Figure 8A), in addition to their well-documented use as soft tissue substitute materials. With their pro-migratory, pro-adhesive, pro-proliferative, and osteogenic potential, HADM and CCM may allow osteoprogenitor cells to populate the protected space and to progress further into the differentiation process. Moreover, the presented study extends on the possibility to transfer osteoinductive properties onto the osteoconductive 3D collagen scaffolds by their short-term, clinically relevant pre-activation with EMD or rBMP-2 (Figure 8B). Such biofunctionalization may appear an optimal treatment modality for bone defects in periodontal and implant surgery.
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Additive manufacturing (AM) is the automated production of three-dimensional (3D) structures through successive layer-by-layer deposition of materials directed by computer-aided-design (CAD) software. While current clinical procedures that aim to reconstruct hard and soft tissue defects resulting from periodontal disease, congenital or acquired pathology, and maxillofacial trauma often utilize mass-produced biomaterials created for a variety of surgical indications, AM represents a paradigm shift in manufacturing at the individual patient level. Computer-aided systems employ algorithms to design customized, image-based scaffolds with high external shape complexity and spatial patterning of internal architecture guided by topology optimization. 3D bioprinting and surface modification techniques further enhance scaffold functionalization and osteogenic potential through the incorporation of viable cells, bioactive molecules, biomimetic materials and vectors for transgene expression within the layered architecture. These computational design features enable fabrication of tissue engineering constructs with highly tailored mechanical, structural, and biochemical properties for bone. This review examines key properties of scaffold design, bioresorbable bone scaffolds produced by AM processes, and clinical applications of these regenerative technologies. AM is transforming the field of personalized dental medicine and has great potential to improve regenerative outcomes in patient care.
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INTRODUCTION – REGENERATIVE MEDICINE IN DENTISTRY


Etiology of Dental and Craniomaxillofacial Bone Deformities

Hard tissue deficiencies in the maxillofacial region are the result of numerous diseases, disorder and injuries, and appropriate rehabilitative therapies are necessary to restore quality-of-life for affected individuals. The Global Burden of Diseases, Injuries, and Risk Factors Study 2017 (GBD 2017) revealed that oral disorders had the greatest age-standardized prevalence and incidence in the world (Spencer et al., 2018). Periodontal disease is a significant contributor to oral disease burden; in 2017, the reported global prevalence was 796 million and the percentage change in age-standardized rates for this high impact disease has continued to increase (Spencer et al., 2018). Periodontitis is a chronic, multifactorial inflammatory disease associated with host-microbiome dysbiosis (Papapanou et al., 2018). The disease pathogenesis involves a complex, immunoinflammatory response, modulated by individual microbial, environmental, and genetic factors (Kornman, 2008). Further, periodontal disease is strongly interrelated with overall health, as evidenced by the vast number of oral manifestations in systemic diseases (Kornman et al., 2017; Albandar et al., 2018). Consequences of periodontitis include progressive deterioration of the periodontal attachment apparatus and alveolar bone, ultimately resulting in tooth loss and oral dysfunction (Page and Kornman, 1997; Pihlstrom et al., 2005). The disease may be further characterized by continuous progression, intermittent periods of disease activity (Goodson et al., 1982), or an “asynchronous multiple burst” model (Socransky et al., 1984), to which older adults are more susceptible (Page and Kornman, 1997; Marcenes et al., 2013).

Similar to trends for periodontal disease, incidence rates for cancers of the lip and oral cavity are also increasing (Spencer et al., 2018). Squamous cell carcinoma (SCC) is the leading form of head and neck cancer and the recent surge in prevalence is primarily attributed to oncogenic types of human papillomavirus (HPV) infection (Gillison et al., 2015; Menezes et al., 2021). High level evidence implicates HPV in a quarter of oral cavity cancers and well over half of cases in the oropharynx (Abogunrin et al., 2014; Rodrigo et al., 2014). Malignant tumors involving the oral cavity are often treated by surgical resection, accompanied by other treatment modalities such as radiotherapy, chemotherapy, or immunotherapy. Remission may be attained at the expense of a substantial loss of tissue and large residual bone defects in the maxillofacial region (Muzaffar et al., 2021). Another common cause of hard tissue deficiencies include craniomaxillofacial trauma resulting from motor vehicular collisions, falls, and other accidents (Manodh et al., 2016). According to the GBD 2017, head injuries had a global prevalence and incidence of 47 and 21.6 million, respectively (Spencer et al., 2018). Ultimately, craniomaxillofacial bone defects have a wide range of etiologies including infection, periodontal disease, oral cancer, tooth extraction or tooth loss, and trauma (Bodic et al., 2005). These bone deficiencies can detrimentally affect facial esthetics and important oral functions such as mastication, speech, and nutrition, thereby significantly impairing patient quality-of-life.



Clinical Treatment of Periodontal Defects

The regeneration of periodontal defects in humans is case-sensitive due to the involvement of multiple tissue types and variability in defect morphology (Kao et al., 2015; Yu et al., 2019). For instance, a single defect in the periodontium may consist of all four of its major anatomical components: the gingiva, cementum, periodontal ligament (PDL), and alveolar bone (Smith et al., 2015). The regeneration of these tissues and their unique interfaces is necessary to restore full function as a supportive structure for the teeth (Melcher, 1976). Generally, vertical intrabony defects progress more rapidly than horizontal defects and are at an increased risk for tooth loss (Papapanou and Wennstrom, 1991). Moreover, a residual probing pocket depth (PPD) ≥ 7 mm after periodontal treatment represents risk for tooth loss at a 64.2 odds ratio compared to a PPD of ≤3 mm (Matuliene et al., 2008). In turn, tooth loss initiates anatomic remodeling processes which precede the formation of localized deficiencies in alveolar bone (Araujo et al., 2005). Considering the dramatic decrease in prognosis associated with defect progression and imminent ridge resorption after tooth loss, periodontal defects require timely intervention in order to maintain teeth and their associated bone volume.

The prognosis of regenerative periodontal therapy is dictated by the defect morphology, which primarily considers the number of remaining bone walls and the defect angle (Klein et al., 2001; Reynolds et al., 2015). 3-wall intrabony defects and class II furcations are well-contained spaces that offer the most predictable indications for periodontal regeneration. Defects with fewer bony walls or wider angles tend to be more difficult to treat and the results are often unpredictable (Klein et al., 2001; Reynolds et al., 2015). Other factors that decrease prognosis include an unfavorable vertical sub-classification of furcation involvement, root proximity and root concavities (Aichelmann-Reidy et al., 2015; Tonetti et al., 2017). Following complete debridement to reduce bacterial load and remove granulomatous tissue, periodontal regeneration can be achieved with or without biologics. In dental regenerative medicine, the most commonly used biologics are enamel matrix derivative (EMD) (Hammarstrom et al., 1997; Tsai et al., 2020) and recombinant human platelet-derived growth factor (rhPDGF-BB) (Nevins et al., 2003). rhPDGF-BB has demonstrated acceleration of clinical attachment level (CAL) gain and improved bone fill in the reconstruction of periodontal defects (Nevins et al., 2005; Nevins et al., 2013; Tavelli et al., 2021b). Recently, the second-generation platelet concentrate, platelet-rich fibrin (PRF), has attracted widespread attention for its regenerative potential in soft tissues, however, influence on bone healing and periodontal regeneration is not well established (Tsai et al., 2020). Also of note, clinical trials using fibroblast growth factor-2 (FGF2) have demonstrated promising results for the regeneration of periodontal defects (Cochran et al., 2016; Kitamura et al., 2016) and this biologic currently has approval for use in Japan.

The key elements of periodontal regeneration are cells, scaffolds, growth factors, and blood supply (Larsson et al., 2016). Improved knowledge of how these components interact to promote periodontal tissue formation (Figure 1), accompanied by the advancement of microsurgical techniques and modern biomaterials, has led to the development of minimally invasive treatment approaches with improved clinical outcomes (Cortellini and Tonetti, 2011; Cortellini, 2012; Schincaglia et al., 2015; Moreno Rodriguez et al., 2019; Aslan et al., 2020; Barbato et al., 2020). While clinical standards for regeneration are usually well-achieved, true, histologic periodontal regeneration, involving formation of new cementum, PDL, and alveolar bone, remains elusive and instead, periodontal repair is often observed (Sculean et al., 2008). Animal studies have revealed that conventional guided tissue regeneration (GTR) results in long junctional epithelium and connective tissue (Sculean et al., 2015a), rather than an anatomic, periodontal attachment apparatus. In humans, EMD application paired with the coronally advanced flap (CAF) technique promoted new bone and cementum formation in the apical region of Miller class I and II (Miller, 1985) gingival recession defects (McGuire et al., 2016). Overall, periodontal regeneration requires technical surgeries and judicious, decision-making strategies to adapt a broad range of biomaterials, either in combination or alone, to achieve desired biologic and clinical results (Tavelli et al., 2020).
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FIGURE 1. Principles and current endeavors for periodontal regeneration with tissue bioengineering. (A) Key components of periodontal regeneration with tissue engineering. Cells, growth factors, scaffold, mechanical loading, pathogen control, and ideal blood supply are the key for periodontal regeneration. (B) Examples of micropatterned scaffold, which enhances the orientation of fiber in periodontal regeneration. Left panel: SEM image of a micropatterned scaffold with grooves. Center: Viral Gene delivery (Ad-BMP-7) with chemical vapor deposition. Right: human PDL cells aligned along with the grooves of micropattern. (C) Left: prospective sources of stem cells in dental and maxillofacial region. BMSCs, bone marrow-derived mesenchymal stem cells from orofacial bone; DPSCs, dental pulp stem cells; SHED, stem cells from human exfoliated deciduous teeth; PDLSCs, periodontal ligament stem cells; DFSCs, dental follicle stem cells; TGPCs, tooth germ progenitor cells; SCAP, stem cells from the apical papilla; OESCs, oral epithelial progenitor/stem cells; GMSCs, gingiva-derived MSCs; PSCs, periosteum-derived stem cells; SGSCs, salivary gland-derived stem cells. Right: autologous PDL-derived a three-layered cell sheet with woven PGA. Adapted with permission from Egusa et al. (2012), Iwata et al. (2018), Pilipchuk et al. (2018), and Yu et al. (2019).




Clinical Approaches in the Treatment of Alveolar Ridge Deficiencies

Dental implant therapy is often the treatment of choice to replace missing teeth, offering patients high satisfaction and improved oral health-related quality-of-life following treatment (Feine et al., 2018). The suitability of an edentulous site for implant placement is contingent on a sufficient, available bone volume (Avila-Ortiz et al., 2014). With advanced computer-aided design (CAD), virtual planning of the restorative position can accurately guide preoperative assessments of the residual ridge. Alveolar ridge augmentation with hard and soft tissue is frequently required to support a functional and esthetic result. In larger defects, guided bone regeneration (GBR) using barrier membranes and bone grafts may be performed, followed by implant placement and peri-implant soft tissue phenotype modification, if indicated (Tavelli et al., 2021a). Mounting evidence supports the augmentation of the peri-implant soft tissue volume and keratinized mucosa width to promote peri-implant health and stability of the marginal bone level (Giannobile et al., 2018; Longoni et al., 2019; Tavelli et al., 2021a). Autologous grafts remain the most effective treatment for soft tissue augmentation (Zucchelli et al., 2020). However, xenografts may offer similar clinical results with improved patient-reported outcomes in terms of pain and satisfaction (McGuire et al., 2020). With regards to hard tissue augmentation, autogenous bone grafts impart osteogenic influence and are often considered as the “Gold Standard” for regeneration (Al-Moraissi et al., 2020). Their disadvantage is that large quantities of graft material necessitate a secondary surgical site, such as the mandibular ramus or symphysis, in which donor-site morbidity and limited available bone volume for harvest are important considerations (Sculean et al., 2015b). As GBR requires substantial amounts of bone graft material compared to periodontal defects, a mixture of autograft and xenograft is commonly used (Urban et al., 2011, 2013).

Alveolar ridge deficiencies are categorized by their severity and defect type, generally described as horizontal, vertical, or combined (Seibert, 1983; Allen et al., 1985; Seibert and Salama, 1996; Wang and Al-Shammari, 2002). More severe and combined defects may require multiple surgical procedures for augmentation and are difficult to regenerate. Reported survival rates of dental implants placed in resultant bone from GBR procedures is comparable to rates in native bone (Jensen and Terheyden, 2009; Clementini et al., 2012). According to a recent systematic review, weighted means of clinical vertical bone gain were 8.04 mm for distraction osteogenesis, 4.18 mm for GBR, and 3.46 mm for bone block grafts, and post-operative complication rates were 47.3, 12.1, and 23.9%, respectively (Urban et al., 2019). GBR is technique-sensitive as surgical success relies upon adequate flap release to achieve primary closure and proper membrane application to prevent ingrowth of connective tissues into the bone compartment (Eskan et al., 2017; Soldatos et al., 2017). Non-resorbable membrane exposure, which is the predominant post-operative complication, occurs at rates of 13.8% in horizontal augmentation and 18% in vertical augmentation (Jensen and Terheyden, 2009). The development of dense, polytetrafluoroethylene (PTFE) membranes has enabled ridge preservation without primary closure, facilitating comparable results to GBR using e-PTFE membranes while reducing complications (Urban et al., 2019).



Current Research Gaps

The clinical limitations, implications of invasive reconstructive surgical procedures, and prognostic uncertainty are current challenges in regenerative dental medicine. Clinical scenarios in which predictable treatments have yet to be achieved include ridge defects with severe horizontal or vertical components of alveolar bone loss, class III furcations, papilla deficiencies, and advanced peri-implant defects (McGuire and Scheyer, 2007; Reynolds et al., 2015; Monje et al., 2019). Additionally, few clinical strategies emphasize bone regeneration in the craniofacial complex. Defects in the calvaria, facial bones, and temporomandibular joint (TMJ) are often reconstructed with customized metal plates and implants with varying degrees of success. However, anatomic regeneration of functional craniomaxillofacial bone structures has yet to be achieved (Zhang and Yelick, 2018). Current regenerative biomaterials for bone commonly present issues related to early resorption or persistence, and limited capacity to reconstruct large or uncontained defects (Giannobile et al., 2019; Tao et al., 2019). Since 2000, regenerative medicine research, mainly in the field of bioengineering, has made significant progress. A broad range of research has been conducted using stem cells (Kaigler et al., 2013, 2015; Iwata et al., 2018; Xuan et al., 2018; Park J. Y. et al., 2020; Sanchez et al., 2020), gene delivery (Jin et al., 2003; Dunn et al., 2005; Chang et al., 2009, 2010; Sugano et al., 2014; Zhang Y. et al., 2015), surface modification with microstructures (Pilipchuk et al., 2016; Zhang Z. et al., 2016; Pilipchuk et al., 2018), three-dimensional (3D) bioprinting (Rasperini et al., 2015; Raveendran et al., 2019), and whole tooth regeneration (Kim et al., 2010; Oshima et al., 2011, 2017; Oshima and Tsuji, 2015). Additionally, clinical trials of microstructure-applied scaffolds (Rasperini et al., 2015; Raveendran et al., 2019) and PDL-derived cell sheets or PDL-derived mesenchymal stem cells (MSCs) have been conducted in humans (Iwata et al., 2018; Sanchez et al., 2020). The clinical regeneration of oral, dental, and craniofacial structures has advanced tremendously in recent years but there are still considerable needs for improving the customization of scaffolds to complex architectures to gain more predictable outcomes. Usage of modern scaffold fabrication techniques in coordination with biologic agents and novel cellular and molecular therapies are expected to develop the next generation of biomaterials in bone tissue engineering.




KEY PROPERTIES OF SCAFFOLD DESIGN


Biomaterial Compatibility With the Manufacturing Process

Material selection is critical in the design of scaffolds produced by additive manufacturing (AM) techniques. Suitable biomaterials must demonstrate process compatibility with the specific AM technique applied, as well as appropriate biochemical and physical characteristics to function successfully in vivo (Bourell et al., 2017). Although optimal processing parameters vary between the different forms of AM, typical features of a suitable material include buildability of the incrementally deposited layers, adequate densification after chemical or thermal treatments, and structural tolerance of other post-processing steps (Gu, 2015). Certain combinations of materials and AM processes may not facilitate adequate process accuracy, thus detrimentally affecting the consistency of a scaffold’s internal architecture, overall part quality, and reproducibility (Leong et al., 2003). Additionally, techniques involving processing steps that employ high temperatures (Han et al., 2017; Ligon et al., 2017), ultraviolet light irradiation (Bagheri and Jin, 2019), or organic solvents (Mikos and Temenoff, 2000) may preclude the simultaneous incorporation of cells and other biological factors.

AM technology enables scaffold production with a diverse array of materials, including polymers, metals, ceramics, hydrogels, and carbon-based nanomaterials (Guvendiren et al., 2016). Thermoplastic polymers are often used in extrusion-based technologies whereas ceramic, metal, or polymer powders are typically processed at higher temperatures in laser-based methods (Zhang S. et al., 2015; Yang et al., 2019). Recently, biodegradable metal alloys containing magnesium (Mg) or Zinc (Zn) are of increasing interest due to their improved corrosion resistance and biomimicry (Li et al., 2018; Wen et al., 2018; Hernández-Escobar et al., 2019). However, these materials present unique challenges such as high melting points, flammability, and generation of metallic vapors that compromise process stability (Grasso et al., 2018). Numerous synthetic polymers are practical material choices for AM fabrication of biomedical implants due to their high biocompatibility, biodegradability, bioresorption, and processability (Puppi et al., 2010). Polycaprolactone (PCL) is the most commonly used biomaterial in AM due to its excellent mechanical properties, low cost, ease of processability, and low melting point.

While polymers are excellent materials in their ability to accommodate AM processing parameters, singular material groups are limited in their capacity to mutually satisfy requirements for both AM processing and clinical utility in biomedical applications. For instance, polylactides have high tensile strength accompanied by a slow degradation rate, which may persist longer than desirable in vivo. In contrast, although polyglycolic acid (PGA) and poly lactic-co glycolic acid (PLGA) offer superior mechanical properties, they degrade quickly when used as a bioresorbable scaffold and within 2 weeks, their tensile strengthen is reduced by half (Ikada, 2006). To address this obstacle, ceramics are often combined with polymers to form composite materials with improved mechanical characteristics and biologic properties (Nyberg et al., 2017; Zhang et al., 2018).

Bone itself is a composite tissue by nature, consisting of a mineral phase predominated by nanocrystalline hydroxyapatite (HA) and an organic phase, consisting of extracellular matrix proteins, of which approximately 90% is collagen type 1 (Paschalis et al., 2003). The presence of mineralized collagen fibers affords bone both high elasticity and strength to prevent fracture during weight-bearing activities (Nair et al., 2013). In the periodontium, alveolar bone houses the dentition in fibrous joints classified as gomphoses. The tooth-bone interface is mediated by the PDL, a well-vascularized structure constituted by collagenous sheets of extracellular matrix, extending from alveolar bone and embedding into the root cementum (Naveh et al., 2013). Fibers of the PDL exhibit region-specific orientation that participate in physiologic loading, nutrient transport, and bone remodeling (Connizzo et al., 2021). Due to complex organization and composition required for function, multi-material constructs have superior capability to replicate hybrid tissue structures and promote scaffold performance (Jakus and Shah, 2017; Kim et al., 2018).



Tailored Biomechanical Properties of Materials for Use in Alveolar Bone Reconstruction

By mimicking the physiologic characteristics of native bone, material property tailoring enhances the regenerative capacity of tissue engineered constructs in the presence of biomechanical stresses (Palmer et al., 2008). This is especially relevant for dental applications as the bone that comprises the periodontium and jaws is regularly subject to extrinsic forces (Korioth et al., 1992) that result in a physiologic degree of elastic deformation (Daegling et al., 1992; Korioth and Hannam, 1994). Consequently, alveolar bone is anisotropic in nature, meaning that it demonstrates a non-linear, elastic symmetry (Giesen et al., 2001; Peterson et al., 2006). This regional and directional variation in modulus is imparted by the structural orientation of mineralized collagen fibers and aids proper stress distribution (Lettry et al., 2003; Wang and Ural, 2018). The elastic modulus of trabecular and cortical bone have been reported to be in the ranges of 3.5–125.6 MPa (Misch et al., 1999) and 6.9–16.0 GPa, respectively (Dechow et al., 2010). AM techniques can produce versatile scaffolds with mechanical properties within these physiologic ranges for craniofacial and dentoalveolar reconstruction. This has been demonstrated in degradable polymers, calcium phosphate ceramics, and composite ceramic-polymer scaffolds fabricated with both direct and indirect means of solid free-form fabrication (SFF) (Hollister et al., 2005).

The layered construction process utilized in AM is advantageous for the production of lightweight and porous constructs that can support tissue regeneration in an irregular defect. CAD files can be used to generate scaffold configurations that accurately replicate the overall defect shape and dimensions. Further, customized 3D surface topology can be generated by using standard triangle language (STL) files to topologically subtract defects from a digital scaffold design (Park et al., 2012). This promotes anatomical scaffold adaptation to the defect boundaries, minimizing dead space and micromotion (Grottkau et al., 2002). An effective scaffold should also provide sufficient rigidity to sustain matrix deposition until newly formed tissue has developed the mechanical integrity to withstand normal load bearing conditions. Resistance to deformation is largely dictated by material selection, degradation rate, internal geometry and porosity. Cell seeding can further reinforce scaffolds through enhanced extracellular matrix production while also compensating for the gradual decline in structural integrity that accompanies degradation (Spalazzi et al., 2006a). Finally, modulus matching of the scaffold material to bone is essential to prevent disadvantageous mechanoregulation of anatomic remodeling (Sandino and Lacroix, 2011), as well as other adverse sequelae, such as scaffold fragmentation and stress shielding. Stress shielding occurs when an implanted substrate has a higher modulus than the surrounding host bone, creating areas of differential strain distribution on the adjacent tissue (Orr et al., 2001) and resulting in a localized decrease in density of the surrounding bone (Spector, 1994; Van Lenthe et al., 1997).

Mechanical cues provided by scaffold materials can regulate the fate of stem and progenitor cells (Vining and Mooney, 2017). In 2D culture, mechanical properties of the extracellular matrix (ECM) such as stiffness dictate the differentiation of MSCs derived from bone marrow or adipose tissues (Engler et al., 2006). In 3D systems, Huebsch et al. (2010) showed that the elasticity of the substrate or matrix appears to direct MSCs differentiation to the cell fate that best matches the elasticity of the native physiological ECM; stiffer matrix (11–30 kPa) stimulates osteogenic differentiation while softer matrix (2.5–5 kPa) promotes adipogenic or neuronal differentiation. Furthermore, variations in matrix stiffness can regulate MSC behaviors such as cell fate and migration (Tse and Engler, 2011). MSCs may be more responsive to a gradient of stiffness established by tunable levels of crosslinking along a spatial axis in a hydrogel scaffold (Sunyer et al., 2016).

Viscoelasticity, a key property of living tissues, is another regulator of MSC behavior. Viscoelastic materials exhibit a combination of storage of elastic energy as a solid, and loss of mechanical energy as a fluid. These materials exhibit stress relaxation and hysteresis in the stress-strain relationship during loading and unloading. When a mechanical load is applied then removed, viscoelastic materials can dissipate energy (Chaudhuri et al., 2020). Chaudhuri et al. (2016) demonstrated that MSC cell fate and activity is regulated by tuning the stress relaxation of the alginate hydrogel scaffold, independently of the hydrogel’s initial elastic modulus, degradation and cell-adhesion ligand density. More specifically, MSC cell spreading, proliferation, and osteogenic differentiation, and bone matrix production are enhanced when encapsulated in hydrogels with faster stress relaxation. When implanting alginate hydrogels with tunable stress relaxation to deliver human MSCs into rodent calvaria defects, animals receiving fast-relaxing hydrogels showed significantly enhanced new bone growth, extensive matrix remodeling and hydrogel disappearance compared to the group that received slow relaxing, stiffness-matched hydrogels (Darnell et al., 2017).

Mechanistically, the effect of scaffold mechanics is mediated by adhesion-ligand binding via integrin, actin-myosin contractility and activation of mechanosensing and mechanotransduction pathways. For instance, matrix elasticity directed stem cell lineage specification is non-muscle myosin II dependent (Engler et al., 2006). In addition, when stiffness matched, stress relaxation led to increased nuclear translocation of the YAP transcription factor, a key transcription factor mediating mechanotransduction (Chaudhuri et al., 2016). In tissue engineering and regenerative medicine, synthetic matrices with defined mechanical and biophysical properties are useful to guide stem cells ex vivo prior to transplantation, and to tune stem cell behavior in vivo following transplantation in order to improve their regenerative capacity (Huebsch et al., 2015; Darnell et al., 2017; Vining and Mooney, 2017).



Architectural and Topographical Determinants of Cell-Scaffold Interactions

AM can be used to produce sophisticated scaffolds with optimized macroscale architecture, internal geometry, and topographical features that enhance the requisite cellular processes for new tissue formation (Figure 2). The precise control of scaffold design afforded by AM techniques is a valuable feature for dental and craniofacial bone applications, as defects in these regions often involve multiple tissues that require complex spatiotemporal regulation for development (Lee et al., 2016). This presents the unique challenge of guiding the differentiation and maintenance of multiple, cellular phenotypes, as well as achieving synthesis of distinct but continuous tissues in a single construct. Triphasic scaffolds consisting of stratified compartments with unique material compositions mimic the organization of native tissues and enable tri-culture of chondrocytes, fibroblasts, and osteoblasts (Spalazzi et al., 2006b). This scaffold architecture efficaciously mediates phase-specific cellular proliferation and phenotypic matrix production (Spalazzi et al., 2006a, 2008).
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FIGURE 2. Key determinants of cell-scaffold interactions. Resorbable scaffolds for the regeneration of functional dental, oral, and craniofacial tissues require tailored, biomimetic features that consider structural design, internal geometry, and surface topography to promote cell-scaffold interactions. Additive manufacturing facilitates optimization of physical properties of scaffold substrates to promote overall mechanical performance and fine tune biomechanical regulation of cell behavior. Intrinsic material properties such as degradation rate and surface chemistry are key biochemical considerations, and various exogenous agents with bioactive properties may be incorporated for scaffold functionalization to further enhance regenerative outcomes.


Modern AM techniques have driven the evolution of hybrid scaffold systems designed for the regeneration of fibrous articulations within the craniofacial complex (Vaquette et al., 2018). 3D printed wax molds have been used to indirectly fabricate polymeric scaffolds with fiber-guiding microchannels to align fibroblasts and their subsequent connective tissue formation in a novel tooth to PDL interface (Park et al., 2010). Fused deposition modeling (FDM) and electrospinning techniques have been combined to produce biphasic periodontal scaffolds with well-integrated compartments for PDL and bone (Vaquette et al., 2012; Costa et al., 2014). Electrospinning methods have also produced functionally graded scaffolds with seamless transition zones (Erisken et al., 2008) and gradients in scaffold features such as pore size (Abbasi et al., 2019; Zhou et al., 2020).

It has been well established that pore characteristics mediate important cell-scaffold interactions that dictate cell morphology, phenotype maintenance, and biosynthetic activity (Nehrer et al., 1997). The recommended pore size for bone scaffolds ranges from 300 to 800 μm (Ishaug et al., 1997; Tsuruga et al., 1997), with the optimal size depending on the selected biomaterial composition and intended regional application of the scaffold. Larger pores are thought to facilitate vascularization, oxygenation, and direct osteogenesis while smaller pores may favor osteochondral ossification (Karageorgiou and Kaplan, 2005). Although the significance of pore size within this range may be minimal (Roosa et al., 2010), it is universally acknowledged that pores less than 100 μm in size prevent cellular infiltration and result in the formation of undesirable, non-mineralized osteoid or fibrous tissue (Hulbert et al., 1970). Further, small pores <125 μm in diameter prevent differentiation of MSCs (Swanson et al., 2021). As long as the selected pore size permits adequate cell migration for tissue ingrowth and osteogenic cell phenotypes, other features affecting fluid conductance (Hui et al., 1996), such as pore interconnectivity and orientation may be of greater influence. While conventional, porogen-leached scaffolds exhibit variable microarchitecture consisting of random interconnections, indirect SFF allows for controlled introduction of porosity, pore interconnectivity, and surface topography at the microscale (Taboas et al., 2003), resulting in superior distribution and quality of mineralized tissue formation in vivo (Park et al., 2012, 2014).

With increasingly advanced AM processes, high resolution features can be incorporated into the internal microarchitecture of a scaffold. Modern image rendering technology can develop biomimetic surface topographies that positively influence osteoblast behavior and local production of osteogenic factors such as osteocalcin (OCN), vascular endothelial growth factor (VEGF), osteoprotegerin (OPG), and bone morphogenetic protein (BMP)-2 (Cheng et al., 2016). Computer-directed deposition can produce micropores with customized orientation and interconnecting channels (Lim et al., 2010; Park et al., 2017). These features improve nutrient and oxygen diffusion throughout larger defect volumes and may also play a role in cell–cell communication. Microscale features such as patterning and surface roughness further enhance cell migration, adhesion, proliferation, and osteogenic differentiation (Zhu et al., 2020). This topographical influence on cell response is derived from effects on surface energy and protein adsorption, interactions that are recapitulated on the submicron (Wang et al., 2015) and nanoscales (Khang et al., 2012). Additionally, nanotopographical features can upregulate expression of genes known to be important for osteoblast adhesion, such as intercellular adhesion molecule 1 (ICAM1), integrin αM (ITGAM), integrin α1 (ITGA1) (Dalby et al., 2007), integrin α5 (ITGA5) and integrin β1 (ITGB1) (Liu et al., 2017).



Scaffold Functionalization With Bioactive Molecules

Regenerative medicine is based upon the manipulation of known physiologic processes to create a microenvironment that simulates a desired stage of tissue development, thus inducing tissue formation and renewal. Not only must tissue dynamics be replicated at a macroscopic organ or tissue scale, but on the cellular and molecular levels as well. Scaffolds primarily serve to provide an osteoconductive matrix and benefit from the addition of growth factors that exert osteoinductive influence on cellular activity. Biologics such as recombinant human BMP-2 and BMP-7, growth differential factor-5 (GDF-5), EMD, and rhPDGF-BB, have all been well-studied for their capacities to promote osteogenic differentiation and enhance bone formation in regenerative dental medicine (Suárez-López Del Amo et al., 2015). Growth factor delivery strategies frequently take advantage of bioresorbable, polymer-based scaffolds as a carrier (Schliephake, 2010). The simplest method is scaffold immersion in a growth factor solution. However, drawbacks of physical adsorption include an initial burst release in the first 24 h followed by rapid attenuation (Caballé-Serrano et al., 2019). Post-processing, polyelectrolyte nanolayer coatings can deliver physiologically relevant quantities of active biologics with tunable release, however, this modification reduces pore area (Wei et al., 2007; Jin et al., 2008; Shah et al., 2014). Common strategies to simultaneously incorporate growth factors during the AM process include physical entrapment, which involves direct-loading of growth factor solution into structural reservoirs with a multi-head deposition system, or pre-loading, using a growth factor loaded paste as raw material in extrusion-based printing. In a study that compared these approaches, direct-loading exhibited similar issues to adsorption, in that it had diminished capability for sustained growth factor release (Huang et al., 2018).

Limitations in conventional growth factor delivery may be mitigated by the use of gene-activated scaffolds, in which a scaffold is utilized as a gene delivery device to facilitate controlled gene transduction upon implantation (Fang et al., 1996; Jin et al., 2004). Common methods of vector-based gene delivery may utilize peptides, viruses (adenovirus, baculovirus, or lentivirus), or non-viral vectors to deliver genes that induce expression of growth factors (Yan et al., 2019). Gene therapy has been further enhanced with treatments such as chemical vapor deposition (CVD) polymerization (Lahann et al., 2001), in which antibodies conjugated to adenoviral vectors for transgene expression (Hao et al., 2016) are immobilized onto a scaffold surface. This delivery mechanism allows for multi-growth factor gene expression to promote regenerative activities in target cells, as previously demonstrated with rhPDGF-BB and BMP-7 in human PDL fibroblasts (Hao et al., 2016). The same CVD-mediated, adenoviral vector treatment using adPDGF-BB and adBMP-7 was assessed in micropatterned, biphasic PLGA/PCL scaffolds implanted into alveolar bone defects in vivo (Pilipchuk et al., 2018). The results confirmed the ability to control the localization of multiple growth factors within a single scaffold construct to improve the formation and quality of regenerated periodontal tissues. Gene expression may be further altered by leveraging the epigenetic capabilities of microRNA (miRNA). MiRNA are small non-coding RNAs that regulate post-transcriptional modifications of a target messenger RNA and can inhibit translation of multiple genes by sequence-pairing homology (Larsson et al., 2015). Epigenetic functionalization of scaffolds to impart anti-inflammatory, immunomodulatory, or osteogenic influence may be achieved through incorporation of miRNA-transfected cells or direct loading of miRNA into the biomaterials (Asa’ad et al., 2020).

Finally, AM offers great capability to produce bioresorbable, scaffold-based drug delivery systems, incorporating pharmacologic agents that confer antimicrobial properties or other therapeutic effects. New bone formation occurs slowly over a period of several months and the scaffold material must persist for a relatively long duration of time. Biofilm colonization, localized tissue infection, and chronic inflammatory processes pose serious risks to the final regenerative outcome. Scaffolds produced by AM processes may address these concerns through the addition of antibiotics and corticosteroids, while enhancing the regenerative outcome. A 0.5 mg/ml concentration of doxycycline has been demonstrated to promote osteoblast differentiation in vitro (Almazin et al., 2009) and other research has identified anti-osteoclastic (Bettany et al., 2000) and anti-collagenase (Holmes et al., 2004) activity. It should be noted that pre-loading methods involving high temperatures can significantly reduce the efficacy of specific types of antibiotic compounds (Shim et al., 2015). Additionally, controlled release is essential, otherwise excessive dosages of antibiotics will confer cytotoxic effects on osteogenic cell populations (Feng et al., 2010; Park, 2011). Use of nanocoatings or nanofiber delivery mechanisms (Han et al., 2017; Li Z. et al., 2020) to convey antimicrobial properties should be further explored (Kumar et al., 2020). Scaffold modifications with anti-fouling, zwitterionic polymer coatings (Chen et al., 2019) and antimicrobial peptides (Liang et al., 2021) represent promising alternative strategies to discourage biofilm formation or microbial infections.




ADDITIVE MANUFACTURING FOR BONE TISSUE ENGINEERING


Paradigm Shift in Scaffold Production for Regenerative Medicine

AM is a layer-by-layer construction process used to create 3D constructs with CAD and computer-aided manufacturing (CAM) technology. It is often used interchangeably with SFF, which also implies the use of a fixture-less platform without part-specific tooling or human intervention, or rapid prototyping (RP), often used in contexts that describe fast fabrication of scale models or parts. AM processes first emerged in the 1980’s and have rapidly evolved to become a powerful tool for biomedical scaffold design, capturing particular interest from the research community in bone tissue engineering. Research involving bone-related applications account for approximately 20% of the existing publications in searches for articles with the terms “additive manufacturing” and “3D printing.”

AM fabrication of personalized biomedical constructs begins with the acquisition of high resolution, 3D datasets, typically with computed tomography (CT) or magnetic resonance imaging (MRI), from an individual patient. The images are then converted to a common medical file format referred to as digital imaging and communication in medicine (DICOM). The DICOM file is then imported into a software package that performs segmentation to produce serial sectional data (slices) and reconstruction of a volumetric model composed of voxels. A voxel is a single unit of volume within a 3D grid as opposed to a 2D pixel. A density threshold is then established and the signal intensity of point data is used to determine which points will be included. Surface polygons are then extracted to reconstruct a tessellated, polyhedral model, also known as a mesh which can be exported as an STL file. Surface refinement is performed with algorithms such as non-uniform rational B-spline (NURBS) functions; this can occur either before the creation of the STL-triangulated surface, known as reverse modeling or after, which is the STL-triangulated model converting approach (Sun et al., 2005). With these steps, a CAD-based solid model is available for further optimization and digital manipulation.

Dentistry is a field that has embraced AM techniques and frequently uses commercially available equipment to fabricate patient-specific constructs in everyday practice. AM is considered a technologic hallmark of the 4th industrial revolution and has resulted in a paradigm shift from design for manufacturing to manufacturing for design (Figure 3). In the next decade, AM is expected to drastically reduce the utilization of conventional manufacturing techniques and consequently transform employment dynamics in numerous industries (Pérez-Pérez et al., 2018). AM will give rise to new fields and technical occupations, as it has already done with the advent of computer-aided tissue engineering (Sun et al., 2005), and eliminate tasks that can be performed by automated processes. The future of clinical regenerative procedures will possibly involve biomedical laboratories staffed with bioengineers and computer technicians dedicated to the fabrication of personalized bone scaffolds, similar to the current scenario in which dental laboratories produce customized prosthetic components like dentures and crowns. While ongoing research has yet to produce a reliable AM protocol to create custom, bioresorbable scaffolds for bone reconstruction, this pending scientific development signifies untapped potential for unprecedented regenerative outcomes, as well as commercialization and economic growth.
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FIGURE 3. Paradigm shift in scaffold production. Additive manufacturing has introduced a departure from design for conventional manufacturing processes to additive manufacturing driven by design for the individual patient. The generalized design approach utilizes traditional product specification and engineering processes to facilitate large-scale production for distribution to a target population. Disadvantages of conventional manufacturing include limited capacity for complex designs and less customization. Additive manufacturing (AM) utilizes individual patient data processed by computer-aided design (CAD)/computer-aided manufacturing (CAM) software to perform virtual planning, design optimization, and fabrication of highly personalized scaffolds for bone regeneration. This design process begins and ends with direct patient interaction. AM has enormous potential to improve accessibility to personalized regenerative medicine in everyday clinical dentistry.




Types of Additive Manufacturing

Depending on the specific tissue and critical defect size, there are numerous options for AM regenerative scaffolds in the oral and craniofacial arena. The predominant methods for non-metallic bone scaffold production can be categorized broadly into extrusion-based, laser-assisted, or binder jetting type processes (Figure 4). The details regarding the primary compatible materials and specific advantages and disadvantages of each AM technique is summarized in Table 1. The main extrusion-based method for non-metallic scaffold production is FDM. First developed in 1988, FDM is commonly used in the oral and craniofacial regeneration research areas. Materials are extruded as a filament through an output (nozzle or syringe) that is directed by CAD files obtained via radiology or similar imaging techniques (Mota et al., 2015). FDM’s main advantages include greater mechanical strengths and simpler processes relative to other AM techniques. When considering some of the complex oral internal structures, such as the intricate geometry of the periodontal ligament, the lack of resolution needed to create detailed features via FDM is a disadvantage when compared to other AM techniques (George et al., 2017). FDM enables high production rate at a low cost, which has positive implications for FDM’s ability to be used widely in the clinical setting. Additionally, FDM may be used in conjunction with other scaffold fabrication techniques such as electrospinning; preclinical research has shown potential of this combined approach for biphasic constructs employed in vertical bone augmentation (Sudheesh Kumar et al., 2018; Vaquette et al., 2021) and regeneration of the periodontal complex and supporting alveolar bone (Vaquette et al., 2012).
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FIGURE 4. Overview of major types of additive manufacturing processes for bone tissue engineering applications. Additive manufacturing (AM) falls into three major categories: laser-based, extrusion-based, or binder jetting processes. Stereolithography apparatus (SLA) and selective laser sintering (SLS) are the predominant forms of laser-assisted techniques for production of non-metallic bone scaffolds. Fused deposition modeling (FDM) is the main extrusion-based method and binder-jetting is the last method. Melt electrospinning or bioprinting are similar, but distinct scaffold fabrication processes that may be used in conjunction with traditional methods of AM.



TABLE 1. Types of additive manufacturing processes and their general features.
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Stereolithography apparatus (SLA) and selective laser sintering (SLS) are the primary laser-assisted techniques for non-metallic bone scaffold production. First developed in 1983, SLA utilizes photochemical reactions with UV lasers to produce scaffolds out of photosensitive polymers. Because of specific material and post-processing requirements associated with toxicity concerns, SLA is not as commonly used for craniofacial regeneration. The main advantage of SLA is its capability for high accuracy and refined internal resolution relative to other AM techniques (Msallem et al., 2020). First developed and then subsequently commercialized in 1992, SLS is a powder-based technique which utilizes a laser to sinter powder spread across a rolling plate. Scaffolds developed with SLS have strong mechanical properties suitable for bone and can be designed with complex geometries (Sudarmadji et al., 2011). SLS is especially useful for fabricating porous, bioactive bone scaffolds consisting of polymer-ceramic composites, most commonly involving the combination of HA and PCL (Xia et al., 2013; Du et al., 2015).

Melt electrospinning is a distinct processing technique often used in conjunction with AM. In general, this technique allows for the introduction of micro- and nano-scale features into regenerative scaffolds. The technique is similar to FDM, with the main difference being a high-voltage power supply to extrude precise droplets with a refined resolution. Electrospun fibers and scaffolds are particularly advantageous for drug or small molecule loading because of its nanoscale morphological structure (Chew et al., 2006). Biomaterials with antimicrobial properties offer a significant advantage in the regeneration of periodontal structures affected by periodontal disease, in which oral-biofilm is a key component in the dysregulated inflammatory response. An electrospun gelatin and low molecular weight chitosan scaffold demonstrated antimicrobial efficacy against Aggregatibacter actinomycetemcomitans, a facultative anaerobe commonly implicated in periodontal infections (Budai-Szűcs et al., 2021). Further, an ibuprofen-functionalized, nanofibrous PCL scaffold improved CAL and reduced expression of inflammatory mediators COX-2 and IL-8 in seeded human oral epithelial cells and fibroblasts challenged by Porphyromonas gingivalis lipopolysaccharide, a key pathogenic factor in periodontitis (Jain and Darveau, 2010). Alternatively, solution electrospinning involves polymer solutions and solvents to solubilize the solutions into materials in the scaffold design (Xue et al., 2019). This technique is still used with improved alignment, although melt electrospinning offers more detailed control over the architecture and less toxicity concerns for craniofacial regenerative purposes.



Bioresorbable Scaffolds for Bone Reconstruction

Bioresorbable scaffolds are materials that may be degraded into moieties in vivo, undergoing subsequent elimination through natural pathways resulting in total removal of the initial material without adverse biologic effects (Vert et al., 1992). A large variety of bioresorbable materials with unique material properties and degradation rates are available for scaffold fabrication (Figure 5). The mechanism of degradation occurs either through highly specific enzymatic cleavage, as is the case for natural polymers such as collagen, or passive hydrolysis, which induces chain scission of synthetic polymers under physiologic conditions. The degradation rate is influenced by a multitude of factors including but not limited to the molecular weight, chain configuration, comonomer ratio, residual monomer content, and crystallinity, as well as annealing and sterilization procedures and incorporation of drugs or other additives (Yannas, 2015). Bioresorbable materials are advantageous in bone tissue engineering due to their ability to facilitate regeneration while eliminating the need for removal by a secondary surgical procedure. This is an essential feature for periodontal tissue regeneration, in which delicate connective tissue structures and their interfaces must be restored; removal of a non-resorbable material would traumatize the site and disrupt healing. A principal challenge in formulating bioresorbable materials is matching the degradation rate to the intrinsic pace of native tissue remodeling, while maintaining sufficient mechanical properties of the scaffold. Failure to do so poses a high risk of scaffold exposure in periodontal surgery due to inflammatory complications in the thin gingival tissues that overlay alveolar bone, however, this risk is also present in the use of non-resorbable, metallic scaffolds. Careful flap design and suturing technique must also be employed to obtain primary closure and promote normal wound healing.
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FIGURE 5. Biomaterials for bone scaffold fabrication. A variety of candidate materials are available for scaffold fabrication using additive manufacturing or bioprinting processes. Additive manufacturing typically employs polymers, to which ceramic materials may be added to form composites. Bioprinting incorporates all three elements of the tissue engineering triad: cells, scaffold (hydrogel), and growth factors. Exogenous agents are often incorporated either with pre-loading or post-processing methods.


Scaffolds for bone tissue engineering can be typically assigned to one of the following categories: natural biopolymers, synthetic polymers, ceramics, acellular tissue matrices, and composite materials composed of two or more material groups (Akter and Ibanez, 2016). Natural polymers are biologically active and can be further categorized into polypeptides or polysaccharides, which are both frequently used in 3D bioprinting techniques (covered in section “Three Dimensional Bioprinting”). Polypeptide-based materials in particular possess amino acid sequences associated with integrin-binding domains conducive to cell adhesion and growth (Filippi et al., 2020). Another notable advantage is their biodegradability, which facilitates host cell production of extracellular matrix to replace the degrading scaffold (Akter and Ibanez, 2016). Disadvantageous features of some natural materials include risk of immunogenicity, possibility for disease transmission, and relatively low mechanical strength.

Synthetic polymers are the largest group of biodegradable polymers and include poly(α-ester)s, polyurethanes, polyacetals, poly(ester amide)s, polyanhydrides, polyphosphazenes, and pseudo poly(amino acids) (Filippi et al., 2020). Their use are highly prevalent in AM techniques due to characteristic low melting points and versatile physical properties that accommodate a wide range of processing parameters. Due to their high biocompatibility, numerous synthetic polymers are FDA-approved and can be employed in a broad range of biomedical applications. The poly(α-ester) family is the most common bioresorbable material choice compatible with AM production of scaffolds for bone tissue engineering and includes PCL, PLGA, polylactic acid (PLA), and polyglycolic acid (PGA) (Burg, 2014). These polymers are also frequently combined with ceramic biomaterials, which not only enhance mechanical properties and osteoconductivity, but also confer osteoinductive and osteogenic potential due to their similar composition to the inorganic phase of bone (Ducheyne and Qiu, 1999; Chai et al., 2012). Incorporation of other bioactive compounds such as calcium-silicate, can improve polymer surface hydrophilicity (Lin et al., 2017) and provide osteostimulation (Zhai et al., 2017). Representative in vivo studies of bioresorbable polymeric and polymeric-composite scaffolds produced by AM techniques for bone regeneration are featured in Table 2.


TABLE 2. Representative in vivo studies using additive manufacturing (AM) to produce resorbable scaffolds for dental, oral, and craniofacial-related bone regeneration from 2010 to 2020.
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Cell-derived, decellularized extracellular matrix (dECM) may also be combined with synthetic polymeric scaffolds to provide appropriate molecular cues for osteogenic activity. AM-printed constructs have been coated with dECM obtained from bone cells (Wu et al., 2019) or non-bone cells such as human lung fibroblasts (Kim et al., 2018) and MSCs from nasal inferior turbinate tissue (Pati et al., 2015). dECM has also been obtained from dental pulp (Sangkert et al., 2016). Preclinical experiments have demonstrated superior ability of dECM coatings to enhance new bone formation in vivo compared to bare scaffold controls (Pati et al., 2015; Kim et al., 2018; Wu et al., 2019). Further, dECM coatings downregulate expression of pro-inflammatory cytokines tumor necrosis factor α (TNF-α) and interleukin-1 (IL-1) and improve MSC adhesion, proliferation, and osteogenic differentiation through induction of attachment protein expression in vitro (Wu et al., 2019). Application of dECM coatings to scaffolds produced by AM addresses the need for balance between biologic and mechanical properties while overcoming limitations of tissue-derived ECM which consists of decellularized tissues or organs (Zhang W. et al., 2016).



Three Dimensional Bioprinting

Bioprinting, generally defined as “the use of computer-aided transfer processes for patterning and assembly of living and non-living materials with a prescribed 2D or 3D organization to produce bioengineered structures” (Daly et al., 2021b), is a promising field in regenerative medicine, providing precise and controlled deposition of cells, hormones, drugs, and growth factors, etc. thus directing improved tissue regeneration (Aljohani et al., 2018). Among the broad range of 3D printing techniques, the most common and accessible bioprinting method is extrusion bioprinting, where the pressure-driven extrusion of a bioink from a printer head is used to print filaments following a defined design or pattern (Ozbolat and Hospodiuk, 2016). Inkjet printing falls under the umbrella of extrusion printing but involves the deposition of bioink droplets through the printhead rather than continuous filaments (Li X. et al., 2020). For extrusion-based or extrusion-related bioprinting, the bioink is a unique feature compared with cell-free 3D printing. Bioinks can generally be described as “a formulation of cells that is suitable to be processed by an automated biofabrication technology” (Groll et al., 2018), which usually has a hydrogel formulation as the main component containing cell-suspensions or cell aggregates (Daly et al., 2021b).

The selection of bioinks is one of the most critical steps in the process of bioprinting, mainly relying on two important aspects: biofabrication and biocompatibility. Biofabrication usually refers to the printability of the ink, such as the compatibility with the printer and printing resolution, which is highly related to the rheological properties of the bioink. Viscous and shear-thinning hydrogels, such as gelatin and methylcellulose (Ahlfeld et al., 2020), are often considered suitable for many bioprinting scenarios, as these materials can flow smoothly during extrusion, avoid the formation of clogging within the printhead, and stabilize after deposition. Biocompatibility involves the impact of the bioink on cell behaviors including short-term cell viability and long-term cell proliferation, migration, differentiation and organization. The cellular interactions with the bioink can be influenced by multiple factors simultaneously such as the gelation and deposition processes, as well as the biological and biophysical properties. Of note, a desired bioink might be specifically related to limited cell types and biological scenarios.

Dental, oral and craniofacial tissues are organized with complex 3D architectures involving multiple types of cells and tissues. Mimicking their 3D complexity and multicellular interactions represents one of the main barriers in dental and craniofacial regeneration (Obregon et al., 2015). 3D bioprinting holds great potential for creating 3D defect-specific constructs with multiple cell sources for use in regenerative medicine. 3D bioprinting studies applied to dental and craniofacial regeneration can be divided into three general focuses including the periodontal complex, pulp-dentin complex and craniomaxillofacial bone (Table 3). As periodontal ligament cells (PDLCs) contain stem cells that harbor the potential to generate cementum/PDL-like tissue (Seo et al., 2004), PDLCs are one of the most frequently-employed cell types for periodontal regeneration-oriented bioprinting. A previous study systematically investigated the printability of various concentrations of GelMA hydrogels and the influence of different 3DP parameters such as photoinitiator concentration, UV exposure, pressure and needle diameter on the viability of PDLCs in order to achieve high printing resolution, dimension ability and cell viability simultaneously for periodontal regeneration (Raveendran et al., 2019).


TABLE 3. Representative studies on 3D bioprinting for dental, oral, and craniofacial-related regeneration from 2016 to 2020.
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The regeneration of pulp-dentin complex or the whole tooth has attracted great attention in dentistry. It is known that dental pulp stem cells (DPSCs) can differentiate into several cell types, including odontoblasts, neural progenitors, osteoblasts, chondrocytes, and adipocytes with high proliferative capability (Casagrande et al., 2011). Therefore, various studies have combined DPSCs with modified bioinks to establish 3D-bioprinted dental constructs. In previous research, a dentin matrix was isolated and combined with alginate to fabricate hydrogel blends as the bioink (Athirasala et al., 2018). The printability of the bioinks was greater in the formulations containing higher concentrations of alginate, whereas a higher proportion of dentin matrix proteins significantly improved cell viability and a 1:1 ratio of alginate and dentin was determined to be most suitable. Further, addition of acid-soluble dentin molecules into hydrogels enhanced odontogenic differentiation. Besides naturally derived molecules, synthetic biomolecules such as BMP-mimetic peptide have been incorporated into bioink as well. Park J. H. et al. (2020) developed a novel BMP peptide-tethering bioink formulation and found 50% of the peptides remained in the bioprinted construct after 3 weeks in an in vitro cell culture. The BMP peptide construct group exhibited the highest calcification as compared to the growth medium, osteogenic medium, and control groups with robust expression of osteogenic genes. In addition to pulp-dentin complex, the feasibility of whole tooth bioprinting has been studied by co-printing the hDPSCs-laden bioinks with PCL. The results not only achieved localized differentiation of hDPSCs in the outer region of the 3D cellular construct but also successfully produced 3D patient-specific cellular constructs for tooth tissue engineering in a predefined pattern (Han et al., 2019).

Engineering craniomaxillofacial bone tissue is a unique challenge due to the complex architecture of bone, consisting of organized calcified regions with interpenetrated vasculature (Salgado et al., 2004). In order to support osteogenesis, stem cells with osteogenic potential such as bone marrow-derived MSCs or DPSCs were frequently used. Moreover, various bioactive components have been incorporated into bioinks to enhance the osteogenic ability including amorphous magnesium phosphate (Dubey et al., 2020), bioactive glass (Ojansivu et al., 2019) and silicate nanoplatelets (Byambaa et al., 2017). To further promote vascularization, human umbilical vein endothelial cells (HUVECs) have been encapsulated into GelMA hydrogel bioinks to engineer vasculogenic niches. Moreover, to promote vascular spreading, chemically conjugated VEGF were introduced in the surrounding bone niches (Byambaa et al., 2017).

Although extrusion bioprinting is a common and accessible bioprinting technology compatible with a large variety of bioinks, other bioprinting technologies have been developed to overcome the main limitations of extrusion-based printing including lithography bioprinting and spheroid bioprinting (Daly et al., 2021b). Lithography bioprinting technology can create physical features at the scale of 10–100 μm, which is a significant advantage over extrusion bioprinting in which the minimum resolution is ∼100 μm (Bertlein et al., 2017; Lim et al., 2018). Spheroid bioprinting, which processes self-organized tissues (often cell spheroids) into 3D constructs to scale and direct self-organization, can mimic tissue-like features and achieve high cell densities to promote cell–cell contacts (Skylar-Scott et al., 2019; Daly et al., 2021a). There are numerous interesting and promising applications of lithography and spheroid bioprinting techniques to fabricate complicated in vitro systems that would otherwise be challenging for extrusion-based processes to realize, including a liver lobule model (Ma et al., 2016), alveolar lung model (Grigoryan et al., 2019), and other organ and tissue models (Grigoryan et al., 2019; Daly et al., 2021a). Until now, dental, oral, and craniofacial applications using these novel bioprinting technologies for repair and regeneration have been scarce.




CLINICAL APPLICATIONS FOR DENTAL REGENERATIVE MEDICINE


Personalized Reconstruction With Image-Based Scaffolds

The numerous bones of the craniofacial skeleton exhibit variable anatomical forms and exist in intimate relation to one another, as well as to abundant nerves and vessels. As such, bony reconstruction within this region often entails labor-intensive, multi-step operations with limited surgical access to morphologically complex defects. In the early stage of AM, stereolithographic models were introduced as an adjunct to standard diagnostic imaging and casts. These 3D models improved surgeon visualization of bony defects and their spatial relationship to adjacent structures, thus enhancing accuracy in preoperative evaluation, diagnosis, and treatment planning (D’Urso et al., 1999). With significant advancements in high resolution medical imaging and CAD-CAM software, AM processes are now employed to fabricate personalized constructs for a vast range of applications in all phases of craniomaxillofacial surgery (Levine et al., 2012; Yu et al., 2019).

In a recent systematic review of customized objects used in 3D printing-assisted craniofacial and maxillofacial operations, four major categories of personalized constructs were identified: (1) contour models; (2) guides; (3) splints; and (4) implants (Jacobs and Lin, 2017). Contour models facilitate accurate prebending of reconstruction meshes or plates, eliminating the need for extensive intraoperative manipulation and significantly reducing operating time (Sumida et al., 2015; von Wilmowsky et al., 2020). Guides utilize negative space relative to patient anatomy to provide intraoperative reference for precise osteotomy preparation and controlled positioning of dental (Ersoy et al., 2008) and zygomatic (Wang et al., 2020) implants. Splints are similar to guides; however, they are fabricated to align structures in virtually planned, postoperative positions. Finally, implants are medical devices surgically placed patient tissues. Customized CAD-CAM devices have been employed for human clinical use in the reconstruction of structures such as the temporomandibular joint (Ackland et al., 2018), maxilla and mandible (Lethaus et al., 2012; Ma et al., 2017; Chiapasco et al., 2021), paranasal sinuses, nasal bone (Horn et al., 2012), orbit (Bachelet et al., 2018), and cranial vault (Jardini et al., 2014; Park et al., 2016; Unterhofer et al., 2017). Use of components produced by AM can also minimize discrepancies between planned and actual surgical outcomes. For example, in a case series documenting nine patients undergoing orthognathic surgery or distraction osteogenesis procedures, the use of custom templates and reconstruction microplates enabled accurate repositioning of the maxillary segment within 1 mm of the digitally planned centroid position and 1° orientation in all linear and axial directions, respectively (He et al., 2015).

Additive manufacturing is now widely employed in dentistry for a variety of purposes, including fabrication of dentures, occlusal splints, temporary crowns and bridges, orthodontic appliances, and surgical guides. More recently, customized, non-resorbable titanium metal cages intended for extraosseous alveolar ridge augmentation have become available to clinicians as well. Despite prolific use of commercially available AM equipment to create custom dental devices in every day clinical practice, attempts to utilize bioresorbable bone scaffolds produced by this technology have only recently begun in academic, clinical settings. In 2015, the first dental use of a personalized, bioresorbable scaffold produced with AM in humans was reported. A PCL scaffold fabricated by selective laser sintering was loaded with rhPDGF-BB solution and implanted into a periosseous defect in the periodontium localized to a mandibular canine site (Rasperini et al., 2015). The design incorporated novel, cylindrical-shaped, PDL fiber-guiding architecture previously reported in a rodent model (Park et al., 2012). At 1 year, a modest 3 mm gain in clinical attachment and partial root coverage was achieved but graft exposure culminated in scaffold failure (Rasperini et al., 2015). This complication also occurred in a case series assessing the use of prefabricated, FDM-printed, PCL scaffolds for alveolar ridge preservation (Goh et al., 2015). The scaffolds remained largely intact within the healing extraction sockets for 6 months and 2/13 patients experienced manageable graft exposure, highlighting the challenges posed by the slow resorption rate of PCL.

Customized, bioresorbable bone scaffolds created by AM processes have been tested more extensively in the fields of maxillofacial and craniofacial surgery. In 2016, a clinical case series described 20 patients who received artificial bone constructed with 3D inkjet printing to graft non-weight bearing, maxillofacial bone deformities in 23 sites (Saijo et al., 2009; Kanno et al., 2016). These scaffolds were fabricated in 0.1 mm layers by spraying hardening liquid composed of 5% sodium chondroitin sulfate, 12% disodium succinate, and 83% distilled water onto an α-TCP powder. At 1 year, 18 of 21 remaining grafted sites demonstrated CT values indicative of satisfactory bone union. Bacterial infection necessitated removal in 4 sites within a period of 1 – 5 years postoperatively. Failures tended to occur in grafts spanning larger missing bone volume or in one case, a patient that was a carrier of MRSA. With the longest follow-up period occurring just over 7 years, none of the artificial bones demonstrated complete replacement and only partial new bone formation was observed within the scaffold. Despite the limited success observed in these initial translational studies, these efforts represent the emergence of image-based, bioresorbable scaffold technology in the clinical arenas of dental and craniomaxillofacial surgery.



Clinical Impact

Bone grafting is a routine procedure in clinical dentistry and may occur in approximately half of all dental implant sites (Cha et al., 2016). Augmentation of the alveolar ridge through procedures such as guided bone regeneration and maxillary sinus lifts, are often necessary to create adequate bone volume prior to implant placement. Due to a high frequency of bone grafting procedures in the healthcare field overall and a limited pool of musculoskeletal tissue donors, increased use of bone graft substitutes relative to autogenous grafts is a precipitating trend (Kinaci et al., 2014). This is reflected in the global market for dental bone graft substitutes, which had an estimated value of $450 million in 2020 and is projected to reach $659 million by 2025 (Markets and Markets, 2020). In the future, AM may yield a new generation of bone graft substitutes that achieve improved regenerative outcomes by uniting the versatility of CAD-CAM technology with modern tissue engineering principles and a personalized medicine treatment approach.

Contemporary biomedical research is steadily approaching a reliable AM strategy to create bioresorbable bone scaffolds for clinical use and the implications for patient care are enormous. Recently, a workflow for AM fabrication of porous, bioresorbable scaffolds consisting of medical grade PCL for the reconstruction of large, posterior mandibular defects was demonstrated (Bartnikowski et al., 2020). The resultant porosity (83.91%) and mean pore size (590 ± 243 μm) were within suitable ranges for bone regeneration and the mean discrepancy between the template implant model and the scanned scaffold was found to be 74 ± 14 μm, representing a level of accuracy adequate for clinical application. Pending further preclinical validation and clinical trials, rapid in-house fabrication and deployment of personalized bone scaffolds with accurate replication of individual patient anatomy could revolutionize trauma care in the fields of maxillofacial and craniofacial surgery. Esthetics, form, and function could also be restored in patients that have undergone massive tumor resection in craniofacial structures. In implant dentistry, substantial augmentation or reconstruction of the alveolar ridge could be accomplished with personalized constructs rather than adapting universal materials to anatomically diverse defects. Invasive procedures, such as autogenous harvesting of large, block grafts from secondary surgical sites or the placement of zygomatic implants, which are reserved for severely atrophic maxillae, may also be avoided. Finally, AM offers new strategies to employ scaffolds as carriers for exogenous agents that not only enhance regeneration but offer therapeutic benefit to the patient as well. This may be especially valuable for modulation of the destructive, biochemical mechanisms inherent to tissues affected by chronic inflammation, such as in periodontal disease.




FUTURE DIRECTIONS


Challenges in Additive Manufacturing

AM holds tremendous promise for the advancement of regenerative medicine; however, this impressive technology must overcome several obstacles before it can be extensively introduced to clinical settings for the purpose of fabricating personalized bone tissue scaffolds. First, AM has historically been limited by relatively low production speed. In 2017, the average build time to create a personalized object constructed by AM techniques in the field of craniomaxillofacial surgery is approximately 18.9 h but can be as high as 96 h per object (Jacobs and Lin, 2017). Practical utilization requires faster manufacturing processes that maintain adequate print resolution, surface quality, and mechanical integrity, especially to hold relevance for applications in urgent care. Use of modern multi-extrusion printing systems is swiftly rising in tissue engineering for bone and periodontal structures due to its one-step printing approach, improved speeds, and ability to use versatile material formulations (Porta et al., 2020). Second, variations in part quality can occur due to errors introduced during the digital manipulation of virtual models or during the physical construction process. Third, decentralization of bioresorbable scaffold fabrication from commercial biomaterial manufacturing facilities to local centers of production may complicate safety assessments and reporting of adverse events. Last, the use of customized scaffolds with innumerable variations in composition and design may present significant challenges for standardized regulation in the clinical dental practice setting. Development and oversight of appropriate guidelines for post-manufacturing quality assurance and sterilization would be required. In the case of implantable scaffolds, sterilization is especially critical to prevent infection. Scaffolds constructed with certain polymeric materials may not be able to withstand the high temperatures necessary for autoclave sterilization and would require alternative sterilization methods.

Despite these potential limitations, the technologic infrastructure necessary to produce bioresorbable scaffolds for bone regeneration by AM is available for implementation. Successful translation to clinical use now relies upon the ability to manipulate biomaterials and precisely coordinate their architectural and biochemical features with known physiologic mechanisms of tissue formation. This process is further complicated by the addition of exogenous agents, such as viable cells, growth factors, gene vectors, drugs, and other bioactive components, which must be present in appropriate quantities to simulate a suitable microenvironment for regeneration. Simultaneous incorporation of viable cells during scaffold fabrication remains a preeminent challenge. Ensuring cell survival during the AM process and preserving their phenotype and morphology post-processing will require continued development of cell-deposition techniques and cell-carrier systems. Improved control of cellular responses will benefit from the progressive advancement of scaffold-based gene therapy techniques. Finally, innovation in the use of hydrogel bioinks and 3D bioprinting processes will further refine spatiotemporal regulation of biomolecular signaling and progress efforts to regenerate bone tissue with bioresorbable, biomimetic scaffolds in vivo.



Emerging Additive Manufacturing Research With Potential for Dentistry

A successful, alloplastic bone substitute biomaterial fabricated by AM is a treatment concept just on the horizon of realistic clinical practice and there are many exciting implications for the future. AM has given rise to a new manufacturing concept termed four-dimensional (4D) printing, in which time is the fourth dimension of the printed construct (Saska et al., 2021). 4D printing aims to create scaffolds fabricated with advanced or “smart” materials that react to external stimuli such as pH, humidity, light, and temperature, allowing dynamic responses to in vivo conditions (Valvez et al., 2021). Potential applications of these sensitive materials include utilizing environmental stimuli to induce appropriate release patterns of angiogenic and osteogenic factors during wound healing and tissue formation processes, thus enhancing regenerative capability. Even further, shape-morphing (Gladman et al., 2016) and shape-memory materials (Zhou and Sheiko, 2016; Liu et al., 2020) are setting the stage for scaffold materials capable of controlled self-assembly or even self-repair (Zhang et al., 2019), which may offer pivotal advantages for the regeneration of weight-bearing structures, such as the jaws or temporomandibular joint. Lastly, in situ bioprinting, which entails real-time scaffold fabrication directly within the defect (O’Connell et al., 2016; Di Bella et al., 2018), is an interesting development of AM technology with clinical potential for bone regeneration (Keriquel et al., 2010; Keriquel et al., 2017), especially in defect sites with complex morphologies, significant undercuts, or limited surgical access; examples of potential applications include bone grafting of the maxillary sinuses, intrabony defects, and peri-implant defects.




CONCLUSION

The treatment of dental, oral, and craniofacial bone defects is currently restricted by available biomaterials, which have limited capacity to facilitate true regeneration of new tissues that exhibit native physiologic form, function and esthetics. Further research efforts are needed to optimize AM for the production of bioresorbable scaffolds that yield safe, predictable, and efficacious clinical outcomes in the reconstruction of bony defects. More preclinical studies are needed to improve the material properties and clinical performance of polymer-ceramic composite scaffolds for bone reconstruction and to refine understanding of the architectural features that promote formation of an anatomic periodontal ligament compartment. Additionally, tremendous opportunity exists to functionalize scaffolds for therapeutic purposes, especially with regards to gene therapy. As the understanding of multifaceted biomaterial interactions and tissue dynamics improves within the scientific community, AM offers a promising future in which a superior generation of sustainable regenerative biomaterials will become accessible for everyday clinical use. Commercialization of custom scaffold technology will dramatically accelerate the trend toward increased usage of synthetic bone substitutes and expand their existing market share within the multibillion dollar industry for biomaterials. Successful adaptation of AM technology for bone tissue engineering will expose a new realm of regenerative possibilities within dental medicine, thus expanding treatment options for patients and significantly improving their oral health related quality-of-life. Eventually, personalized bone constructs for dental regenerative medicine will evolve from state-of-the-art technology to a new standard in patient care.



AUTHOR CONTRIBUTIONS

WG and JL contributed to conception and design. JL led the writing of the manuscript. SM, YY, DW, and MC wrote sections of the manuscript. All authors contributed to manuscript revision. All authors read and approved the submitted version.



FUNDING

This work was supported by U24 DE026915 and U24 DE029462 from the NIDCR (WG) and the Osteology Foundation (SM).



ACKNOWLEDGMENTS

The authors thank James Sugai for critically reviewing the manuscript. All figures were made in BioRender (biorender.com).



REFERENCES

Abbasi, N., Abdal-Hay, A., Hamlet, S., Graham, E., and Ivanovski, S. (2019). Effects of gradient and offset architectures on the mechanical and biological properties of 3-D Melt Electrowritten (MEW) scaffolds. ACS Biomater. Sci. Eng. 5, 3448–3461. doi: 10.1021/acsbiomaterials.8b01456

Abogunrin, S., Di Tanna, G. L., Keeping, S., Carroll, S., and Iheanacho, I. (2014). Prevalence of human papillomavirus in head and neck cancers in European populations: a meta-analysis. BMC Cancer 14:968.

Ackland, D., Robinson, D., Lee, P., and Dimitroulis, G. (2018). Design and clinical outcome of a novel 3D-printed prosthetic joint replacement for the human temporomandibular joint. Clin. Biomech. 56, 52–60. doi: 10.1016/j.clinbiomech.2018.05.006

Ahlfeld, T., Guduric, V., Duin, S., Akkineni, A., Schütz, K., Kilian, D., et al. (2020). Methylcellulose–a versatile printing material that enables biofabrication of tissue equivalents with high shape fidelity. Biomater. Sci. 8, 2102–2110. doi: 10.1039/d0bm00027b

Aichelmann-Reidy, M. E., Avila-Ortiz, G., Klokkevold, P. R., Murphy, K. G., Rosen, P. S., Schallhorn, R. G., et al. (2015). Periodontal regeneration - furcation defects: practical applications from the AAP regeneration workshop. Clin. Adv. Periodontics 5, 30–39. doi: 10.1902/cap.2015.140068

Akter, F., and Ibanez, J. (2016). Chapter 8 - bone and cartilage tissue engineering. Tissue Eng. Made Easy 2016, 77–97. doi: 10.1016/b978-0-12-805361-4.00008-4

Albandar, J. M., Susin, C., and Hughes, F. J. (2018). Manifestations of systemic diseases and conditions that affect the periodontal attachment apparatus: case definitions and diagnostic considerations. J. Periodontol. 89(Suppl. 1), S183–S203.

Aljohani, W., Ullah, M. W., Zhang, X., and Yang, G. (2018). Bioprinting and its applications in tissue engineering and regenerative medicine. Int. J. Biol. Macromol. 107, 261–275.

Allen, E. P., Gainza, C. S., Farthing, G. G., and Newbold, D. A. (1985). Improved technique for localized ridge augmentation. a report of 21 cases. J. Periodontol. 56, 195–199. doi: 10.1902/jop.1985.56.4.195

Almazin, S. M., Dziak, R., Andreana, S., and Ciancio, S. G. (2009). The effect of doxycycline hyclate, chlorhexidine gluconate, and minocycline hydrochloride on osteoblastic proliferation and differentiation in vitro. J. Periodontol. 80, 999–1005. doi: 10.1902/jop.2009.080574

Al-Moraissi, E. A., Alkhutari, A. S., Abotaleb, B., Altairi, N. H., and Del Fabbro, M. (2020). Do osteoconductive bone substitutes result in similar bone regeneration for maxillary sinus augmentation when compared to osteogenic and osteoinductive bone grafts? a systematic review and frequentist network meta-analysis. Int. J. Oral. Maxillofac. Surg. 49, 107–120. doi: 10.1016/j.ijom.2019.05.004

Araujo, M. G., Sukekava, F., Wennstrom, J. L., and Lindhe, J. (2005). Ridge alterations following implant placement in fresh extraction sockets: an experimental study in the dog. J. Clin. Periodontol. 32, 645–652. doi: 10.1111/j.1600-051x.2005.00726.x

Asa’ad, F., Pelanyte, G., Philip, J., Dahlin, C., and Larsson, L. (2020). The role of epigenetic functionalization of implants and biomaterials in osseointegration and bone regeneration-a review. Molecules 25:5879. doi: 10.3390/molecules25245879

Aslan, S., Buduneli, N., and Cortellini, P. (2020). Clinical outcomes of the entire papilla preservation technique with and without biomaterials in the treatment of isolated intrabony defects: a randomized controlled clinical trial. J. Clin. Periodontol. 47, 470–478. doi: 10.1111/jcpe.13255

Athirasala, A., Tahayeri, A., Thrivikraman, G., França, C. M., Monteiro, N., Tran, V., et al. (2018). A dentin-derived hydrogel bioink for 3D bioprinting of cell laden scaffolds for regenerative dentistry. Biofabrication 10:024101. doi: 10.1088/1758-5090/aa9b4e

Avila-Ortiz, G., Elangovan, S., Kramer, K. W., Blanchette, D., and Dawson, D. V. (2014). Effect of alveolar ridge preservation after tooth extraction: a systematic review and meta-analysis. J. Dent. Res. 93, 950–958. doi: 10.1177/0022034514541127

Bachelet, J. T., Cordier, G., Porcheray, M., Bourlet, J., Gleizal, A., and Foletti, J. M. (2018). Orbital reconstruction by patient-specific implant printed in porous titanium: a retrospective case series of 12 patients. J. Oral Maxillofac. Surg. 76, 2161–2167. doi: 10.1016/j.joms.2018.04.006

Bagheri, A., and Jin, J. (2019). Photopolymerization in 3D Printing. ACS Appl. Polym. Mater. 1, 593–611. doi: 10.1021/acsapm.8b00165

Barbato, L., Selvaggi, F., Kalemaj, Z., Buti, J., Bendinelli, E., Marca, M., et al. (2020). Clinical efficacy of minimally invasive surgical (MIS) and non-surgical (MINST) treatments of periodontal intra-bony defect. A systematic review and network meta-analysis of RCT’s. Clin. Oral Investig. 24, 1125–1135. doi: 10.1007/s00784-020-03229-0

Bartnikowski, M., Vaquette, C., and Ivanovski, S. (2020). Workflow for highly porous resorbable custom 3D printed scaffolds using medical grade polymer for large volume alveolar bone regeneration. Clin. Oral Implants Res. 31, 431–441. doi: 10.1111/clr.13579

Bertlein, S., Brown, G., Lim, K. S., Jungst, T., Boeck, T., Blunk, T., et al. (2017). Thiol–ene clickable gelatin: a platform bioink for multiple 3D biofabrication technologies. Adv. Mater. 29:1703404. doi: 10.1002/adma.201703404

Bettany, J. T., Peet, N. M., Wolowacz, R. G., Skerry, T. M., and Grabowski, P. S. (2000). Tetracyclines induce apoptosis in osteoclasts. Bone 27, 75–80. doi: 10.1016/s8756-3282(00)00297-0

Bodic, F., Hamel, L., Lerouxel, E., Baslé, M. F., and Chappard, D. (2005). Bone loss and teeth. Joint Bone Spine 72, 215–221. doi: 10.1016/j.jbspin.2004.03.007

Bourell, D., Kruth, J., Leu, M., Levy, G., Rosen, D., Beese, A., et al. (2017). Materials for additive manufacturing. CIRP Ann. 66, 659–681.

Budai-Szűcs, M., Ruggeri, M., Faccendini, A., Léber, A., Rossi, S., Varga, G., et al. (2021). Electrospun scaffolds in periodontal wound healing. Polymers 13:307. doi: 10.3390/polym13020307

Burg, K. (2014). “Poly(α-ester)s,” in Natural and Synthetic Biomedical Polymers, ed. S. G. Kum (London: Newnes).

Byambaa, B., Annabi, N., Yue, K., Trujillo-de Santiago, G., Alvarez, M. M., Jia, W., et al. (2017). Bioprinted osteogenic and vasculogenic patterns for engineering 3D bone tissue. Adv. Healthc. Mater. 6:1700015. doi: 10.1002/adhm.201700015

Caballé-Serrano, J., Abdeslam-Mohamed, Y., Munar-Frau, A., Fujioka-Kobayashi, M., Hernández-Alfaro, F., and Miron, R. (2019). Adsorption and release kinetics of growth factors on barrier membranes for guided tissue/bone regeneration: a systematic review. Arch. Oral Biol. 100, 57–68. doi: 10.1016/j.archoralbio.2019.02.006

Casagrande, L., Cordeiro, M. M., Nör, S. A., and Nör, J. E. (2011). Dental pulp stem cells in regenerative dentistry. Odontology 99, 1–7. doi: 10.1007/978-3-319-55645-1_1

Cha, H. S., Kim, J. W., Hwang, J. H., and Ahn, K. M. (2016). Frequency of bone graft in implant surgery. Maxillofac. Plast. Reconstr. Surg. 38:19. doi: 10.1007/978-1-4471-1934-0_4

Chai, Y. C., Carlier, A., Bolander, J., Roberts, S. J., Geris, L., Schrooten, J., et al. (2012). Current views on calcium phosphate osteogenicity and the translation into effective bone regeneration strategies. Acta Biomater. 8, 3876–3887. doi: 10.1016/j.actbio.2012.07.002

Chang, P. C., Cirelli, J. A., Jin, Q., Seol, Y. J., Sugai, J. V., D’Silva, N. J., et al. (2009). Adenovirus encoding human platelet-derived growth factor-B delivered to alveolar bone defects exhibits safety and biodistribution profiles favorable for clinical use. Hum. Gene Ther. 20, 486–496. doi: 10.1089/hum.2008.114

Chang, P. C., Seol, Y. J., Cirelli, J. A., Pellegrini, G., Jin, Q., Franco, L. M., et al. (2010). PDGF-B gene therapy accelerates bone engineering and oral implant osseointegration. Gene Ther. 17, 95–104. doi: 10.1038/gt.2009.117

Chaudhuri, O., Cooper-White, J., Janmey, P. A., Mooney, D. J., and Shenoy, V. B. (2020). Effects of extracellular matrix viscoelasticity on cellular behaviour. Nature 584, 535–546. doi: 10.1038/s41586-020-2612-2

Chaudhuri, O., Gu, L., Klumpers, D., Darnell, M., Bencherif, S. A., Weaver, J. C., et al. (2016). Hydrogels with tunable stress relaxation regulate stem cell fate and activity. Nat. Mater. 15, 326–334. doi: 10.1038/nmat4489

Chen, X., Lin, Z., Feng, Y., Tan, H., Xu, X., Luo, J., et al. (2019). Zwitterionic PMCP-Modified polycaprolactone surface for tissue engineering: antifouling, cell adhesion promotion, and osteogenic differentiation properties. Small 15:e1903784. doi: 10.1002/smll.201903784

Cheng, A., Humayun, A., Boyan, B. D., and Schwartz, Z. (2016). Enhanced osteoblast response to porosity and resolution of additively manufactured Ti-6Al-4V constructs with trabeculae-inspired porosity. 3D Print. Addit. Manuf. 3, 10–21. doi: 10.1089/3dp.2015.0038

Chew, S. Y., Wen, Y., Dzenis, Y., and Leong, K. W. (2006). The role of electrospinning in the emerging field of nanomedicine. Curr. Pharm. Des. 12, 4751–4770. doi: 10.2174/138161206779026326

Chiapasco, M., Casentini, P., Tommasato, G., Dellavia, C., and Del Fabbro, M. (2021). Customized CAD/CAM Titanium meshes for the guided bone regeneration of severe alveolar ridge defects: preliminary results of a retrospective clinical study in humans. Clin. Oral Implants Res. 32, 498–510. doi: 10.1111/clr.13720

Clementini, M., Morlupi, A., Canullo, L., Agrestini, C., and Barlattani, A. (2012). Success rate of dental implants inserted in horizontal and vertical guided bone regenerated areas: a systematic review. Int. J. Oral Maxillofac. Surg. 41, 847–852. doi: 10.1016/j.ijom.2012.03.016

Cochran, D. L., Oh, T. J., Mills, M. P., Clem, D. S., McClain, P. K., Schallhorn, R. A., et al. (2016). A randomized clinical trial evaluating rh-FGF-2/beta-TCP in periodontal defects. J. Dent. Res. 95, 523–530. doi: 10.1177/0022034516632497

Connizzo, B. K., Sun, L., Lacin, N., Gendelman, A., Solomonov, I., Sagi, I., et al. (2021). Nonuniformity in periodontal ligament: mechanics and matrix composition. J. Dent. Res. 100, 179–186. doi: 10.1177/0022034520962455

Cortellini, P. (2012). Minimally invasive surgical techniques in periodontal regeneration. J. Evid. Based Dent. Pract. 12, 89–100. doi: 10.1016/s1532-3382(12)70021-0

Cortellini, P., and Tonetti, M. S. (2011). Clinical and radiographic outcomes of the modified minimally invasive surgical technique with and without regenerative materials: a randomized-controlled trial in intra-bony defects. J. Clin. Periodontol. 38, 365–373. doi: 10.1111/j.1600-051x.2011.01705.x

Costa, P. F., Vaquette, C., Zhang, Q., Reis, R. L., Ivanovski, S., and Hutmacher, D. W. (2014). Advanced tissue engineering scaffold design for regeneration of the complex hierarchical periodontal structure. J. Clin. Periodontol. 41, 283–294. doi: 10.1111/jcpe.12214

Daegling, D. J., Ravosa, M. J., Johnson, K. R., and Hylander, W. L. (1992). Influence of teeth, alveoli, and periodontal ligaments on torsional rigidity in human mandibles. Am. J. Phys. Anthropol. 89, 59–72. doi: 10.1002/ajpa.1330890106

Dalby, M. J., Gadegaard, N., Tare, R., Andar, A., Riehle, M. O., Herzyk, P., et al. (2007). The control of human mesenchymal cell differentiation using nanoscale symmetry and disorder. Nat. Mater. 6, 997–1003. doi: 10.1038/nmat2013

Daly, A. C., Davidson, M. D., and Burdick, J. A. (2021a). 3D bioprinting of high cell-density heterogeneous tissue models through spheroid fusion within self-healing hydrogels. Nat. Commun. 12:753

Daly, A. C., Prendergast, M. E., Hughes, A. J., and Burdick, J. A. (2021b). Bioprinting for the biologist. Cell 184, 18–32. doi: 10.1016/j.cell.2020.12.002

Darnell, M., Young, S., Gu, L., Shah, N., Lippens, E., Weaver, J., et al. (2017). Substrate stress-relaxation regulates scaffold remodeling and bone formation in vivo. Adv. Healthc. Mater. 6:1601185.

Dechow, P. C., Wang, Q., and Peterson, J. (2010). Edentulation alters material properties of cortical bone in the human craniofacial skeleton: functional implications for craniofacial structure in primate evolution. Anat. Rec. 293, 618–629. doi: 10.1002/ar.21124

Di Bella, C., Duchi, S., O’Connell, C. D., Blanchard, R., Augustine, C., Yue, Z., et al. (2018). In situ handheld three-dimensional bioprinting for cartilage regeneration. J. Tissue Eng. Regen. Med. 12, 611–621. doi: 10.1002/term.2476

Du, Y., Liu, H., Shuang, J., Wang, J., Ma, J., and Zhang, S. (2015). Microsphere-based selective laser sintering for building macroporous bone scaffolds with controlled microstructure and excellent biocompatibility. Colloids Surf. B Biointerfaces 135, 81–89. doi: 10.1016/j.colsurfb.2015.06.074

Duarte Campos, D. F., Blaeser, A., Buellesbach, K., Sen, K. S., Xun, W., Tillmann, W., et al. (2016). Bioprinting organotypic hydrogels with improved mesenchymal stem cell remodeling and mineralization properties for bone tissue engineering. Adv. Healthc. Mater. 5, 1336–1345. doi: 10.1002/adhm.201501033

Dubey, N., Ferreira, J. A., Malda, J., Bhaduri, S. B., and Bottino, M. C. (2020). Extracellular matrix/amorphous magnesium phosphate bioink for 3D bioprinting of Craniomaxillofacial bone tissue. ACS Appl. Mater. Interfaces 12, 23752–23763. doi: 10.1021/acsami.0c05311

Ducheyne, P., and Qiu, Q. (1999). Bioactive ceramics: the effect of surface reactivity on bone formation and bone cell function. Biomaterials 20, 2287–2303. doi: 10.1016/s0142-9612(99)00181-7

Dunn, C. A., Jin, Q., Taba, M., Franceschi, R. T., Bruce Rutherford, R., et al. (2005). BMP gene delivery for alveolar bone engineering at dental implant defects. Mol. Ther. 11, 294–299. doi: 10.1016/j.ymthe.2004.10.005

D’Urso, P. S., Barker, T. M., Earwaker, W. J., Bruce, L. J., Atkinson, R. L., Lanigan, M. W., et al. (1999). Stereolithographic biomodelling in cranio-maxillofacial surgery: a prospective trial. J. Craniomaxillofac. Surg. 27, 30–37. doi: 10.1016/s1010-5182(99)80007-9

Egusa, H., Sonoyama, W., Nishimura, M., Atsuta, I., and Akiyama, K. (2012). Stem cells in dentistry–part I: stem cell sources. J. Prosthodont. Res. 56, 151–165. doi: 10.1016/j.jpor.2012.06.001

Engler, A. J., Sen, S., Sweeney, H. L., and Discher, D. E. (2006). Matrix elasticity directs stem cell lineage specification. Cell 126, 677–689. doi: 10.1016/j.cell.2006.06.044

Erisken, C., Kalyon, D. M., and Wang, H. (2008). Functionally graded electrospun polycaprolactone and beta-tricalcium phosphate nanocomposites for tissue engineering applications. Biomaterials 29, 4065–4073. doi: 10.1016/j.biomaterials.2008.06.022

Ersoy, A. E., Turkyilmaz, I., Ozan, O., and McGlumphy, E. A. (2008). Reliability of implant placement with stereolithographic surgical guides generated from computed tomography: clinical data from 94 implants. J. Periodontol. 79, 1339–1345. doi: 10.1902/jop.2008.080059

Eskan, M. A., Girouard, M. E., Morton, D., and Greenwell, H. (2017). The effect of membrane exposure on lateral ridge augmentation: a case-controlled study. Int. J. Implant Dent. 3:26.

Fang, J., Zhu, Y. Y., Smiley, E., Bonadio, J., Rouleau, J. P., Goldstein, S. A., et al. (1996). Stimulation of new bone formation by direct transfer of osteogenic plasmid genes. Proc. Natl. Acad. Sci. U. S. A. 93, 5753–5758. doi: 10.1073/pnas.93.12.5753

Feine, J., Abou-Ayash, S., Al Mardini, M., de Santana, R. B., Bjelke-Holtermann, T., Bornstein, M. M., et al. (2018). Group 3 ITI consensus report: patient-reported outcome measures associated with implant dentistry. Clin. Oral Implants Res. 29(Suppl. 16), 270–275. doi: 10.1111/clr.13299

Feng, K., Sun, H., Bradley, M. A., Dupler, E. J., Giannobile, W. V., and Ma, P. X. (2010). Novel antibacterial nanofibrous PLLA scaffolds. J. Control. Release 146, 363–369. doi: 10.1016/j.jconrel.2010.05.035

Filippi, M., Born, G., Chaaban, M., and Scherberich, A. (2020). Natural polymeric scaffolds in bone regeneration. Front. Bioeng. Biotechnol. 8:474.

George, E., Liacouras, P., Rybicki, F. J., and Mitsouras, D. (2017). Measuring and establishing the accuracy and reproducibility of 3D printed medical models. Radiographics 37, 1424–1450. doi: 10.1148/rg.2017160165

Giannobile, W. V., Berglundh, T., Al-Nawas, B., Araujo, M., Bartold, P. M., Bouchard, P., et al. (2019). Biological factors involved in alveolar bone regeneration: consensus report of Working Group 1 of the 15(th) european workshop on periodontology on bone regeneration. J. Clin. Periodontol. 46(Suppl. 21), 6–11. doi: 10.1111/jcpe.13130

Giannobile, W. V., Jung, R. E., Schwarz, F., and Groups of the 2nd Osteology Foundation Consensus Meeting. (2018). Evidence-based knowledge on the aesthetics and maintenance of peri-implant soft tissues: osteology foundation consensus report Part 1-effects of soft tissue augmentation procedures on the maintenance of peri-implant soft tissue health. Clin. Oral Implants Res. 29, 7–10. doi: 10.1111/clr.13110

Giesen, E. B. W., Ding, M., Dalstra, M., and van Eijden, T. M. G. J. (2001). Mechanical properties of cancellous bone in the human mandibular condyle are anisotropic. J. Biomech. 34, 799–803. doi: 10.1016/s0021-9290(01)00030-6

Gillison, M. L., Chaturvedi, A. K., Anderson, W. F., and Fakhry, C. (2015). Epidemiology of human papillomavirus-positive head and neck squamous cell carcinoma. J. Clin. Oncol. 33, 3235–3242. doi: 10.1200/jco.2015.61.6995

Gladman, A. S., Matsumoto, E. A., Nuzzo, R. G., Mahadevan, L., and Lewis, J. A. (2016). Biomimetic 4D printing. Nat. Mater. 15, 413–418.

Goh, B. T., Teh, L. Y., Tan, D. B., Zhang, Z., and Teoh, S. H. (2015). Novel 3D polycaprolactone scaffold for ridge preservation–a pilot randomised controlled clinical trial. Clin. Oral Implants Res. 26, 271–277. doi: 10.1111/clr.12486

Goodson, J. M., Tanner, A. C., Haffajee, A. D., Sornberger, G. C., and Socransky, S. S. (1982). Patterns of progression and regression of advanced destructive periodontal disease. J. Clin. Periodontol. 9, 472–481. doi: 10.1111/j.1600-051x.1982.tb02108.x

Grasso, M., Demir, A. G., Previtali, B., and Colosimo, B. M. (2018). In situ monitoring of selective laser melting of zinc powder via infrared imaging of the process plume. Robot. Comput. Integr. Manuf. 49, 229–239. doi: 10.1016/j.rcim.2017.07.001

Grigoryan, B., Paulsen, S. J., Corbett, D. C., Sazer, D. W., Fortin, C. L., Zaita, A. J., et al. (2019). Multivascular networks and functional intravascular topologies within biocompatible hydrogels. Science 364, 458–464. doi: 10.1126/science.aav9750

Groll, J., Burdick, J. A., Cho, D.-W., Derby, B., Gelinsky, M., Heilshorn, S. C., et al. (2018). A definition of bioinks and their distinction from biomaterial inks. Biofabrication 11:013001. doi: 10.1088/1758-5090/aaec52

Grottkau, B. E., Noordin, S., Shortkroff, S., Schaffer, J. L., Thornhill, T. S., and Spector, M. (2002). Effect of mechanical perturbation on the release of PGE(2) by macrophages in vitro. J. Biomed. Mater. Res. 59, 288–293. doi: 10.1002/jbm.1244

Gu, D. (2015). Laser Additive Manufacturing of High-Performance Materials. Berlin: Springer.

Guvendiren, M., Molde, J., Soares, R. M., and Kohn, J. (2016). Designing biomaterials for 3D printing. ACS Biomater. Sci. Eng. 2, 1679–1693. doi: 10.1021/acsbiomaterials.6b00121

Hammarstrom, L., Heijl, L., and Gestrelius, S. (1997). Periodontal regeneration in a buccal dehiscence model in monkeys after application of enamel matrix proteins. J. Clin. Periodontol. 24, 669–677. doi: 10.1034/j.1600-051x.1997.00669.x

Han, C., Yao, Y., Cheng, X., Luo, J., Luo, P., Wang, Q., et al. (2017). Electrophoretic deposition of gentamicin-loaded silk fibroin coatings on 3D-printed porous cobalt–chromium–molybdenum bone substitutes to prevent orthopedic implant infections. Biomacromolecules 18, 3776–3787. doi: 10.1021/acs.biomac.7b01091

Han, J., Kim, D. S., Jang, H., Kim, H.-R., and Kang, H.-W. (2019). Bioprinting of three-dimensional dentin–pulp complex with local differentiation of human dental pulp stem cells. J. Tissue Eng. 10:2041731419845849.

Hao, J., Cheng, K. C., Kruger, L. G., Larsson, L., Sugai, J. V., Lahann, J., et al. (2016). Multigrowth factor delivery via immobilization of gene therapy vectors. Adv. Mater. 28, 3145–3151. doi: 10.1002/adma.201600027

He, W., Tian, K., Xie, X., Wang, X., Li, Y., and Li, Z. (2015). Individualized surgical templates and titanium microplates for Le Fort I osteotomy by computer-aided design and computer-aided manufacturing. J. Craniofac. Surg. 26, 1877–1881. doi: 10.1097/scs.0000000000001938

Hernández-Escobar, D., Champagne, S., Yilmazer, H., Dikici, B., Boehlert, C. J., and Hermawan, H. (2019). Current status and perspectives of zinc-based absorbable alloys for biomedical applications. Acta Biomater. 97, 1–22. doi: 10.1016/j.actbio.2019.07.034

Hollister, S. J., Lin, C. Y., Saito, E., Schek, R. D., Taboas, J. M., Williams, J. M., et al. (2005). Engineering craniofacial scaffolds. Orthod. Craniofac. Res. 8, 162–173.

Holmes, S. G., Still, K., Buttle, D. J., Bishop, N. J., and Grabowski, P. S. (2004). Chemically modified tetracyclines act through multiple mechanisms directly on osteoclast precursors. Bone 35, 471–478. doi: 10.1016/j.bone.2004.02.028

Horn, D., Engel, M., Bodem, J. P., Hoffmann, J., and Freudlsperger, C. (2012). Reconstruction of a near-total nasal defect using a precontoured titanium mesh with a converse scalping flap. J. Craniofac. Surg. 23, e410–e412.

Huang, K. H., Lin, Y. H., Shie, M. Y., and Lin, C. P. (2018). Effects of bone morphogenic protein-2 loaded on the 3D-printed MesoCS scaffolds. J. Formos. Med. Assoc. 117, 879–887. doi: 10.1016/j.jfma.2018.07.010

Huebsch, N., Arany, P. R., Mao, A. S., Shvartsman, D., Ali, O. A., Bencherif, S. A., et al. (2010). Harnessing traction-mediated manipulation of the cell/matrix interface to control stem-cell fate. Nat. Mater. 9, 518–526. doi: 10.1038/nmat2732

Huebsch, N., Lippens, E., Lee, K., Mehta, M., Koshy, S. T., Darnell, M. C., et al. (2015). Matrix elasticity of void-forming hydrogels controls transplanted-stem-cell-mediated bone formation. Nat. Mater. 14, 1269–1277. doi: 10.1038/nmat4407

Hui, P. W., Leung, P. C., and Sher, A. (1996). Fluid conductance of cancellous bone graft as a predictor for graft-host interface healing. J. Biomech. 29, 123–132. doi: 10.1016/0021-9290(95)00010-0

Hulbert, S. F., Young, F. A., Mathews, R. S., Klawitter, J. J., Talbert, C. D., and Stelling, F. H. (1970). Potential of ceramic materials as permanently implantable skeletal prostheses. J. Biomed. Mater. Res. 4, 433–456. doi: 10.1002/jbm.820040309

Ikada, Y. (2006). Challenges in tissue engineering. J. R. Soc. Interface 3, 589–601.

Ishaug, S. L., Crane, G. M., Miller, M. J., Yasko, A. W., Yaszemski, M. J., and Mikos, A. G. (1997). Bone formation by three-dimensional stromal osteoblast culture in biodegradable polymer scaffolds. J. Biomed. Mater. Res. 36, 17–28. doi: 10.1002/(sici)1097-4636(199707)36:1<17::aid-jbm3>3.0.co;2-o

Iwata, T., Yamato, M., Washio, K., Yoshida, T., Tsumanuma, Y., Yamada, A., et al. (2018). Periodontal regeneration with autologous periodontal ligament-derived cell sheets - a safety and efficacy study in ten patients. Regen. Ther. 9, 38–44. doi: 10.1016/j.reth.2018.07.002

Jacobs, C. A., and Lin, A. Y. (2017). A new classification of three-dimensional printing technologies: systematic review of three-dimensional printing for patient-specific craniomaxillofacial surgery. Plast. Reconstr. Surg. 139, 1211–1220. doi: 10.1097/prs.0000000000003232

Jain, S., and Darveau, R. P. (2010). Contribution of Porphyromonas gingivalis lipopolysaccharide to periodontitis. Periodontol 2000 54, 53–70. doi: 10.1111/j.1600-0757.2009.00333.x

Jakus, A. E., and Shah, R. N. (2017). Multi and mixed 3D-printing of graphene-hydroxyapatite hybrid materials for complex tissue engineering. J. Biomed. Mater. Res. A 105, 274–283. doi: 10.1002/jbm.a.35684

Jardini, A. L., Larosa, M. A., Maciel Filho, R., Zavaglia, C. A., Bernardes, L. F., Lambert, C. S., et al. (2014). Cranial reconstruction: 3D biomodel and custom-built implant created using additive manufacturing. J. Craniomaxillofac. Surg. 42, 1877–1884. doi: 10.1016/j.jcms.2014.07.006

Jensen, S. S., and Terheyden, H. (2009). Bone augmentation procedures in localized defects in the alveolar ridge: clinical results with different bone grafts and bone-substitute materials. Int. J. Oral Maxillofac. Implants 24(Suppl.), 218–236.

Jin, Q. M., Anusaksathien, O., Webb, S. A., Rutherford, R. B., and Giannobile, W. V. (2003). Gene therapy of bone morphogenetic protein for periodontal tissue engineering. J. Periodontol. 74, 202–213. doi: 10.1902/jop.2003.74.2.202

Jin, Q., Anusaksathien, O., Webb, S. A., Printz, M. A., and Giannobile, W. V. (2004). Engineering of tooth-supporting structures by delivery of PDGF gene therapy vectors. Mol. Ther. 9, 519–526. doi: 10.1016/j.ymthe.2004.01.016

Jin, Q., Wei, G., Lin, Z., Sugai, J. V., Lynch, S. E., Ma, P. X., et al. (2008). Nanofibrous scaffolds incorporating PDGF-BB microspheres induce chemokine expression and tissue neogenesis in vivo. PLoS One 3:e1729. doi: 10.1371/journal.pone.0001729

Kaigler, D., Avila-Ortiz, G., Travan, S., Taut, A. D., Padial-Molina, M., Rudek, I., et al. (2015). Bone engineering of maxillary sinus bone deficiencies using Enriched CD90+ Stem cell therapy: a randomized clinical trial. J. Bone Miner. Res. 30, 1206–1216. doi: 10.1002/jbmr.2464

Kaigler, D., Pagni, G., Park, C. H., Braun, T. M., Holman, L. A., Yi, E., et al. (2013). Stem cell therapy for craniofacial bone regeneration: a randomized, controlled feasibility trial. Cell Transplant. 22, 767–777. doi: 10.3727/096368912x652968

Kanno, Y., Nakatsuka, T., Saijo, H., Fujihara, Y., Atsuhiko, H., Chung, U., et al. (2016). Computed tomographic evaluation of novel custom-made artificial bones, “CT-bone”, applied for maxillofacial reconstruction. Regen. Ther. 5, 1–8. doi: 10.1016/j.reth.2016.05.002

Kao, R. T., Nares, S., and Reynolds, M. A. (2015). Periodontal regeneration - intrabony defects: a systematic review from the AAP regeneration Workshop. J. Periodontol. 86, S77–S104.

Karageorgiou, V., and Kaplan, D. (2005). Porosity of 3D biomaterial scaffolds and osteogenesis. Biomaterials 26, 5474–5491. doi: 10.1016/j.biomaterials.2005.02.002

Keriquel, V., Guillemot, F., Arnault, I., Guillotin, B., Miraux, S., Amédée, J., et al. (2010). In vivo bioprinting for computer- and robotic-assisted medical intervention: preliminary study in mice. Biofabrication 2:014101. doi: 10.1088/1758-5082/2/1/014101

Keriquel, V., Oliveira, H., Rémy, M., Ziane, S., Delmond, S., Rousseau, B., et al. (2017). In situ printing of mesenchymal stromal cells, by laser-assisted bioprinting, for in vivo bone regeneration applications. Sci. Rep. 7:1778.

Khang, D., Choi, J., Im, Y. M., Kim, Y. J., Jang, J. H., Kang, S. S., et al. (2012). Role of subnano-, nano- and submicron-surface features on osteoblast differentiation of bone marrow mesenchymal stem cells. Biomaterials 33, 5997–6007. doi: 10.1016/j.biomaterials.2012.05.005

Kim, J. Y., Ahn, G., Kim, C., Lee, J. S., Lee, I. G., An, S. H., et al. (2018). Synergistic effects of beta tri-calcium phosphate and porcine-derived decellularized bone extracellular matrix in 3D-printed polycaprolactone scaffold on bone regeneration. Macromol. Biosci. 18:e1800025.

Kim, K., Lee, C. H., Kim, B. K., and Mao, J. J. (2010). Anatomically shaped tooth and periodontal regeneration by cell homing. J. Dent. Res. 89, 842–847. doi: 10.1177/0022034510370803

Kinaci, A., Neuhaus, V., and Ring, D. C. (2014). Trends in bone graft use in the United States. Orthopedics 37, e783–e788.

Kitamura, M., Akamatsu, M., Kawanami, M., Furuichi, Y., Fujii, T., Mori, M., et al. (2016). Randomized placebo-controlled and controlled non-inferiority Phase III trials comparing trafermin, a recombinant human fibroblast growth Factor 2, and enamel matrix derivative in periodontal regeneration in intrabony defects. J. Bone Miner. Res. 31, 806–814. doi: 10.1002/jbmr.2738

Klein, F., Kim, T. S., Hassfeld, S., Staehle, H. J., Reitmeir, P., Holle, R., et al. (2001). Radiographic defect depth and width for prognosis and description of periodontal healing of infrabony defects. J. Periodontol. 72, 1639–1646. doi: 10.1902/jop.2001.72.12.1639

Korioth, T. W., and Hannam, A. G. (1994). Deformation of the human mandible during simulated tooth clenching. J. Dent. Res. 73, 56–66. doi: 10.1177/00220345940730010801

Korioth, T. W., Romilly, D. P., and Hannam, A. G. (1992). Three-dimensional finite element stress analysis of the dentate human mandible. Am. J. Phys. Anthropol. 88, 69–96. doi: 10.1002/ajpa.1330880107

Kornman, K. S. (2008). Mapping the pathogenesis of periodontitis: a new look. J. Periodontol. 79, 1560–1568. doi: 10.1902/jop.2008.080213

Kornman, K. S., Giannobile, W. V., and Duff, G. W. (2017). Quo vadis: what is the future of periodontics? how will we get there? Periodontol. 2000 75, 353–371. doi: 10.1111/prd.12217

Kumar, S., Nehra, M., Kedia, D., Dilbaghi, N., Tankeshwar, K., and Kim, K. H. (2020). Nanotechnology-based biomaterials for orthopaedic applications: recent advances and future prospects. Mater. Sci. Eng. C Mater. Biol. Appl. 106:110154. doi: 10.1016/j.msec.2019.110154

Lahann, J., Klee, D., Pluester, W., and Hoecker, H. (2001). Bioactive immobilization of r-hirudin on CVD-coated metallic implant devices. Biomaterials 22, 817–826. doi: 10.1016/s0142-9612(00)00244-1

Larsson, L., Castilho, R. M., and Giannobile, W. V. (2015). Epigenetics and its role in periodontal diseases: a state-of-the-art review. J. Periodontol. 86, 556–568. doi: 10.1902/jop.2014.140559

Larsson, L., Decker, A. M., Nibali, L., Pilipchuk, S. P., Berglundh, T., and Giannobile, W. V. (2016). Regenerative medicine for periodontal and peri-implant diseases. J. Dent. Res. 95, 255–266. doi: 10.1177/0022034515618887

Lee, N., Robinson, J., and Lu, H. (2016). Biomimetic strategies for engineering composite tissues. Curr. Opin. Biotechnol. 40, 64–74. doi: 10.1016/j.copbio.2016.03.006

Leong, K. F., Cheah, C. M., and Chua, C. K. (2003). Solid freeform fabrication of three-dimensional scaffolds for engineering replacement tissues and organs. Biomaterials 24, 2363–2378. doi: 10.1016/s0142-9612(03)00030-9

Lethaus, B., Poort, L., Böckmann, R., Smeets, R., Tolba, R., and Kessler, P. (2012). Additive manufacturing for microvascular reconstruction of the mandible in 20 patients. J. Craniomaxillofac. Surg. 40, 43–46. doi: 10.1016/j.jcms.2011.01.007

Lettry, S., Seedhom, B., Berry, E., and Cuppone, M. (2003). Quality assessment of the cortical bone of the human mandible. Bone 32, 35–44. doi: 10.1016/s8756-3282(02)00921-3

Levine, J. P., Patel, A., Saadeh, P. B., and Hirsch, D. L. (2012). Computer-aided design and manufacturing in craniomaxillofacial surgery: the new state of the art. J. Craniofac. Surg. 23, 288–293. doi: 10.1097/scs.0b013e318241ba92

Li, X., Liu, B., Pei, B., Chen, J., Zhou, D., Peng, J., et al. (2020). Inkjet bioprinting of biomaterials. Chem. Rev. 120, 10793–10833. doi: 10.1021/acs.chemrev.0c00008

Li, Y., Zhou, J., Pavanram, P., Leeflang, M. A., Fockaert, L. I., Pouran, B., et al. (2018). Additively manufactured biodegradable porous magnesium. Acta Biomater. 67, 378–392.

Li, Z., Mei, S., Dong, Y., She, F., Li, Y., Li, P., et al. (2020). Functional nanofibrous biomaterials of tailored structures for drug delivery-a critical review. Pharmaceutics 12:522. doi: 10.3390/pharmaceutics12060522

Liang, C., Chen, J., Zhang, Y., Wei, F., Ling, Y., and Li, X. (2021). Construction of novel antimicrobial peptide-modified extracellular matrix biologic scaffold material. Biochem. Biophys. Res. Commun. 546, 162–168. doi: 10.1016/j.bbrc.2021.02.002

Ligon, S. C., Liska, R., Stampfl, J., Gurr, M., and Mülhaupt, R. (2017). Polymers for 3D printing and customized additive manufacturing. Chem. Rev. 117, 10212–10290.

Lim, K. S., Levato, R., Costa, P. F., Castilho, M. D., Alcala-Orozco, C. R., Van Dorenmalen, K. M., et al. (2018). Bio-resin for high resolution lithography-based biofabrication of complex cell-laden constructs. Biofabrication 10:034101. doi: 10.1088/1758-5090/aac00c

Lim, T. C., Chian, K. S., and Leong, K. F. (2010). Cryogenic prototyping of chitosan scaffolds with controlled micro and macro architecture and their effect on in vivo neo-vascularization and cellular infiltration. J. Biomed. Mater. Res. A 94, 1303–1311.

Lin, Y. H., Chiu, Y. C., Shen, Y. F., Wu, Y. A., and Shie, M. Y. (2017). Bioactive calcium silicate/poly-ε-caprolactone composite scaffolds 3D printed under mild conditions for bone tissue engineering. J. Mater. Sci. Mater. Med. 29:11.

Liu, T., Liu, L., Zeng, C., Liu, Y., and Leng, J. (2020). 4D printed anisotropic structures with tailored mechanical behaviors and shape memory effects. Compos. Sci. Technol. 186:107935. doi: 10.1016/j.compscitech.2019.107935

Liu, Y., Ma, Y., Zhang, J., Xie, Q., Wang, Z., Yu, S., et al. (2017). MBG-modified β-TCP scaffold promotes mesenchymal stem cells adhesion and osteogenic differentiation via a FAK/MAPK signaling pathway. ACS Appl. Mater. Interfaces 9, 30283–30296. doi: 10.1021/acsami.7b02466

Longoni, S., Tinto, M., Pacifico, C., Sartori, M., and Andreano, A. (2019). Effect of peri-implant keratinized tissue width on tissue health and stability: systematic review and meta-analysis. Int. J. Oral Maxillofac. Implants 34, 1307–1317. doi: 10.11607/jomi.7622

Ma, J., Ma, L., Wang, Z., Zhu, X., and Wang, W. (2017). The use of 3D-printed titanium mesh tray in treating complex comminuted mandibular fractures: a case report. Medicine 96:e7250. doi: 10.1097/md.0000000000007250

Ma, X., Qu, X., Zhu, W., Li, Y.-S., Yuan, S., Zhang, H., et al. (2016). Deterministically patterned biomimetic human iPSC-derived hepatic model via rapid 3D bioprinting. Proc. Natl. Acad. Sci. U. S. A. 113, 2206–2211. doi: 10.1073/pnas.1524510113

Manodh, P., Prabhu Shankar, D., Pradeep, D., Santhosh, R., and Murugan, A. (2016). Incidence and patterns of maxillofacial trauma-a retrospective analysis of 3611 patients-an update. Oral Maxillofac. Surg. 20, 377–383. doi: 10.1007/s10006-016-0576-z

Marcenes, W., Kassebaum, N. J., Bernabe, E., Flaxman, A., Naghavi, M., Lopez, A., et al. (2013). Global burden of oral conditions in 1990-2010: a systematic analysis. J. Dent. Res. 92, 592–597. doi: 10.1177/0022034513490168

Markets and Markets (2020). Dental Bone Graft Substitute Market by Type (Synthetic Bone Grafts, Xenograft, Allograft, Alloplast), Application (Sinus Lift, Ridge Augmentation, Socket Preservation), Product (Bio-OSS, OsteoGraf, Grafton), End User (Hospital)- Global Forecast to 2025 [Online]. Available online at: https://www.marketsandmarkets.com/Market-Reports/dental-bone-graft-substitutes-market-159678690.html (accessed March 25, 2021).

Matuliene, G., Pjetursson, B. E., Salvi, G. E., Schmidlin, K., Bragger, U., Zwahlen, M., et al. (2008). Influence of residual pockets on progression of periodontitis and tooth loss: results after 11 years of maintenance. J. Clin. Periodontol. 35, 685–695. doi: 10.1111/j.1600-051x.2008.01245.x

McGuire, M. K., and Scheyer, E. T. (2007). A randomized, double-blind, placebo-controlled study to determine the safety and efficacy of cultured and expanded autologous fibroblast injections for the treatment of interdental papillary insufficiency associated with the papilla priming procedure. J. Periodontol. 78, 4–17. doi: 10.1902/jop.2007.060105

McGuire, M. K., Scheyer, E. T., and Schupbach, P. (2016). A Prospective, case-controlled study evaluating the use of enamel matrix derivative on human buccal recession defects: a human histologic examination. J. Periodontol. 87, 645–653. doi: 10.1902/jop.2016.150459

McGuire, M. K., Scheyer, E. T., Lipton, D. I., and Gunsolley, J. C. (2020). Randomized, controlled clinical trial to evaluate a xenogeneic collagen matrix as an alternative to free gingival grafting for oral soft tissue augmentation: 6 to 8 year follow-up. J. Periodontol. doi: 10.1002/JPER.20-0627 [Online ahead of print].

Melcher, A. H. (1976). On the repair potential of periodontal tissues. J. Periodontol. 47, 256–260. doi: 10.1902/jop.1976.47.5.256

Menezes, F. D. S., Fernandes, G. A., Antunes, J. L. F., Villa, L. L., and Toporcov, T. N. (2021). Global incidence trends in head and neck cancer for HPV-related and -unrelated subsites: a systematic review of population-based studies. Oral Oncol. 115:105177. doi: 10.1016/j.oraloncology.2020.105177

Mikos, A. G. and Temenoff, J. S. (2000). Formation of highly porous biodegradable scaffolds for tissue engineering. Electronic J. Biotechnol. 3, 114–119.

Miller, P. D. (1985). A classification of marginal tissue recession. Int. J. Periodontics Restorative Dent. 5, 8–13.

Misch, C. E., Qu, Z., and Bidez, M. W. (1999). Mechanical properties of trabecular bone in the human mandible: implications for dental implant treatment planning and surgical placement. J. Oral Maxillofac. Surg. 57, 700–706. doi: 10.1016/s0278-2391(99)90437-8

Monje, A., Pons, R., Insua, A., Nart, J., Wang, H. L., and Schwarz, F. (2019). Morphology and severity of peri-implantitis bone defects. Clin. Implant. Dent. Relat. Res. 21, 635–643.

Moreno Rodriguez, J. A., Ortiz Ruiz, A. J., and Caffesse, R. G. (2019). Supra-alveolar attachment gain in the treatment of combined intra-suprabony periodontal defects by non-incised papillae surgical approach. J. Clin. Periodontol. 46, 927–936. doi: 10.1111/jcpe.13158

Mota, C., Puppi, D., Chiellini, F., and Chiellini, E. (2015). Additive manufacturing techniques for the production of tissue engineering constructs. J. Tissue Eng. Regen. Med. 9, 174–190. doi: 10.1002/term.1635

Msallem, B., Sharma, N., Cao, S., Halbeisen, F. S., Zeilhofer, H. F., and Thieringer, F. M. (2020). Evaluation of the dimensional accuracy of 3D-printed anatomical mandibular models using FFF, SLA, SLS, MJ, and BJ printing technology. J. Clin. Med. 9:817. doi: 10.3390/jcm9030817

Muzaffar, J., Bari, S., Kirtane, K., and Chung, C. H. (2021). Recent advances and future directions in clinical management of head and neck squamous cell carcinoma. Cancers 13:338. doi: 10.3390/cancers13020338

Nair, A. K., Gautieri, A., Chang, S. W., and Buehler, M. J. (2013). Molecular mechanics of mineralized collagen fibrils in bone. Nat. Commun. 4:1724.

Naveh, G., Brumfeld, V., Shahar, R., and Weiner, S. (2013). Tooth periodontal ligament: direct 3D microCT visualization of the collagen network and how the network changes when the tooth is loaded. J. Struct. Biol. 181, 108–115. doi: 10.1016/j.jsb.2012.10.008

Nehrer, S., Breinan, A., Ramappa, A., Young, G., Shortkroff, S., Louie, L., et al. (1997). Matrix collagen type and pore size influence behaviour of seeded canine chondrocytes. Biomaterials 18, 769–776. doi: 10.1016/s0142-9612(97)00001-x

Nevins, M., Camelo, M., Nevins, M. L., Schenk, R. K., and Lynch, S. E. (2003). Periodontal regeneration in humans using recombinant human platelet-derived growth factor-BB (rhPDGF-BB) and allogenic bone. J. Periodontol. 74, 1282–1292. doi: 10.1902/jop.2003.74.9.1282

Nevins, M., Giannobile, W. V., McGuire, M. K., Kao, R. T., Mellonig, J. T., Hinrichs, J. E., et al. (2005). Platelet-derived growth factor stimulates bone fill and rate of attachment level gain: results of a large multicenter randomized controlled trial. J. Periodontol. 76, 2205–2215. doi: 10.1902/jop.2005.76.12.2205

Nevins, M., Kao, R. T., McGuire, M. K., McClain, P. K., Hinrichs, J. E., McAllister, B. S., et al. (2013). Platelet-derived growth factor promotes periodontal regeneration in localized osseous defects: 36-month extension results from a randomized, controlled, double-masked clinical trial. J. Periodontol. 84, 456–464. doi: 10.1902/jop.2012.120141

Nyberg, E., Rindone, A., Dorafshar, A., and Grayson, W. L. (2017). Comparison of 3D-Printed Poly-ϵ-caprolactone scaffolds functionalized with tricalcium phosphate, hydroxyapatite, Bio-Oss, or decellularized bone matrix. Tissue Eng. Part A 23, 503–514. doi: 10.1089/ten.tea.2016.0418

Obregon, F., Vaquette, C., Ivanovski, S., Hutmacher, D., and Bertassoni, L. (2015). Three-dimensional bioprinting for regenerative dentistry and craniofacial tissue engineering. J. Dent. Res. 94, 143S–152S.

O’Connell, C. D., Di Bella, C., Thompson, F., Augustine, C., Beirne, S., Cornock, R., et al. (2016). Development of the Biopen: a handheld device for surgical printing of adipose stem cells at a chondral wound site. Biofabrication 8:015019. doi: 10.1088/1758-5090/8/1/015019

Ojansivu, M., Rashad, A., Ahlinder, A., Massera, J., Mishra, A., Syverud, K., et al. (2019). Wood-based nanocellulose and bioactive glass modified gelatin–alginate bioinks for 3D bioprinting of bone cells. Biofabrication 11:035010. doi: 10.1088/1758-5090/ab0692

Orr, T. E., Villars, P. A., Mitchell, S. L., Hsu, H. P., and Spector, M. (2001). Compressive properties of cancellous bone defects in a rabbit model treated with particles of natural bone mineral and synthetic hydroxyapatite. Biomaterials 22, 1953–1959. doi: 10.1016/s0142-9612(00)00370-7

Oshima, M., and Tsuji, T. (2015). Whole tooth regeneration as a future dental treatment. Adv. Exp. Med. Biol. 881, 255–269. doi: 10.1007/978-3-319-22345-2_14

Oshima, M., Mizuno, M., Imamura, A., Ogawa, M., Yasukawa, M., Yamazaki, H., et al. (2011). Functional tooth regeneration using a bioengineered tooth unit as a mature organ replacement regenerative therapy. PLoS One 6:e21531. doi: 10.1371/journal.pone.0021531

Oshima, M., Ogawa, M., and Tsuji, T. (2017). Functional tooth regeneration. Methods Mol. Biol. 1597, 97–116. doi: 10.1007/978-1-4939-6949-4_8

Ozbolat, I. T., and Hospodiuk, M. (2016). Current advances and future perspectives in extrusion-based bioprinting. Biomaterials 76, 321–343. doi: 10.1016/j.biomaterials.2015.10.076

Page, R. C., and Kornman, K. S. (1997). The pathogenesis of human periodontitis: an introduction. Periodontol. 2000 14, 9–11. doi: 10.1111/j.1600-0757.1997.tb00189.x

Palmer, L., Newcomb, C., Kaltz, S., Spoerke, E., and Stupp, S. (2008). Biomimetic systems for hydroxyapatite mineralization inspired by bone and enamel. Chem. Rev. 108, 4754–4783. doi: 10.1021/cr8004422

Papapanou, P. N., and Wennstrom, J. L. (1991). The angular bony defect as indicator of further alveolar bone loss. J. Clin. Periodontol. 18, 317–322. doi: 10.1111/j.1600-051x.1991.tb00435.x

Papapanou, P. N., Sanz, M., Buduneli, N., Dietrich, T., Feres, M., Fine, D. H., et al. (2018). Periodontitis: consensus report of workgroup 2 of the 2017 world workshop on the classification of periodontal and peri-implant diseases and conditions. J. Periodontol. 89(Suppl. 1), S173–S182.

Park, C. H., Kim, K. H., Lee, Y. M., Giannobile, W. V., and Seol, Y. J. (2017). 3D printed, microgroove pattern-driven generation of oriented ligamentous architectures. Int. J. Mol. Sci. 18:1927. doi: 10.3390/ijms18091927

Park, C. H., Rios, H. F., Jin, Q., Bland, M. E., Flanagan, C. L., Hollister, S. J., et al. (2010). Biomimetic hybrid scaffolds for engineering human tooth-ligament interfaces. Biomaterials 31, 5945–5952. doi: 10.1016/j.biomaterials.2010.04.027

Park, C. H., Rios, H. F., Jin, Q., Sugai, J. V., Padial-Molina, M., Taut, A. D., et al. (2012). Tissue engineering bone-ligament complexes using fiber-guiding scaffolds. Biomaterials 33, 137–145. doi: 10.1016/j.biomaterials.2011.09.057

Park, C. H., Rios, H. F., Taut, A. D., Padial-Molina, M., Flanagan, C. L., Pilipchuk, S. P., et al. (2014). Image-based, fiber guiding scaffolds: a platform for regenerating tissue interfaces. Tissue Eng. Part C Methods 20, 533–542. doi: 10.1089/ten.tec.2013.0619

Park, E. K., Lim, J. Y., Yun, I. S., Kim, J. S., Woo, S. H., Kim, D. S., et al. (2016). Cranioplasty enhanced by three-dimensional printing: custom-made three-dimensional-printed titanium implants for skull defects. J. Craniofac. Surg. 27, 943–949. doi: 10.1097/scs.0000000000002656

Park, J. B. (2011). Effects of doxycycline, minocycline, and tetracycline on cell proliferation, differentiation, and protein expression in osteoprecursor cells. J. Craniofac. Surg. 22, 1839–1842. doi: 10.1097/SCS.0b013e31822e8216

Park, J. H., Gillispie, G. J., Copus, J. S., Zhang, W., Atala, A., Yoo, J. J., et al. (2020). The effect of BMP-mimetic peptide tethering bioinks on the differentiation of dental pulp stem cells (DPSCs) in 3D bioprinted dental constructs. Biofabrication 12:035029. doi: 10.1088/1758-5090/ab9492

Park, J. Y., Park, C. H., Yi, T., Kim, S. N., Iwata, T., and Yun, J. H. (2020). rhBMP-2 pre-treated human periodontal ligament stem cell sheets regenerate a mineralized layer mimicking dental cementum. Int. J. Mol. Sci. 21:3767. doi: 10.3390/ijms21113767

Paschalis, E. P., Recker, R., DiCarlo, E., Doty, S. B., Atti, E., and Boskey, A. L. (2003). Distribution of collagen cross-links in normal human trabecular bone. J. Bone Miner. Res. 18, 1942–1946. doi: 10.1359/jbmr.2003.18.11.1942

Pati, F., Song, T. H., Rijal, G., Jang, J., Kim, S. W., and Cho, D. W. (2015). Ornamenting 3D printed scaffolds with cell-laid extracellular matrix for bone tissue regeneration. Biomaterials 37, 230–241. doi: 10.1016/j.biomaterials.2014.10.012

Pérez-Pérez, M. P., Gómez, E., and Sebastián, M. A. (2018). Delphi prospection on additive manufacturing in 2030: implications for education and employment in Spain. Materials 11:1500. doi: 10.3390/ma11091500

Peterson, J., Wang, Q., and Dechow, P. C. (2006). Material properties of the dentate maxilla. Anat. Rec. A Discov. Mol. Cell Evol. Biol. 288, 962–972. doi: 10.1002/ar.a.20358

Pihlstrom, B. L., Michalowicz, B. S., and Johnson, N. W. (2005). Periodontal diseases. Lancet 366, 1809–1820.

Pilipchuk, S. P., Fretwurst, T., Yu, N., Larsson, L., Kavanagh, N. M., Asa’ad, F., et al. (2018). Micropatterned scaffolds with immobilized growth factor genes regenerate bone and periodontal ligament-like tissues. Adv. Healthc. Mater. 7:e1800750.

Pilipchuk, S. P., Monje, A., Jiao, Y., Hao, J., Kruger, L., Flanagan, C. L., et al. (2016). Integration of 3D printed and micropatterned polycaprolactone scaffolds for guidance of oriented collagenous tissue formation in vivo. Adv. Healthc. Mater. 5, 676–687. doi: 10.1002/adhm.201500758

Porta, M., Tonda-Turo, C., Pierantozzi, D., Ciardelli, G., and Mancuso, E. (2020). Towards 3D multi-layer scaffolds for periodontal tissue engineering applications: addressing manufacturing and architectural challenges. Polymers 12:2233. doi: 10.3390/polym12102233

Puppi, D., Chiellini, F., PIras, A. M., and Chiellini, E. (2010). Polymeric materials for bone and cartilage repair. Prog. Polym. Sci. 35, 403–440. doi: 10.1016/j.progpolymsci.2010.01.006

Rasperini, G., Pilipchuk, S. P., Flanagan, C. L., Park, C. H., Pagni, G., Hollister, S. J., et al. (2015). 3D-printed bioresorbable scaffold for periodontal repair. J. Dent. Res. 94, 153S–157S.

Raveendran, N. T., Vaquette, C., Meinert, C., Ipe, D. S., and Ivanovski, S. (2019). Optimization of 3D bioprinting of periodontal ligament cells. Dent. Mater. 35, 1683–1694. doi: 10.1016/j.dental.2019.08.114

Reynolds, M. A., Kao, R. T., Nares, S., Camargo, P. M., Caton, J. G., Clem, D. S., et al. (2015). Periodontal regeneration - intrabony defects: practical applications from the AAP regeneration workshop. Clin. Adv. Periodontics 5, 21–29. doi: 10.1902/cap.2015.140062

Rodrigo, J. P., Heideman, D. A., García-Pedrero, J. M., Fresno, M. F., Brakenhoff, R. H., Díaz Molina, J. P., et al. (2014). Time trends in the prevalence of HPV in oropharyngeal squamous cell carcinomas in northern Spain (1990-2009). Int. J. Cancer 134, 487–492. doi: 10.1002/ijc.28355

Roosa, S. M., Kemppainen, J. M., Moffitt, E. N., Krebsbach, P. H., and Hollister, S. J. (2010). The pore size of polycaprolactone scaffolds has limited influence on bone regeneration in an in vivo model. J. Biomed. Mater. Res. A 92, 359–368. doi: 10.1002/jbm.a.32381

Saijo, H., Igawa, K., Kanno, Y., Mori, Y., Kondo, K., Shimizu, K., et al. (2009). Maxillofacial reconstruction using custom-made artificial bones fabricated by inkjet printing technology. J. Artif. Organs 12, 200–205. doi: 10.1007/s10047-009-0462-7

Salgado, A. J., Coutinho, O. P., and Reis, R. L. (2004). Bone tissue engineering: state of the art and future trends. Macromol. Biosci. 4, 743–765. doi: 10.1002/mabi.200400026

Sanchez, N., Fierravanti, L., Nunez, J., Vignoletti, F., Gonzalez-Zamora, M., Santamaria, S., et al. (2020). Periodontal regeneration using a xenogeneic bone substitute seeded with autologous periodontal ligament-derived mesenchymal stem cells: a 12-month quasi-randomized controlled pilot clinical trial. J. Clin. Periodontol. 47, 1391–1402. doi: 10.1111/jcpe.13368

Sandino, C., and Lacroix, D. (2011). A dynamical study of the mechanical stimuli and tissue differentiation within a CaP scaffold based on micro-CT finite element models. Biomech. Model. Mechanobiol. 10, 565–576. doi: 10.1007/s10237-010-0256-0

Sangkert, S., Meesane, J., Kamonmattayakul, S., and Chai, W. (2016). Modified silk fibroin scaffolds with collagen/decellularized pulp for bone tissue engineering in cleft palate: morphological structures and biofunctionalities. Mater. Sci. Eng. C 58, 1138–1149. doi: 10.1016/j.msec.2015.09.031

Saska, S., Pilatti, L., Blay, A., and Shibli, J. A. (2021). Bioresorbable polymers: advanced materials and 4d printing for tissue engineering. Polymers 13:563. doi: 10.3390/polym13040563

Schincaglia, G. P., Hebert, E., Farina, R., Simonelli, A., and Trombelli, L. (2015). Single versus double flap approach in periodontal regenerative treatment. J. Clin. Periodontol. 42, 557–566. doi: 10.1111/jcpe.12409

Schliephake, H. (2010). Application of bone growth factors–the potential of different carrier systems. Oral Maxillofac. Surg. 14, 17–22. doi: 10.1007/s10006-009-0185-1

Sculean, A., Chapple, I. L., and Giannobile, W. V. (2015a). Wound models for periodontal and bone regeneration: the role of biologic research. Periodontol. 2000 68, 7–20. doi: 10.1111/prd.12091

Sculean, A., Nikolidakis, D., and Schwarz, F. (2008). Regeneration of periodontal tissues: combinations of barrier membranes and grafting materials - biological foundation and preclinical evidence: a systematic review. J. Clin. Periodontol. 35, 106–116. doi: 10.1111/j.1600-051x.2008.01263.x

Sculean, A., Nikolidakis, D., Nikou, G., Ivanovic, A., Chapple, I. L., and Stavropoulos, A. (2015b). Biomaterials for promoting periodontal regeneration in human intrabony defects: a systematic review. Periodontol. 2000 68, 182–216. doi: 10.1111/prd.12086

Seibert, J. S. (1983). Reconstruction of deformed, partially edentulous ridges, using full thickness onlay grafts. Part I. technique and wound healing. Compend. Contin. Educ. Dent. 4, 437–453.

Seibert, J. S., and Salama, H. (1996). Alveolar ridge preservation and reconstruction. Periodontol 2000 11, 69–84. doi: 10.1111/j.1600-0757.1996.tb00185.x

Seo, B.-M., Miura, M., Gronthos, S., Bartold, P. M., Batouli, S., Brahim, J., et al. (2004). Investigation of multipotent postnatal stem cells from human periodontal ligament. Lancet 364, 149–155. doi: 10.1016/s0140-6736(04)16627-0

Shah, N. J., Hyder, M. N., Quadir, M. A., Dorval Courchesne, N.-M., Seeherman, H. J., Nevins, M., et al. (2014). Adaptive growth factor delivery from a polyelectrolyte coating promotes synergistic bone tissue repair and reconstruction. Proc. Natl. Acad. Sci. U. S. A. 111, 12847–12852. doi: 10.1073/pnas.1408035111

Shim, J.-H., Kim, M.-J., Park, J. Y., Pati, R. G., Yun, Y.-P., Kim, S. E., et al. (2015). Three-dimensional printing of antibiotics-loaded poly-ε-caprolactone/poly(lactic-co-glycolic acid) scaffolds for treatment of chronic osteomyelitis. Tissue Eng. Regen. Med. 12, 283–293. doi: 10.1007/s13770-015-0014-6

Skylar-Scott, M. A., Uzel, S. G., Nam, L. L., Ahrens, J. H., Truby, R. L., Damaraju, S., et al. (2019). Biomanufacturing of organ-specific tissues with high cellular density and embedded vascular channels. Sci. Adv. 5:eaaw2459. doi: 10.1126/sciadv.aaw2459

Smith, P. C., Martinez, C., Caceres, M., and Martinez, J. (2015). Research on growth factors in periodontology. Periodontol. 2000 67, 234–250. doi: 10.1111/prd.12068

Socransky, S. S., Haffajee, A. D., Goodson, J. M., and Lindhe, J. (1984). New concepts of destructive periodontal disease. J. Clin. Periodontol. 11, 21–32. doi: 10.1111/j.1600-051x.1984.tb01305.x

Soldatos, N. K., Stylianou, P., Koidou, V. P., Angelov, N., Yukna, R., and Romanos, G. E. (2017). Limitations and options using resorbable versus nonresorbable membranes for successful guided bone regeneration. Quintessence Int. 48, 131–147.

Spalazzi, J. P., Dagher, E., Doty, S. B., Guo, X. E., Rodeo, S. A., and Lu, H. H. (2006a). In vivo evaluation of a tri-phasic composite scaffold for anterior cruciate ligament-to-bone integration. Conf. Proc. IEEE Eng. Med. Biol. Soc. 2006, 525–528.

Spalazzi, J. P., Dagher, E., Doty, S. B., Guo, X. E., Rodeo, S. A., and Lu, H. H. (2008). In vivo evaluation of a multiphased scaffold designed for orthopaedic interface tissue engineering and soft tissue-to-bone integration. J. Biomed. Mater. Res. A 86, 1–12. doi: 10.1002/jbm.a.32073

Spalazzi, J. P., Doty, S. B., Moffat, K. L., Levine, W. N., and Lu, H. H. (2006b). Development of controlled matrix heterogeneity on a triphasic scaffold for orthopedic interface tissue engineering. Tissue Eng. 12, 3497–3508. doi: 10.1089/ten.2006.12.3497

Spector, M. (1994). Anorganic bovine bone and ceramic analogs of bone mineral as implants to facilitate bone regeneration. Clin. Plast. Surg. 21, 437–444. doi: 10.1016/s0094-1298(20)31021-x

Spencer, L. J., Degu, A., Kalkidan, H. A., Solomon, M. A., Cristiana, A., Nooshin, A., et al. (2018). Global, regional, and national incidence, prevalence, and years lived with disability for 354 diseases and injuries for 195 countries and territories, 1990-2017: a systematic analysis for the Global Burden of Disease Study 2017. Lancet 392, 1789–1858.

Suárez-López Del, Amo, F., Monje, A., Padial-Molina, M., Tang, Z., and Wang, H. L. (2015). Biologic agents for periodontal regeneration and implant site development. Biomed. Res. Int. 2015:957518.

Sudarmadji, N., Tan, J. Y., Leong, K. F., Chua, C. K., and Loh, Y. T. (2011). Investigation of the mechanical properties and porosity relationships in selective laser-sintered polyhedral for functionally graded scaffolds. Acta Biomater. 7, 530–537. doi: 10.1016/j.actbio.2010.09.024

Sudheesh Kumar, P. T., Hashimi, S., Saifzadeh, S., Ivanovski, S., and Vaquette, C. (2018). Additively manufactured biphasic construct loaded with BMP-2 for vertical bone regeneration: a pilot study in rabbit. Mater. Sci. Eng. C Mater. Biol. Appl. 92, 554–564. doi: 10.1016/j.msec.2018.06.071

Sugano, M., Negishi, Y., Endo-Takahashi, Y., Hamano, N., Usui, M., Suzuki, R., et al. (2014). Gene delivery to periodontal tissue using Bubble liposomes and ultrasound. J. Periodontal. Res. 49, 398–404. doi: 10.1111/jre.12119

Sumida, T., Otawa, N., Kamata, Y. U., Kamakura, S., Mtsushita, T., Kitagaki, H., et al. (2015). Custom-made titanium devices as membranes for bone augmentation in implant treatment: clinical application and the comparison with conventional titanium mesh. J. Craniomaxillofac. Surg. 43, 2183–2188. doi: 10.1016/j.jcms.2015.10.020

Sun, W., Starly, B., Nam, J., and Darling, A. (2005). Bio-CAD modeling and its applications in computer-aided tissue engineering. Comput. Aided Des. 37, 1097–1114. doi: 10.1016/j.cad.2005.02.002

Sunyer, R., Conte, V., Escribano, J., Elosegui-Artola, A., Labernadie, A., Valon, L., et al. (2016). Collective cell durotaxis emerges from long-range intercellular force transmission. Science 353, 1157–1161. doi: 10.1126/science.aaf7119

Swanson, W. B., Omi, M., Zhang, Z., Nam, H., Jung, Y., Wang, G., et al. (2021). Macropore design of tissue engineering scaffolds regulates mesenchymal stem cell differentiation fate. Biomaterials 272:120769. doi: 10.1016/j.biomaterials.2021.120769

Taboas, J. M., Maddox, R. D., Krebsbach, P. H., and Hollister, S. J. (2003). Indirect solid free form fabrication of local and global porous, biomimetic and composite 3D polymer-ceramic scaffolds. Biomaterials 24, 181–194. doi: 10.1016/s0142-9612(02)00276-4

Tao, O., Kort-Mascort, J., Lin, Y., Pham, H. M., Charbonneau, A. M., ElKashty, O. A., et al. (2019). The applications of 3D printing for craniofacial tissue engineering. Micromachines 10:480 doi: 10.3390/mi10070480

Tavelli, L., Barootchi, S., Avila-Ortiz, G., Urban, I. A., Giannobile, W. V., and Wang, H. L. (2021a). Peri-implant soft tissue phenotype modification and its impact on peri-implant health: a systematic review and network meta-analysis. J. Periodontol. 92, 21–44. doi: 10.1002/jper.19-0716

Tavelli, L., McGuire, M. K., Zucchelli, G., Rasperini, G., Feinberg, S. E., Wang, H. L., et al. (2020). Biologics-based regenerative technologies for periodontal soft tissue engineering. J. Periodontol. 91, 147–154. doi: 10.1002/jper.19-0352

Tavelli, L., Ravidà, A., Barootchi, S., Chambrone, L., and Giannobile, W. V. (2021b). Recombinant human platelet-derived growth factor: a systematic review of clinical findings in oral regenerative procedures. JDR Clin. Trans. Res. 6, 161–173. doi: 10.1177/2380084420921353

Tonetti, M. S., Christiansen, A. L., and Cortellini, P. (2017). Vertical subclassification predicts survival of molars with class II furcation involvement during supportive periodontal care. J. Clin. Periodontol. 44, 1140–1144. doi: 10.1111/jcpe.12789

Tsai, S. J., Ding, Y. W., Shih, M. C., and Tu, Y. K. (2020). Systematic review and sequential network meta-analysis on the efficacy of periodontal regenerative therapies. J. Clin. Periodontol. 47, 1108–1120. doi: 10.1111/jcpe.13338

Tse, J. R., and Engler, A. J. (2011). Stiffness gradients mimicking in vivo tissue variation regulate mesenchymal stem cell fate. PLoS One 6:e15978. doi: 10.1371/journal.pone.0015978

Tsuruga, E., Takita, H., Itoh, H., Wakisaka, Y., and Kuboki, Y. (1997). Pore size of porous hydroxyapatite as the cell-substratum controls BMP-induced osteogenesis. J. Biochem. 121, 317–324. doi: 10.1093/oxfordjournals.jbchem.a021589

Unterhofer, C., Wipplinger, C., Verius, M., Recheis, W., Thomé, C., and Ortler, M. (2017). Reconstruction of large cranial defects with poly-methyl-methacrylate (PMMA) using a rapid prototyping model and a new technique for intraoperative implant modeling. Neurol. Neurochir. Pol. 51, 214–220. doi: 10.1016/j.pjnns.2017.02.007

Urban, I. A., Montero, E., Monje, A., and Sanz-Sanchez, I. (2019). Effectiveness of vertical ridge augmentation interventions: a systematic review and meta-analysis. J. Clin. Periodontol. 46(Suppl. 21), 319–339. doi: 10.1111/jcpe.13061

Urban, I. A., Nagursky, H., and Lozada, J. L. (2011). Horizontal ridge augmentation with a resorbable membrane and particulated autogenous bone with or without anorganic bovine bone-derived mineral: a prospective case series in 22 patients. Int. J. Oral Maxillofac. Implants 26, 404–414.

Urban, I. A., Nagursky, H., Lozada, J. L., and Nagy, K. (2013). Horizontal ridge augmentation with a collagen membrane and a combination of particulated autogenous bone and anorganic bovine bone-derived mineral: a prospective case series in 25 patients. Int. J. Periodontics Restorative Dent. 33, 299–307. doi: 10.11607/prd.1407

Valvez, S., Reis, P. N. B., Susmel, L., and Berto, F. (2021). Fused filament fabrication-4D-printed shape memory polymers: a review. Polymers 13:701. doi: 10.3390/polym13050701

Van Lenthe, G. H., de Waal Malefijt, M. C., and Huiskes, R. (1997). Stress shielding after total knee replacement may cause bone resorption in the distal femur. J. Bone. Joint. Surg. Br. 79, 117–122. doi: 10.1302/0301-620x.79b1.0790117

Vaquette, C., Fan, W., Xiao, Y., Hamlet, S., Hutmacher, D. W., and Ivanovski, S. (2012). A biphasic scaffold design combined with cell sheet technology for simultaneous regeneration of alveolar bone/periodontal ligament complex. Biomaterials 33, 5560–5573. doi: 10.1016/j.biomaterials.2012.04.038

Vaquette, C., Mitchell, J., Fernandez-Medina, T., Kumar, S., and Ivanovski, S. (2021). Resorbable additively manufactured scaffold imparts dimensional stability to extraskeletally regenerated bone. Biomaterials 269:120671. doi: 10.1016/j.biomaterials.2021.120671

Vaquette, C., Pilipchuk, S. P., Bartold, P. M., Hutmacher, D. W., Giannobile, W. V., and Ivanovski, S. (2018). Tissue engineered constructs for periodontal regeneration: current status and future perspectives. Adv. Healthc. Mater. 7:e1800457.

Vert, M., Li, S. M., Spenlehauer, G., and Guerin, P. (1992). Bioresorbability and biocompatibility of aliphatic polyesters. J. Mater. Sci. Mater. Med. 3, 432–446. doi: 10.1007/bf00701240

Vining, K. H., and Mooney, D. J. (2017). Mechanical forces direct stem cell behaviour in development and regeneration. Nat. Rev. Mol. Cell Biol. 18, 728–742. doi: 10.1038/nrm.2017.108

von Wilmowsky, C., Schwertner, M. G., Nkenke, E., Moest, T., Adler, W., and Ebker, T. (2020). Use of CAD-based pre-bent implants reduces theatre time in orbital floor reconstruction: results of a prospective study. Br. J. Oral Maxillofac. Surg. 58, 753–758. doi: 10.1016/j.bjoms.2019.11.020

Wang, C. I., Cho, S. H., Cho, D., Ducote, C., Reddy, L. V., and Sinada, N. (2020). A 3D-printed guide to assist in sinus slot preparation for the optimization of zygomatic implant axis trajectory. J. Prosthodontics 29, 179–184. doi: 10.1111/jopr.13139

Wang, H. L., and Al-Shammari, K. (2002). HVC ridge deficiency classification: a therapeutically oriented classification. Int. J. Periodontics Restorative Dent. 22, 335–343.

Wang, X., Schwartz, Z., Gittens, R. A., Cheng, A., Olivares-Navarrete, R., Chen, H., et al. (2015). Role of integrin α2 β1 in mediating osteoblastic differentiation on three-dimensional titanium scaffolds with submicron-scale texture. J. Biomed. Mater. Res. A 103, 1907–1918. doi: 10.1002/jbm.a.35323

Wang, Y., and Ural, A. (2018). Effect of modifications in mineralized collagen fibril and extra-fibrillar matrix material properties on submicroscale mechanical behavior of cortical bone. J. Mech. Behav. Biomed. Mater. 82, 18–26. doi: 10.1016/j.jmbbm.2018.03.013

Wei, G., Jin, Q., Giannobile, W. V., and Ma, P. X. (2007). The enhancement of osteogenesis by nano-fibrous scaffolds incorporating rhBMP-7 nanospheres. Biomaterials 28, 2087–2096. doi: 10.1016/j.biomaterials.2006.12.028

Wen, P., Jauer, L., Voshage, M., Chen, Y., Poprawe, R., and Schleifenbaum, J. H. (2018). Densification behavior of pure Zn metal parts produced by selective laser melting for manufacturing biodegradable implants. J. Mater. Process. Technol. 258, 128–137. doi: 10.1016/j.jmatprotec.2018.03.007

Wu, Y. A., Chiu, Y. C., Lin, Y. H., Ho, C. C., Shie, M. Y., and Chen, Y. W. (2019). 3D-printed bioactive calcium Silicate/Poly-ε-Caprolactone bioscaffolds modified with biomimetic extracellular matrices for bone regeneration. Int. J. Mol. Sci. 20:942. doi: 10.3390/ijms20040942

Xia, Y., Zhou, P., Cheng, X., Xie, Y., Liang, C., Li, C., et al. (2013). Selective laser sintering fabrication of nano-hydroxyapatite/poly-ε-caprolactone scaffolds for bone tissue engineering applications. Int. J. Nanomed. 8, 4197–4213. doi: 10.2147/ijn.s50685

Xuan, K., Li, B., Guo, H., Sun, W., Kou, X., He, X., et al. (2018). Deciduous autologous tooth stem cells regenerate dental pulp after implantation into injured teeth. Sci. Transl. Med. 10:eaaf3227. doi: 10.1126/scitranslmed.aaf3227

Xue, J., Wu, T., Dai, Y., and Xia, Y. (2019). Electrospinning and electrospun nanofibers: methods, materials, and applications. Chem. Rev. 119, 5298–5415.

Yan, X., Chen, Y. R., Song, Y. F., Yang, M., Ye, J., Zhou, G., et al. (2019). Scaffold-based gene therapeutics for osteochondral tissue engineering. Front. Pharmacol. 10:1534.

Yang, Y., Wang, G., Liang, H., Gao, C., Peng, S., Shen, L., et al. (2019). Additive manufacturing of bone scaffolds. Int. J. Bioprint 5:148.

Yannas, I. (2015). Tissue and Organ Regeneration in Adults. Berlin: Springer.

Yu, N., Nguyen, T., Cho, Y. D., Kavanagh, N. M., Ghassib, I., and Giannobile, W. V. (2019). Personalized scaffolding technologies for alveolar bone regenerative medicine. Orthod. Craniofac. Res. 22(Suppl. 1), 69–75. doi: 10.1111/ocr.12275

Zhai, D., Xu, M., Liu, L., Chang, J., and Wu, C. (2017). Silicate-based bioceramics regulating osteoblast differentiation through a BMP2 signalling pathway. J. Mater. Chem. B 5, 7297–7306. doi: 10.1039/c7tb01931a

Zhang, B., Zhang, W., Zhang, Z., Zhang, Y. F., Hingorani, H., Liu, Z., et al. (2019). Self-healing four-dimensional printing with an ultraviolet curable double-network shape memory polymer system. ACS Appl. Mater. Interfaces 11, 10328–10336. doi: 10.1021/acsami.9b00359

Zhang, D., Wu, X., Chen, J., and Lin, K. (2018). The development of collagen based composite scaffolds for bone regeneration. Bioact. Mater. 3, 129–138. doi: 10.1016/j.bioactmat.2017.08.004

Zhang, S., Cheng, X., Yao, Y., Wei, Y., Han, C., Shi, Y., et al. (2015). Porous niobium coatings fabricated with selective laser melting on titanium substrates: preparation, characterization, and cell behavior. Mater. Sci. Eng. C 53, 50–59. doi: 10.1016/j.msec.2015.04.005

Zhang, W., and Yelick, P. C. (2018). Craniofacial tissue engineering. Cold Spring Harb. Perspect. Med. 8:a025775.

Zhang, W., Zhu, Y., Li, J., Guo, Q., Peng, J., Liu, S., et al. (2016). Cell-Derived extracellular matrix: basic characteristics and current applications in orthopedic tissue engineering. Tissue Eng. Part B Rev. 22, 193–207. doi: 10.1089/ten.teb.2015.0290

Zhang, Y., Miron, R. J., Li, S., Shi, B., Sculean, A., and Cheng, X. (2015). Novel MesoPorous BioGlass/silk scaffold containing adPDGF-B and adBMP7 for the repair of periodontal defects in beagle dogs. J. Clin. Periodontol. 42, 262–271. doi: 10.1111/jcpe.12364

Zhang, Z., Cheng, X., Yao, Y., Luo, J., Tang, Q., Wu, H., et al. (2016). Electrophoretic deposition of chitosan/gelatin coatings with controlled porous surface topography to enhance initial osteoblast adhesive responses. J. Mater. Chem. B 4, 7584–7595. doi: 10.1039/c6tb02122k

Zhou, J., and Sheiko, S. S. (2016). Reversible shape-shifting in polymeric materials. J. Polym. Sci. Part B Polym. Phys. 54, 1365–1380. doi: 10.1002/polb.24014

Zhou, X., Jin, Y., and Du, J. (2020). Functionally graded scaffolds with programmable pore size distribution based on triply periodic minimal surface fabricated by selective laser melting. Materials 13:5046. doi: 10.3390/ma13215046

Zhu, L., Luo, D., and Liu, Y. (2020). Effect of the nano/microscale structure of biomaterial scaffolds on bone regeneration. Int. J. Oral Sci. 12:6.

Zucchelli, G., Tavelli, L., McGuire, M. K., Rasperini, G., Feinberg, S. E., and Wang, H. L. (2020). Autogenous soft tissue grafting for periodontal and peri-implant plastic surgical reconstruction. J. Periodontol. 91, 9–16. doi: 10.1002/jper.19-0350


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.

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.

Copyright © 2021 Latimer, Maekawa, Yao, Wu, Chen and Giannobile. 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.


		REVIEW
published: 08 November 2021
doi: 10.3389/fbioe.2021.662418


[image: image2]
Tissue Engineering in Stomatology: A Review of Potential Approaches for Oral Disease Treatments
Lilan Cao1‡, Huiying Su1‡, Mengying Si1, Jing Xu1, Xin Chang1, Jiajia Lv1,2 and Yuankun Zhai1,2*†
1School of Stomatology, Henan University, Kaifeng, China
2Henan International Joint Laboratory for Nuclear Protein Regulation, Kaifeng, China
Edited by:
Stefano Sivolella, University Hospital of Padua, Italy
Reviewed by:
Giovanna Orsini, Marche Polytechnic University, Italy
Luca Sbricoli, University of Padua, Italy
* Correspondence: Yuankun Zhai, zhaiyuankun@henu.edu.cn
‡These authors have contributed equally to this work
Specialty section: This article was submitted to Tissue Engineering and Regenerative Medicine, a section of the journal Frontiers in Bioengineering and Biotechnology
†ORCID: Yuankun Zhai, orcid.org/0000-0001-8156-1368
Received: 01 February 2021
Accepted: 01 October 2021
Published: 08 November 2021
Citation: Cao L, Su H, Si M, Xu J, Chang X, Lv J and Zhai Y (2021) Tissue Engineering in Stomatology: A Review of Potential Approaches for Oral Disease Treatments. Front. Bioeng. Biotechnol. 9:662418. doi: 10.3389/fbioe.2021.662418

Tissue engineering is an emerging discipline that combines engineering and life sciences. It can construct functional biological structures in vivo or in vitro to replace native tissues or organs and minimize serious shortages of donor organs during tissue and organ reconstruction or transplantation. Organ transplantation has achieved success by using the tissue-engineered heart, liver, kidney, and other artificial organs, and the emergence of tissue-engineered bone also provides a new approach for the healing of human bone defects. In recent years, tissue engineering technology has gradually become an important technical method for dentistry research, and its application in stomatology-related research has also obtained impressive achievements. The purpose of this review is to summarize the research advances of tissue engineering and its application in stomatology. These aspects include tooth, periodontal, dental implant, cleft palate, oral and maxillofacial skin or mucosa, and oral and maxillofacial bone tissue engineering. In addition, this article also summarizes the commonly used cells, scaffolds, and growth factors in stomatology and discusses the limitations of tissue engineering in stomatology from the perspective of cells, scaffolds, and clinical applications.
Keywords: tissue engineering, scaffolds, growth factors, periodontal, dental implants, cleft palate, oral and maxillofacial skin or mucosa, oral and maxillofacial bone
INTRODUCTION
In the 1980s, Professor Joseph P. Vacanti and Robert Langer from the United States first explored tissue engineering research (Vacanti et al., 1988). In 1993, they defined tissue engineering in an article as “an interdisciplinary field that applies the principles of engineering and the life sciences toward the development of biological substitutes that restore, maintain, or improve tissue function” (Langer and Vacanti, 1993).
Nowadays, tissue engineering technology is booming and has become a popular research method for the reconstruction of damaged or missing tissues and organs (Fang et al., 2021; Farhat et al., 2021; Shang et al., 2021), and breakthroughs have been made in many fields (Figure 1) (Gosselin et al., 2018; Anandakrishnan and Azeloglu, 2020; Mirdamadi et al., 2020; Berbéri et al., 2021; Li et al., 2021; Scott et al., 2021). Therefore, we believe that tissue engineering technology will create extensive innovation in the field of stomatology. The basic principle of tissue engineering is to collect functionally related cells and plant them on a natural or synthetic scaffold with a certain spatial structure and induce cell proliferation through the influence of growth factors, thereby regenerating tissues or organs (Figure 2) (Han et al., 2014; Dzobo et al., 2018; Dey et al., 2020).
[image: Figure 1]FIGURE 1 | Application of tissue engineering. At present, tissue engineering has been widely used in many fields, including the heart, liver, kidney, spleen, bone, and teeth.
[image: Figure 2]FIGURE 2 | Principles of tissue engineering. Various cells extracted from the oral cavity are seeded on scaffolds adsorbed with growth factors, and the required tissues or organs can be obtained after appropriate in vitro culture and then implanted in vivo.
Cells are the source of biological activity in tissue engineering. Embryonic stem cells (ESCs) and adult mesenchymal stem cells (MSCs) are two types of stem cells classified according to their differentiation potential (Kolagar et al., 2020; Haghighat et al., 2021). Because of the ethical issues that limit the use of ESCs, multiple sources of MSCs have been more widely used in tissue engineering (Nancarrow-Lei et al., 2017). Induced pluripotent stem cells (iPSCs), which are obtained by artificially inducing somatic cells to express some specific genes, have the ability to divide indefinitely and hold a pluripotent differentiation capacity that enables them to differentiate into any human cells (Deicher and Seeger, 2021). In addition to bone mesenchymal stem cells (BMSCs) (Nakamura et al., 2013; Yoo et al., 2013; Selvasandran et al., 2018; Li Y. et al., 2019; Xu M. et al., 2019) and adipose-derived stromal cells (ADSCs) (Yoon et al., 2011; Yao et al., 2012; Mihaila et al., 2014; Zhu et al., 2019; Xu et al., 2020), various MSCs have also been derived from teeth in recent years (Volponi et al., 2010), such as dental pulp stem cells (DPSCs) (Chen Y.-Y. et al., 2016; Lambrichts et al., 2017), stem cells from human exfoliated deciduous teeth (SHEDs) (Alkaisi et al., 2013; Alipour et al., 2014; Behnia et al., 2014; Sugimura-Wakayama et al., 2015), periodontal ligament stem cells (PDLSCs) (Kim et al., 2010; Chen F.-M. et al., 2016; Panduwawala et al., 2017), stem cells from apical papilla (SCAPs) (Bakopoulou et al., 2011; Somoza et al., 2017; Yang et al., 2018; Yang et al., 2020; Shen et al., 2021), dental follicle cells (DFCs) (Tian et al., 2015; Yildirim et al., 2016; Lima et al., 2017), and gingival mesenchymal stem cells (GMSCs) (Zhang et al., 2009; Ansari et al., 2016; Shi et al., 2017; Rao et al., 2019; Liu X. et al., 2020) (Table 1). Scaffolds provide a suitable space for cell growth and functions. There are two main categories of scaffolding material used in tissue engineering research: natural and synthetic materials, such as ceramics, proteins, and polymers (Table 2) (Rai et al., 2015). Due to the limitations of single-type materials, composite scaffolds composed of two or more different materials have gradually attracted attention (Mogoşanu and Grumezescu, 2014). In recent years, the third-generation scaffolds are capable of promoting angiogenesis and inducing osteogenesis (Thein-Han and Xu, 2011). As carriers, scaffolds can provide sustained-release growth factors, which are soluble polypeptides that bind to cell membrane receptors (Pilipchuk et al., 2015). Some of these growth factors can promote epithelial regeneration, such as epidermal growth factor (EGF) (Zhao et al., 2010), and some induce bone formation such as bone morphogenetic protein (BMP), transforming growth factor-β (TGF-β), and basic fibroblast growth factor (bFGF). (Park et al., 2015), while others such as platelet-derived growth factor (PDGF) and vascular endothelial growth factor (VEGF) are beneficial in forming a functional vascular network (Table 3) (Yang et al., 2012). In conclusion, the core of tissue engineering lies in the establishment of a perfect three-dimensional spatial complex that consists of scaffolds, seed cells, and growth factors (Table 4).
TABLE 1 | Cells commonly used in oral tissue engineering.
[image: Table 1]TABLE 2 | Scaffolds commonly used in oral tissue engineering.
[image: Table 2]TABLE 3 | Growth factors commonly used in oral tissue engineering.
[image: Table 3]TABLE 4 | Tissue engineering in stomatology.
[image: Table 4]TOOTH TISSUE ENGINEERING
The tooth, an indispensable organ to humans, consists of soft connective tissues, namely, the pulp in the pulp cavity, and three outer layers of mineralized hard tissue, such as enamel, cementum, and dentin, playing an important role in mastication, pronunciation, and aesthetics. Tooth development is accomplished by a series of epithelial–mesenchymal interactions and reciprocal inductions, which ultimately lead to cell differentiation and developmental space formation (Yuan and Chai, 2019). Tooth loss, which is caused by many reasons, such as dental caries, tooth agenesis, or trauma, is a common oral disease that seriously affects physiological functions and even increases the morbidity of gastrointestinal cancer (Ma et al., 2018), cardiovascular disease, and stroke (Cheng et al., 2018). Moreover, permanent teeth are not renewable once they fall off. At present, removable dentures and fixed dentures are commonly used in the clinic to repair missing teeth, but these traditional restorative methods suffer some flaws, such as causing discomfort and inefficient mastication (Hejazi et al., 2021). Hence, the construction of biological tissue-engineered teeth has emerged to solve these disadvantages. Tooth regeneration therapy for dental tissue repair and whole-tooth replacement has been a long-term goal to achieve in dentistry.
Researchers have already made some progress during the regeneration of partial dental tissues. Regenerative endodontics (RE) mostly utilize the strategy of cell homing and transplantation to repair or replace necrotic tissue and regenerate dentine–pulp complex (DPC) (Morotomi et al., 2019). First, the main principle of cell homing is that the body’s stem cells are recruited and induced to accumulate at the defective site, leading to endogenous tissue regeneration (Wang X. et al., 2018), but the mechanism and application prospects still require much research to clarify. In addition, cell transplantation is currently the main approach for achieving pulp tissue regeneration. A study combining pulp stem cells with granulocyte colony-stimulating factor (G-CSF) in a canine pulpectomy model found that pulp tissue containing vasculature and innervation filled the entire root canal, thereby achieving successful regeneration in pulp tissue (Iohara et al., 2013). There have also been some researchers attempting to develop a biomimetic tooth bud model with dental cells encapsulated within gelatin methacrylate (GelMA) hydrogel scaffolds to obtain a mineralized crown (Smith et al., 2017).
Simultaneously, whole-tooth bioengineering using embryonic tooth bud cells has been established in several animal models, including mice, rats, pigs, and dogs (Zhang and Chen, 2014). Cai et al. found that integration-free human urine–induced pluripotent stem cell (ifhU-iPSC)–derived epithelial sheets recombined with mouse dental mesenchyme could successfully regenerate tooth-like structures (Cai et al., 2013). Wang et al. proved the feasibility of whole-tooth regeneration in large animals by reconstructing single cells from the fourth deciduous molar tooth germ (p4) of pigs to bioengineer tooth buds in in vitro culture and in vivo transplantation in mouse subrenal capsules and jawbones. As a result, pig bioengineered tooth buds restore odontogenesis and develop into large tooth sizes (Wang F. et al., 2018). Ono et al. dissected canine permanent premolar (P2, P3, and P4) tooth germs from the mandible of beagles and then transplanted them into the alveolar bone socket of the same mandible to gain functional whole-tooth restoration by autologous transplantation of bioengineered tooth germ in a large animal model (Ono et al., 2017). Zhang et al. used decellularized tooth bud (dTB) scaffolds created from natural porcine tooth buds (TBs) and successfully formed mineralized whole teeth in miniature pig jaws in vivo (Zhang et al., 2017).
These results indicate that tissue-engineered teeth have bright prospects in tooth regeneration and can effectively solve the oral problems posed by tooth loss. In future, emerging technologies will provide increasingly advanced ideas for tooth regeneration.
PERIODONTAL TISSUE ENGINEERING
Periodontal tissue diseases are usually involved in periodontal inflammation and trauma, including destruction of the cementum, gingiva, periodontal ligament, and alveolar bone. The formation of periodontal pockets and the resorption of alveolar bone are typical manifestations of periodontitis and eventually develop into tooth loss. The most ideal periodontal treatment is to achieve complete functional regeneration of alveolar bone, cementum, and periodontal ligament to obtain new periodontal attachment (Iwata et al., 2014). Traditional periodontal therapy only removes bacteria and delays the disease process, but it is difficult to achieve periodontal regeneration. Different from traditional periodontal therapy, periodontal tissue engineering is a new concept for reconstructing defective periodontal tissues and organs and has already made rapid development in recent years.
The traditional tissue engineering methods are based on combining scaffolding materials with seed cells. Mrozik et al. cultured and purified sheep PDLSCs in vitro, combined them with gelatin sponges, and implanted them into the periodontal defect of the second premolar, and the newly formed alveolar bone, cementum, and Sharpey fibers were significantly more abundant than those in the control group without stem cell inoculation (Mrozik et al., 2013). Fu et al. treated animal models of periodontitis with stem cells isolated from miniature pig deciduous teeth (SPDs) plus hydroxyapatite/tricalcium phosphate (HA/TCP), and the loss of soft and hard tissue showed significant restoration after 12 weeks (Fu et al., 2014).
However, there are still differences between regenerated tissue and natural periodontal tissue in clinical applications (Matichescu et al., 2020). Therefore, newer techniques need to be introduced into the field of periodontal tissue engineering. Wu et al. inoculated gingival fibroblasts into Bio-Gide collagen membranes bilaterally and induced their mineralization, then constructed a tissue-engineered sandwich membrane to repair periodontal defects in premolar regions of beagles, and found that new alveolar bone, cementum, and periodontal ligament eventually formed (Wu et al., 2018). In terms of the processing and manufacturing of scaffolds, electrospinning technology is expected to provide more appropriate materials for tissue engineering. Higuchi et al. produced biodegradable membranes for the regeneration of periodontal tissue defects by electrospinning and sonocoating with nanohydroxyapatite particles (Higuchi et al., 2019). Sprio et al. fabricated hybrid superparamagnetic 3-layer scaffolds simulating the 3D environment of periodontium, which is conducive to boosting osteogenic and osteoconductive stimulation (Sprio et al., 2018). Regarding cell culture, cell sheet technology (CST) is defined as a cell transplantation method that does not require scaffolding materials and can preserve intact extracellular matrix (Sprio et al., 2018). Some researchers transplanted cell sheets supported by electrospun polycaprolactone (CaP-PCL) scaffolds, and denuded root and alveolar bone formation occurred at the defect site after 4 weeks, confirming that the combination of PCL and CaP-PCL scaffolds can promote periodontal regeneration (Dan et al., 2014). All these results provide important insights into advancements in periodontal tissue engineering, and it is believed that with the development of periodontal tissue engineering, complete realization of periodontal regeneration will be full of infinite possibilities.
DENTAL IMPLANT TISSUE ENGINEERING
We have mentioned the importance of teeth to humans and some related studies on the use of tooth tissue engineering to repair tooth loss. Dental implantation is another common method to restore tooth loss. Implant restoration is performed in the alveolar bone of the edentulous area to implant the artificial tooth root, which replaces the natural tooth root, and subsequently repair the absent the tooth, which includes the artificial crown of the upper part and lower part of the support of implants (Figure 3). Although dental implants overcome some disadvantages of dentures and effectively repair defects caused by tooth loss, two conditions still hinder the development of dental implant technology: 1) insufficient local bone mass in the implants (Pardal-Peláez et al., 2021) and 2) insufficient soft tissue around the implants (Noh et al., 2021). Dental implant tissue engineering mainly uses tissue engineering technology and changes the alveolar bone and soft tissue environment before the implant is implanted into the alveolar bone in the edentulous area to achieve good osseointegration (Hao et al., 2021) and soft tissue augmentation.
[image: Figure 3]FIGURE 3 | Procedure of dental implant. First, prepare the implant socket on alveolar bone; second, place the implant into socket; then install the abutment; finally, install the artificial crown.
On the one hand, tissue engineering contributes to overcoming the obstacles encountered with bone regeneration during dental implants. Yun et al. applied platelet-rich plasma (PRP) and human bone marrow mesenchymal stem cells (BMMSCs) to the bone defect area around the dental implant with porous hydroxyapatite (HA) as the scaffold and determined the bone regeneration ability of BMMSCs and PRP histologically. The data showed that the HA + BMMSC + PRP group had a higher bone density between 6 and 12 weeks (Yun et al., 2014). To investigate the role of umbilical cord mesenchymal stem cells (UCMSCs) in bone defects around the implant after immediate implantation, Hao et al. filled the defect on one side with platelet-rich fibrin (PRF) and UCMSCs, while the other side was filled with PRF only as the control group and placed a titanium implant into the extraction socket. The results showed that UCMSCs can promote the formation of new bone in the bone defect area around implants; hence, UCMSCs can be used as excellent cells in the regeneration of bone defects after implantation (Hao et al., 2014).
On the other hand, concerning the problem of insufficient soft tissue, Simion et al. used a resorbable collagen matrix as a scaffold to carry recombinant human platelet–derived growth factor BB (rhPDGF-BB), and the results indicated that the soft tissue volume around implants increased moderately when applying a collagen matrix infused with rhPDGF-BB (Simion et al., 2012). Liu et al. employed acellular dermal matrix grafts conducive to increasing the attached gingiva and resin splint conducive to facilitating the healing of soft tissue attached to dental implants, and patients were satisfied with the reconstruction effects of dense connective tissue surrounding the implants after the operation (Liu et al., 2014). The patients with maxillary gingival recessions were treated with autologous fibroblast cell culture (AFCC) on a collagen scaffold placed under a coronally advanced flap (CAF), and soft tissues were significantly improved, suggesting that AFCC is a novel tissue engineering concept and a reliable therapy to solve the problem of insufficient soft tissues during defect repair caused by tooth loss (Milinkovic et al., 2015).
In summary, through the aid of tissue engineering technology, an increasing number of cells and scaffolds have been used for bone regeneration after dental implants, providing novel ideas for solving the problem of insufficient local bone mass in implants. Through the advantages of tissue engineering, such as less damage to the tissue around implants and good aesthetic effects, the development of oral implantology will be more vigorous in the future.
Cleft Palate Repair Tissue Engineering
Cleft palate is one of the congenital malformations with the highest probability of occurrence in oral and maxillofacial regions and can occur alone or together with cleft lip. Cleft palate not only manifests as soft tissue deformity but also bone tissue defects and deformities and may be accompanied by disorders of jaw development. In other words, the occurrence of cleft palate will have a huge impact on facial esthetics, and it will also cause dysfunction in language, eating, and breathing. Therefore, the repair of cleft palate is crucial, and surgery is one of the most important therapy methods. Traditional palatoplasty usually applies a loose incision to reduce tension, but bone surface trauma exposed after surgery will be scarred and can even lead to the restriction of development and deformity of the jawbone (Cantarella and Mazzola, 2020; Choi et al., 2021).
To solve or avoid the problems caused by traditional surgical methods during the healing of cleft palate, researchers have tried to find better ways to resolve cleft palate. Tissue engineering technology has been applied to repair cleft palate and has already obtained some results in many studies. Bajestan et al. explored the use of ex vivo expanded stem cell populations to treat large alveolar bone defects in patients with a history of cleft palate or craniofacial trauma. The results indicated that stem cell population therapy is safe, but the ability to completely reconstruct large alveolar defects is finite, so further optimization is needed to satisfy the requirements of cleft palate treatment (Bajestan et al., 2017). Sharif et al. developed a plasma-functionalized electrospun composite polymer membrane, modified the fabricated membranes by plasma polymerization, and then implanted them in rats subcutaneously. The results showed that these membranes were biocompatible and angiogenic, providing the possibility for permanent closure of oronasal fistula (Sharif et al., 2019). Lee et al. created cell sheets derived from hMSCs and SHEDs for bone repair of cleft palate and found that the cell sheets led to calcification in vitro, which indicated that osteogenic stem cell sheets may become a new choice for the reconstruction of cleft palate (Lee J.-M. et al., 2019). Li et al. developed a tissue-engineered graft for the repair of cleft palate in young rats by incorporating and integrating a synthetic polymer with a human decellularized amniotic membrane (DAM). This cell-free and absorbable graft could effectively guide soft and hard tissue regeneration and support palate regeneration and tissue growth (Li W. et al., 2019).
In summary, the use of tissue engineering techniques to repair cleft palate not only avoids scar tissue formation, wound contraction, and facial deformity caused by traditional cleft palate repair surgery but also effectively reconstructs and stimulates the healing of defects. In other words, we believe that there may be a new breakthrough for the repair of cleft palate through the in-depth study of tissue engineering technology.
Oral and Maxillofacial Skin or Mucosal Tissue Engineering
Skin and mucosal lesions caused by inflammation, trauma, tumors, or autoimmune diseases are very common in the clinical treatment of dentistry. Traditional autologous skin or mucosal flap transplantation is a popular method to treat lesions, but this method still has some disadvantages because the surgery causes donor site injury. Meanwhile, the source of homogenous skin or mucosal flap for transplantation is too limited, and the characteristics of exogenous tissue flap are different from oral and maxillofacial skin and mucosa. Even if the mucosal flap is successfully transplanted, it is difficult to maintain the secretion and lubrication function of the oral mucosa (Wang Z.-S. et al., 2016). To repair oral skin and mucosa lesions, an important task for researchers is to find alternatives to replace the traditional transplantation of autologous skin and mucosa, and the application of tissue engineering technology may provide a new direction in this research area.
Peramo et al. reported a three-dimensional tissue structure that can be used to repair lip defects, consisting of a continuous layer that contains the morphological features of lips: epidermal skin, vermilion, and oral mucosa, plus can produce tissues with similar anatomy as native human lips (Peramo et al., 2012). Yoshizawa et al. found that grafting ex vivo–produced oral mucosa equivalent (EVPOME) with live oral keratinocytes onto an intraoral mucosal wound can effectively promote epithelial regeneration in oral wounds (Yoshizawa et al., 2012). Bayar et al. created a construct containing a mucocutaneous junction with a transitional zone (vermilion) in vitro, which can produce a microvascular prelaminated flap in lip reconstruction, and the results showed that this construct could promote the phenotypic expression of regenerated tissue closer to native tissue (Bayar et al., 2016).
Some researchers preferred to combine flap surgery and tissue engineering technology to enhance the therapeutic effects in clinical treatment. Sieira et al. proposed a new approach to obtain keratinized mucosa over a fibula flap using full-thickness, tissue-engineered, autologous oral mucosa and found that this oral mucosa can restore native tissue and avoid peri-implant tissue complications during the repair of mucosal oral defects (Sieira Gil et al., 2015). Some research builds an oral mucosal model by using tissue engineering technology and evaluates the changes in the interface in implant soft tissue because the biotightness formed by the soft tissue around implants can impact the prognosis after dental implant treatments. Chai et al. developed a tissue-engineered three-dimensional oral mucosal model (3D OMM) by using primary human oral keratinocytes, fibroblasts, and a skin-derived scaffold. The titanium implant was then inserted into the engineered oral mucosa, and the results showed that the tissue-engineered oral mucosa was similar to the normal oral mucosa. 3D OMM can form epithelial attachments on the titanium surface (Chai et al., 2010). Trichloroacetic acid (TCA) has attracted the focus of dental researchers due to its pivotal role during skin regeneration. Lee et al. injected TCA into open wound defects of the palatal mucosa in beagles and found that TCA promoted the healing and regeneration of wound defects in oral soft tissue by upregulating cell cycle progression, cell growth, and cell viability (Lee K. et al., 2019).
The aforementioned studies demonstrated that tissue engineering technology can more easily repair defects in oral and maxillofacial skin or mucosa. If tissue-engineered skin and mucosa are widely used in oral and maxillofacial clinical surgery, it can effectively avoid the challenges caused by the transplantation of traditional autologous skin or mucosal flaps.
Oral and Maxillofacial Bone Tissue Engineering
Oral and maxillofacial bone defects are diseases caused by congenital deformity, trauma, tumors, inflammation, or periodontal disease and mainly include alveolar, maxillary, and mandibular bone defects (Bangun et al., 2021; Lin and Kudva, 2021). Bone transplantation, guided bone regeneration membrane technology, stimulation of osteogenesis, and prosthetic repair are the main methods for the healing of defects. In the clinic, autologous bone is regarded as the “gold standard” for bone transplantation, but it also has some disadvantages. For example, autologous bone cannot be shaped randomly, which will impact the recovery and appearance of prognostic functions. Furthermore, the source is limited, and some complications may still occur after autologous bone transplantation. Recently, there have been many studies related to the healing of oral and maxillofacial bone defects by using bone tissue engineering technologies.
Khodakaram et al. compared the effects of fibrin glue scaffolds and autologous bone grafts during the healing of rabbit mandibular defects and found that they have similar osteogenic effects, so fibrin glue may be a good bone graft substitute and can be used to reconstruct maxillofacial bone defects (Khodakaram-Tafti et al., 2018). Shahnaseri et al. created a maxillary defect to simulate a human alveolar cleft model. One side of the defect was filled with hydroxyapatite/β-tricalcium phosphate scaffolds that contained mesenchymal stem cells from the subcutaneous adipose tissue of dogs, and the other side was filled with autologous bone grafts collected from the tibia. The results showed that both grafts had good bone formation effects, so tissue engineering can be used as an alternative method to reconstruct bone defects (Shahnaseri et al., 2020). Redondo et al. inoculated mesenchymal stem cells from alveolar bone into BioMax scaffolds prepared from autologous serum and treated maxillary cystic bone defects under GMP conditions. The results showed that BioMax cross-linked serum scaffolds containing osteogenic differentiated MSCs gained a good effect during the repair of maxillary defects (Redondo et al., 2018). Zhang et al. constructed tissue-engineered bones by using 3D printing molds and high-temperature sintering and produced nanoporous hydroxyapatite scaffolds that can convincingly repair in situ bone defects in experimental dogs (Zhang et al., 2020).
The reconstruction of bone defects (especially critical sized bone defects) is difficult because the survival and growth of bone require the surrounding and internal blood vessels to provide oxygen and nutrients. Therefore, the vascularization of tissue-engineered bone is very important during the repair of oral and maxillofacial bone defects. Matthias et al. successfully reconstructed large posttraumatic mandibular defects by using fresh frozen humeral allografts seeded with autologous bone marrow aspirate and vascularized them with a radial forearm flap (Matthias et al., 2019).
There are four main methods to reconstruct the blood supply of tissue-engineered bones: 1) using growth factors to promote the formation of new blood vessels (Omorphos et al., 2021); 2) culturing vascular endothelial cells as seed cells with the scaffold to form a complex unit and then implanting them in vivo to promote angiogenesis (Hancock et al., 2021); 3) combining microsurgery technology with bone tissue engineering to promote blood vessel formation (Vidal et al., 2020); and 4) using genetic engineering technology to promote blood vessel formation (Est-Witte et al., 2020). Selecting the appropriate tissue-engineered bone and constructing a good blood supply system will accelerate the healing of critical-sized bone defects. We believe that with the support of osteogenic cells, scaffolds, and growth factors, increasingly more tissue-engineered bone will be developed, and oral and maxillofacial bone defects will be repaired easily.
Limitations
We mentioned that the basic elements of tissue engineering technology are cells, scaffolds, and growth factors. Current relevant studies also obtained satisfactory reconstruction results, but there are still some disadvantages that limit the development of tissue engineering. If researchers can understand these limitations of tissue engineering correctly, it will contribute to the further research and application of tissue engineering and will be helpful for solving problems during the healing of defective tissues or organs.
Limitations of Cells
At present, the cells used for tissue engineering research mainly include xenogeneic cells, allogeneic cells, and autologous cells. Xenogeneic cells are taken from non-human body tissues and can be derived from animals such as pigs and dogs, which means that the use of xenogeneic cells may cause immune rejection. Although some researchers have overcome this immune rejection (Mohiuddin et al., 2014; Iwase et al., 2015), the safety and long-term therapeutic effects of xenogeneic cells still need to be further verified (Sun et al., 2019). Compared with xenogeneic cells, allogeneic cells can better overcome immune rejection (Goyer et al., 2019), but they may have some other disadvantages. In recent years, research on allogeneic cells has mainly focused on human embryonic stem cells derived from 1) naturally or artificially aborted embryos and 2) in vitro fertilized embryos. However, the application of human embryos is considered extremely cruel, immoral, and illegal in many countries. Autologous cells are taken from their own tissues and have the potential to regenerate various tissues and organs. Autologous cells, unlike xenogeneic and allogeneic cells, will not cause immune rejection and have no ethics problems, but their application is restricted by their limited source and traumas caused during cell harvesting.
Limitations of Scaffolds
As previously summarized, natural biomaterials, synthetic polymer materials, or hydrogel scaffolds, all have some limitations. Because most natural biomaterials are derived from animal and have good biocompatibility during in vivo and in vitro experiments, they are still judged as non-autologous and labeled foreign bodies by the immune system and may eventually induce serious immunogenic responses after long-term use (Gilmartin et al., 2013). In addition, we should also pay attention to the instability of these biomaterials and the variability of molecular structures among different batches (Ige et al., 2012). Synthetic polymer materials generally exhibit poor cell affinity in previous studies (Zhao W. et al., 2016). The major disadvantage of electrospun scaffolds is the complexity of electrospinning and lack of defined control, so more reliable data from animal experiments are needed to support future practical applications (McClellan and Landis, 2016). Rasperini et al. reported the first human case in which a 3D-printed bioresorbable polymer scaffold was used to treat a periodontal osseous defect; however, the scaffold was exposed at 13 months and removed at 14 months because of a larger dehiscence and failure of wound healing (Rasperini et al., 2015). How to control the degradation rate of scaffolds to match the speed of defect healing and how to prepare layered scaffolds that can guide coordinated tissue regeneration may be the main directions of improvement approaches in the future.
Limitations of Clinical Application
Constructing a tissue engineering complex rich in living cells in vitro and then implanting it in vivo is the main process of transplantation of engineered tissue or organs. However, it also has some potential risks to the recipients of implanted engineered tissues or organs. When culturing the engineered complex in vitro, it is necessary to add fetal bovine serum, streptomycin, or other substances that can promote cell growth, but most substances are not derived from humans themselves, so the engineered complex may cause allergic reactions after implantation in vivo. On the other hand, absorbable polymer materials and some other types of materials are often selected as scaffolding materials to support seeding cells. Although most of these materials show no toxic effects, the long-term safety and immunological rejection of these materials are still major concerns for clinical application. For example, people prefer using allogeneic bone as a scaffold material, but it still has little antigenicity even when treated at extremely low temperatures. Therefore, we should further consider the safety and validity of engineered tissue or organs before they are applied in the clinic.
CONCLUSION
In summary, tissue engineering has broad prospects in stomatology and provides a valuable direction for future research on tooth loss, periodontal defects, dental implants, cleft palate defects, oral and maxillofacial skin or mucosal defects, and bone defects. It is believed that with the in-depth exploration of tissue engineering, ideal seed cell, better scaffold materials, and growth factors will be discovered and applied in effective clinical management of oral diseases in the future.
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Three-dimensional (3D) spheroid culture can promote the osteogenic differentiation and bone regeneration capacity of mesenchymal stromal cells (MSC). Gingiva-derived progenitor cells (GPC) represent a less invasive alternative to bone marrow MSC (BMSC) for clinical applications. The aim of this study was to test the in vivo bone forming potential of human GPC and BMSC cultured as 3D spheroids or dissociated cells (2D). 2D and 3D cells encapsulated in constructs of human platelet lysate hydrogels (HPLG) and 3D-printed poly (L-lactide-co-trimethylene carbonate) scaffolds (HPLG-PLATMC) were implanted subcutaneously in nude mice; cell-free HPLG-PLATMC constructs served as a control. Mineralization was assessed using micro-computed tomography (µCT), histology, scanning electron microscopy (SEM) and in situ hybridization (ISH). After 4–8 weeks, µCT revealed greater mineralization in 3D-BMSC vs. 2D-BMSC and 3D-GPC (p < 0.05), and a similar trend in 2D-GPC vs. 2D-BMSC (p > 0.05). After 8 weeks, greater mineralization was observed in cell-free constructs vs. all 2D- and 3D-cell groups (p < 0.05). Histology and SEM revealed an irregular but similar mineralization pattern in all groups. ISH revealed similar numbers of 2D and 3D BMSC/GPC within and/or surrounding the mineralized areas. In summary, spheroid culture promoted ectopic mineralization in constructs of BMSC, while constructs of dissociated GPC and BMSC performed similarly. The combination of HPLG and PLATMC represents a promising scaffold for bone tissue engineering applications.
Keywords: xeno-free, platelet lysate, MSc, spheroid culture, bone tissue engineering
INTRODUCTION
Adult mesenchymal stromal cells (MSC) are increasingly being used in bone tissue engineering (BTE) for the reconstruction of clinically challenging bone defects, and to overcome the limitations of existing bone-substitute materials (Shanbhag et al., 2019). Although MSC derived from bone marrow (BMSC) are the most widely tested, progenitor cells from other tissues requiring less-invasive harvesting, e.g., oral tissues, are being explored (Sharpe, 2016; Pittenger et al., 2019). Gingiva, in particular, can be harvested with minimal morbidity and contains a subpopulation of multipotent progenitor cells (GPCs), which demonstrate an MSC-like phenotype, immunomodulatory properties, and osteogenic potential both in vitro and in vivo (Fournier et al., 2010; Mitrano et al., 2010; Tomar et al., 2010).
A critical aspect in the clinical translation of cell therapies is the use of safe and standardized culture conditions resulting in safe-to-use cell constructs. Exclusion of animal-derived supplements, e.g., fetal bovine serum (FBS), in ex vivo culture systems is considered important to facilitate clinical translation of cell therapies and is also a recommendation by regulatory health authorities (Bieback et al., 2019). Pooled human platelet lysate (HPL) has been identified as the optimal “xeno-free” supplement for MSC culture, with particular benefits for BTE by promoting MSC osteogenic differentiation (Fekete et al., 2012; Shanbhag et al., 2017). We have recently reported that HPL cultured GPC and BMSC demonstrate superior proliferation, osteogenic gene expression and in vitro mineralization vs. corresponding FBS-based cultures (Shanbhag et al., 2020a; Shanbhag et al., 2020b).
Compared to two-dimensional (2D) monolayer cultures, the self-assembly or aggregation of MSC into 3D spheroids is mediated by unique cell-cell and cell-extracellular matrix (ECM) interactions, biomechanical cues and activated signaling pathways, simulating more closely the in vivo microenvironment (Sart et al., 2014; Cesarz and Tamama, 2016). Several studies have reported that, compared to conventional 2D monolayers, spheroid MSC show enhanced “stemness”, differentiation capacity, paracrine activity and immunomodulatory potential (Kale et al., 2000; Follin et al., 2016; Petrenko et al., 2017). We have recently reported that the expressions of several genes associated with self-renewal and osteogenic differentiation were significantly enhanced in xeno-free 3D spheroid vs. 2D monolayer cultures of GPC and BMSC, independent of osteogenic induction via media supplements (Shanbhag et al., 2020b). GPC and BMSC spheroids also demonstrated in situ mineralization and ECM formation following in vitro osteogenic induction, altogether, suggesting a promising potential for use in BTE (Shanbhag et al., 2020b).
Traditional cell delivery methods involve direct seeding of cells on the surface of biomaterial scaffolds before in vivo transplantation (Shanbhag and Shanbhag, 2015). However, this may not be optimal for MSC spheroids where the 3D structure is lost by direct seeding, thus potentially compromising their efficacy. To preserve the 3D structure, encapsulation of spheroids in hydrogel scaffolds maintains their 3D assembly and represents an effective delivery system (Murphy et al., 2014; Murphy et al., 2015; Ho et al., 2018). Since HPL is increasingly being used for clinical-grade MSC culture, extending its application as a hydrogel scaffold represents a clinically relevant and cost-effective strategy (Robinson et al., 2016). Additionally, using 3D-printing technology, pliable scaffolds of novel copolymers, e.g., poly (L-lactide-co-trimethylene carbonate) (PLATMC) (Jain et al., 2020), can be custom designed to support the cell-hydrogel constructs in non-contained critical-size bone and/or periodontal defects (Hassan et al., 2019; Yamada et al., 2021). As a preliminary step, the regenerative potential of tissue engineered constructs is frequently tested in ectopic, e.g., subcutaneous or intramuscular, sites (Scott et al., 2012). The absence of local osteogenic cells and stimuli surmises that any observed mineralization is from exogenous origins and/or stimuli. Therefore, the objective of the present study was to compare the potential of xeno-free GPC and BMSC, as dissociated cells (2D) or spheroids (3D), encapsulated in constructs of HPL hydrogels (HPLG) and PLATMC (HPLG-PLATMC), for ectopic BTE in a subcutaneous immunocompromised mouse model.
MATERIALS AND METHODS
Cell Culture
The use of human cells and tissues was approved by the Regional Committees for Medical Research Ethics (REK) in Norway (2013-1248/REK-sør-øst C and 2016-1266/REK-nord) and obtained following appropriate informed consent. Bone marrow aspirates were obtained from three donors (one female and two males; 8–10 years) undergoing corrective surgery at the Department of Plastic Surgery, Haukeland University Hospital, Bergen, Norway. Gingival biopsies were collected from three systemically healthy, non-smoking patients (two females and one male; 18–31 years) undergoing dental surgery at the Department of Clinical Dentistry, University of Bergen, Bergen, Norway. BMSC and GPC were isolated as previously described (Mohamed-Ahmed et al., 2018; Shanbhag et al., 2020b). Briefly, primary monolayer cultures of GPC and BMSC were separately established in growth media comprising Dulbecco’s Modified Eagle’s medium (DMEM; Invitrogen, Carlsbad, CA, United States) supplemented with 5% (v/v) HPL (Bergenlys®, Bergen, Norway), 1% (v/v) penicillin/streptomycin (GE Healthcare, South Logan, UT, United States) and 1 IU/ml heparin (Leo Pharma AS, Lysaker, Norway). Cells were sub-cultured (4,000 cells/cm2) and expanded in humidified 5% CO2 at 37°C. Characterization of monolayer GPC and BMSC according to the “minimal MSC criteria” (Dominici et al., 2006), i.e., plastic adherence, stromal-like immunophenotype and multi-lineage differentiation potential, has been reported elsewhere (Shanbhag et al., 2020a; Shanbhag et al., 2020b).
To generate 3D spheroids, passage-2 dissociated monolayer GPC and BMSC (n = 3 donors, pooled) were separately seeded in microwell-patterned 24-well plates (Kugelmeiers Ltd., Erlenbach, CH); after 24 h, aggregate spheroids of ∼1000 cells were formed via guided self-assembly (Shanbhag et al., 2020b). Characterization of GPC and BMSC spheroids based on gene expression, cytokine secretion and in vitro mineralization, has been reported elsewhere (Shanbhag et al., 2020b).
Fabrication of HPLG-PLATMC Constructs
PLATMC scaffolds were produced as described elsewhere (Jain et al., 2020). Briefly, a 3D CAD model was designed using the Magics® software integrated with a 3D-Bioplotter® (both from EnvisionTEC, Gladbeck, Germany). Granules of medical-grade PLATMC (RESOMER® LT-706-S 70:30, Evonik GmBh, Essen, Germany) were loaded into the printer cartridge (pre-heated to 220°C) and rectangular sheets of three layers with an orientation of 0°–90°−0° were printed at 190°C with an inner nozzle diameter of 400 μm and strand spacing of 0.7 mm. Disc-shaped scaffolds measuring 6 mm × ∼1.2 mm were punched out and placed in 48-well plates. Prior to use in experiments, the scaffolds were sterilized by soaking in 70% ethanol for 30 min, followed by washing with phosphate-buffered saline (PBS, Invitrogen) and 2 h exposure to UV light.
To avoid direct seeding on scaffolds and aiming to preserve the morphology of 3D spheroids, HPLG was added to the construct. To prepare HPLG, sterile-filtered HPL (same as in growth media) was supplemented with 20 mg/ml fibrinogen (Sigma-Aldrich, St. Louis, MO, United States) to increase the stiffness and mechanical properties of the hydrogel (Murphy et al., 2015). Gelation was achieved by adding a “thrombin solution” containing 1 IU/ml human thrombin and 1 TIU/ml aprotinin in 20 mM CaCl2 solution (all from Sigma-Aldrich), followed by incubation at 37°C for 15 min. To prepare the (cell-free) constructs, the HPL and thrombin solutions were mixed and 50 μl were quickly seeded on pre-wetted scaffolds. To prepare cell-loaded constructs, equal numbers of passage-2 2D or 3D GPC or BMSC were uniformly suspended in fibrin supplemented HPL, mixed with thrombin solution and seeded on scaffolds (2 × 106 cells in 50 μl) as described above. Cell distribution within the constructs was observed under a light microscope (Nikon Eclipse TS100, Tokyo, Japan) (Figure 1A). Constructs were cultured in osteogenic induction media, i.e., growth media supplemented with final concentrations of 0.05 mM L-ascorbic acid 2-phosphate, 10 nM dexamethasone and 10 mM β glycerophosphate (all from Sigma-Aldrich), for 1 week prior to in vivo implantation.
[image: Figure 1]FIGURE 1 | Study design. (A) Representative phase microscopic images of 2D (single cells) and 3D (spheroids) cell constructs; scale bars 100 μm. (B) Schema of study design, experimental groups and outcomes; constructs were cultured in vitro in osteogenic induction medium for 7 days prior to implantation (+7 days). (C) Representative macroscopic images of 8-weeks tissue specimens containing BMSC (a), GPC (b) or cell-free constructs (c); scale bars 2 mm.
Ectopic Implantation in Nude Mice
Animal experiments were approved by the Norwegian Animal Research Authority (Mattilsynet; FOTS-18738) and reported in accordance with the ARRIVE guidelines for all relevant items (Kilkenny et al., 2010; Berglundh and Stavropoulos, 2012). Twenty female athymic nude mice (Rj:Athym-Foxn1nu/nu, Janvier Labs, France), 7-weeks-old and weighing 19.4 ± 1.12 g, were used. Animals were housed in stable conditions (22 ± 2°C) with a 12 h dark/light cycle and ad libitum access to food and water. Animals were allowed to acclimatize for 1 week prior to experiments and were regularly monitored for signs of pain/infection, food intake and activity during the entire experimental period.
Pre-operatively, animals were anesthetized with a mixture of sevoflurane (Abbott Laboratories, Berkshire, United Kingdom) and O2 using a custom-made mask. Following anaesthesia, two 1-cm incisions were made in the midline of the dorsum, and four subcutaneous pouches were created using blunt dissection. Next, four constructs per animal containing either suspension [2 × 106 2D-BMSC or 2D-GPC], spheroid [2 × 106 3D-BMSC or 3D-GPC] or no cells were randomly implanted in the pouches (5 groups; n = 8 constructs per group per time point). GPC and BMSC were never implanted in the same animals. Post-operatively, the skin was sutured (Vicryl, Ethicon, Somerville, NJ, United States) and animals were injected subcutaneously with buprenorphine (Temgesic 0.03 mg/kg, Schering-Plough, United Kingdom) for up to 2 days thereafter. After 4 or 8 weeks, the animals were euthanized with an overdose of CO2 and constructs were harvested. The primary outcome, i.e., ectopic mineralized tissue formation, was assessed via micro-computed tomography (μCT) and histology. Secondary outcomes included identification of transplanted human cells by in situ hybridization (ISH) and assessment of mineralized ultrastructure by scanning electron microscopy and energy dispersive x-ray spectroscopy (SEM/EDX) analysis. Animals were coded via ear clips and identified by numbers for all subsequent handling/analyses to facilitate blinding of personnel.
μCT
Immediately after euthanasia, the specimens were harvested along with the overlying skin and underlying muscle tissues and fixed in 10% buffered formalin (Sigma-Aldrich). Specimens were scanned using a SkyScan 1172 μCT scanner (Bruker, Kontich, Belgium) with an X-ray source of 60 kV/200 μA and 0.5 mm aluminum filter for a 10 µm resolution. Scans were reconstructed by applying a standardized volume of interest (5 mm × 1 mm to exclude the tissue margins) and a global grey threshold of 110–255 using the CTAn v.1.18 software (Bruker). Quantification of mineralization as a ratio of the total construct volume (MdV/TV) was performed in a blinded fashion using the CTAn software (Bruker).
Histology
Specimens were processed for histology by both decalcified (paraffin-embedded) and undecalcified (resin-embedded) methods. Selected specimens were decalcified in 20% ethylenediaminetetraacetic acid solution (EDTA; Sigma-Aldrich) for 7 days. Next, formalin-fixed tissues were dehydrated in ascending grades of alcohol and embedded in paraffin (FFPE) or light-curing resin (RE; Technovit 7200 + 1% benzoyl peroxide, Kulzer & Co., Wehrheim, Germany). FFPE tissue sections were cut (∼5 µm) and stained with hematoxylin and eosin, Alizarin red S (Sigma-Aldrich) or Trichrome dyes (Roche Diagnostics, Oslo, Norway); Alizarin red staining was performed on undecalcified FFPE sections. RE specimens were further processed using EXAKT cutting and grinding equipment (EXAKT Apparatebau, Norderstedt, Germany) and thin ground sections (∼100 µm) were stained with Levi-Lazko dye (Morphisto GmbH, Frankfurt, Germany). FFPE and RE sections were scanned and digitized using a Nanozoomer XR (Hamamatsu, Photonics Ltd., Hertfordshire, United Kingdom; ×40 magnification) and Olympus BX61VS system (DotSlide 2.4; Olympus, Japan, Tokyo, ×20 magnification), respectively. Quantification of total collagen (area in µm2) in Trichrome stained FFPE sections was performed using QuPath open-source image analysis software (Bankhead et al., 2017).
ISH
Detection of transplanted human cells was performed using ISH for the human specific repetitive Alu sequence, which comprises approximately 5% of the total human genome (Mankani et al., 2007). ISH was performed using the RNAscope 2.5 High-Definition Brown Assay according to the manufacturer’s instructions (all reagents and probes from Advanced Cell Diagnostics, Newark, CA, United States). Briefly, tissue slides were baked at 60°C for 1 h followed by deparaffinization in 100% xylene twice for 5 min each and two changes of 100% ethanol. The slides were treated with an endogenous peroxidase-blocking reagent, incubated for 15 min in boiling 1× target retrieval solution and treated with protease digestion buffer for 30 min at 40°C. The slides were then incubated with the target Alu probe for 2 h at 40°C, followed by signal amplification as detailed in the manufacturer’s guide. For colorimetric detection, 3,3′-Diaminobenzidine (DAB) was applied for 5 min at RT followed by counterstaining with hematoxylin. A peptidylprolyl isomerase B (PPIB) Positive Control Probe was used to validate the assay. Quantification of brown stained Alu + cells in ISH sections was performed using the QuPath software (Bankhead et al., 2017).
SEM
Ultrastructure of mineralization in the undecalcified ground sections was analyzed using SEM and EDX. Briefly, the slides were sputter coated with carbon and imaged at a voltage of 15 kV with an electron microscope (Supra 55VP, Carl Zeiss, Oberkochen, Germany). EDX analysis was performed using the Pathfinder software (Thermo Scientific) and atomic weight percentages of various elements such as calcium (Ca) and phosphorous (P) were automatically calculated. EDX analysis was performed at least three different regions of the mineralized tissues in each section. Sections of histologically validated ectopic bone from a previous study in mouse intramuscular sites were analyzed as positive controls.
Statistical Analysis
Statistical analysis was performed using the Prism 9.0 software (GraphPad Software, San Diego, CA, United States). Data are presented as means ± SD, unless specified. Normality testing was performed using the Shapiro-Wilk test. The student t test, Mann-Whitney U test and one-way analysis of variance (ANOVA), followed by a post-hoc Tukey’s (parametric) or Dunn’s test (non-parametric) for multiple comparisons, were applied as appropriate, and p < 0.05 was considered statistically significant.
RESULTS
General Outcomes
HPLG-PLATMC constructs containing equal numbers of 2D or 3D GPC or BMSC were implanted subcutaneously in nude mice (Figures 1A,B). One animal died 2 days postoperatively due to an eye infection unrelated to the implants and was excluded from the analysis. All other animals recovered from surgery and no adverse events were recorded. Constructs were analyzed after 4 weeks [2D-BMSC (n = 8), 3D-BMSC (n = 8), 2D-GPC (n = 6), 3D-GPC (n = 6), cell-free (n = 8)] or 8 weeks [2D-BMSC (n = 8), 3D-BMSC (n = 8), 2D-GPC (n = 8), 3D-GPC (n = 8), cell-free (n = 8)]. No signs of inflammation were observed on either the skin or muscle surface. Abundant blood vessels were observed in the muscle layer directly underlying the constructs in all groups.
Spheroid Culture of BMSC Promoted Ectopic Mineralization
μCT analysis revealed mineralization of varying degrees in all groups. The pattern of mineralization typically followed the scaffold architecture, i.e., along the surface of the printed filaments in between the pores (Figure 2). Cross-sectional images demonstrated mineralization throughout the entire thickness of the construct. Significantly greater mineralization (MdV/TV) was observed in 3D-BMSC vs. 2D-BMSC constructs after 4 (0.92 ± 0.32 vs. 0.51 ± 0.42; p = 0.046) and 8 weeks (1.03 ± 0.41 vs. 0.54 ± 0.28; p = 0.015) (Figures 3A,B). In the case of GPC, a non-significant trend for greater MdV/TV was observed in 2D-GPC vs. 3D-GPC constructs at 4 (0.53 ± 0.32 vs. 0.26 ± 0.15; p > 0.05) and 8 weeks (0.70 ± 0.48 vs. 0.33 ± 0.12; p > 0.05). Comparable mineralization was observed in 2D-GPC vs. 2D-BMSC constructs at 4 and 8 weeks (p > 0.05). Significantly greater mineralization was observed in 3D-BMSC vs. 3D-GPC constructs at 4 and 8 weeks (p < 0.05).
[image: Figure 2]FIGURE 2 | μCT analysis of ectopic mineralization. Representative reconstructed images showing “low, average and high” degrees of mineralization in BMSC, GPC and control constructs (no cells) after 4 and 8 weeks; the bottom row shows cross-sectional views of the corresponding “high” constructs at 8 weeks. The color bar indicates relative mineral density from minimum (black) to maximum (blue).
[image: Figure 3]FIGURE 3 | Quantification of mineralization by μCT. (A) Percentage mineralization in BMSC, GPC and control constructs (no cells) after 4 and 8 weeks; MdV/TV, mineral volume/total construct volume; data represent means; o represents outliers. (B) Inter-group comparisons showing statistically significant differences (p < 0.05); * reference group in the analysis (Kruskal-Wallis one-way ANOVA).
Cell-Free Constructs Produced Robust Ectopic Mineralization
Substantial mineralization was also observed in the control, i.e., cell-free HPLG-PLATMC, constructs after 4 weeks; μCT analysis revealed comparable MdV/TV to that of 3D-BMSC constructs at 4 weeks (0.97 ± 0.35 vs. 0.92 ± 0.32; p > 0.05). Only the cell-free group showed a significant increase in mineralization from 4 to 8 weeks (0.97 ± 0.35 to 1.86 ± 0.60; p = 0.003). After 8 weeks, mineralization in the cell-free group was significantly greater than all other groups (p < 0.05) (Figures 3A,B).
Irregular Histological Appearance of Ectopic Mineralization
Generally, histological analysis of all explants (cell-loaded and cell-free) revealed fibrous encapsulation of the constructs, with little or no inflammatory cell-infiltrate around the capsules. The scaffold material within the construct was well-defined, could be clearly distinguished from the host tissues and did not indicate any signs of resorption or degradation, even after 8 weeks. The hydrogel between the scaffold pores was degraded and replaced by well-vascularized host tissues (Figures 4–6).
[image: Figure 4]FIGURE 4 | Histology of BMSC constructs. (A) Representative images of Trichrome and corresponding ISH stained sections of 2D and 3D BMSC constructs after 4 and 8 weeks; m, mineralization; s, scaffold; wb, woven bone; arrows indicate dense collagen (Trichrome) and Alu + cells (ISH)—except in the ISH section of 2D-GPC at 8 weeks where dense collagen does not correlate with Alu + cells in ISH; scale bars 100 μm. (B) Quantification of collagen staining (Trichrome) and Alu + cells (ISH); n, total number; data represent means ± SD (n = 3).
[image: Figure 5]FIGURE 5 | Histology of GPC constructs. (A) Representative images of Trichrome and corresponding ISH stained sections of 2D and 3D GPC constructs after 4 and 8 weeks; m, mineralization; s, scaffold; arrows indicate dense collagen (Trichrome) and Alu + cells (ISH); scale bars 100 μm. (B) Quantification of collagen staining (Trichrome) and Alu + cells (ISH); n, total number; data represent means ± SD (n = 3).
[image: Figure 6]FIGURE 6 | Histology of cell-free constructs. Representative images of Trichrome stained sections of cell-free constructs showing different patterns of mineralization (A,B) after 4 and 8 weeks; m, mineralization; s, scaffold; arrows indicate dense collagen; scale bars 100 μm (20x) and 50 μm (40x).
In paraffin-embedded (FFPE) sections, areas of diffuse mineralization were seen along the scaffold margins and between the filaments, often in direct contact with the scaffold. Alizarin red staining of undecalcified FFPE sections confirmed the presence of calcium in the tissues; Alu + cells were detected within/surrounding these tissues (Supplementary Figure S1). Presence of collagen was confirmed via Trichrome (blue) staining. After 8 weeks, a trend for higher collagen content was observed in 2D vs. 3D groups of both GPC and BMSC constructs (p > 0.05). Overall, no differences in morphology of the mineralized areas or collagen content were observed between cell-loaded and cell-free constructs. A trend for greater collagen and Alu + cells was observed in GPC vs. BMSC constructs (p > 0.05). In the 3D-BMSC and 3D-GPC groups, the spheroidal form of cell aggregates was retained after 4 weeks and often showed signs of mineralization en masse (Supplementary Figure S1).
In FFPE sections, the mineralized areas lacked the organized structure of normal bone tissue, with no evidence of embedded (osteocytes) or lining cells. Similar observations were made in undecalcified RE sections, where the mineralized areas mostly showed an irregular and acellular pattern (Figure 7). Only one instance of organized bone-like tissue with embedded osteocytes was observed in a single specimen from the 2D-BMSC group at 8 weeks. In this case, the new bone was seen to be formed on the surface of an irregular mineralization, which showed roughened borders indicative of resorption (Figure 7).
[image: Figure 7]FIGURE 7 | Undecalcified histology. Representative images of BMSC, GPC and control constructs (no cells) after 4 and 8 weeks (thin ground sections, Levi Lazko staining); * indicate blood vessels; arrow indicates the only instance of “bone-like” tissue observed in the study; scale bars 100 μm (10x) and 50 μm (20x).
Comparable Ultrastructure of Different Mineralization Patterns
Composition of the different ectopic mineralization patterns in RE sections was further determined via SEM/EDX analysis; SEM and histological images were correlated to analyze specific regions within the mineralized areas. Based on appearance, the different mineralization patterns were categorized as follows (in order of decreasing frequency): globular, plate-like and filament-like (Figure 8). EDX analysis revealed similar compositions in terms of Ca, P and Ca:P ratios between the different mineralization types; average values of Ca, P and Ca:P were 37.31% (range 33.46–41.12%), 17.77% (range 15.73–19.02%) and 2.10 (range 2.02–2.17), respectively. These values were comparable to historical controls of “true” ectopic bone (Supplementary Figure S2).
[image: Figure 8]FIGURE 8 | SEM analysis. (A–J) Representative images of BMSC, GPC and control constructs (no cells) after 4 and 8 weeks. (K–O) Corresponding high magnification images from each group; yellow arrows indicate the different patterns of mineralization: (K,M) sheet/plate, (L) globular, (N,O) filament-like; red arrow indicates the only instance of “bone-like” tissue observed in the study; scale bars 100 μm.
Transplanted Cells Detected in situ After 8 weeks
Detection of transplanted human cells was performed using ISH for the human specific Alu sequence; no Alu + cells were detected in cell-free constructs (data not shown). High numbers of Alu + cells were detected after 4 and 8 weeks in constructs of both 2D and 3D GPC and BMSC. In 3D GPC/BMSC, cell aggregation was evident even after 8 weeks. Alu + cells were uniformly distributed throughout the constructs and associated with markedly denser connective tissue. In several instances, Alu + cells were detected within and around the areas of mineralization, although not showing the characteristic lacunae of embedded osteocytes. In BMSC constructs, a trend for greater numbers of Alu + cells was observed in the 3D vs. 2D group at 4 but not at 8 weeks (Figure 4B). In GPC constructs, similar numbers of Alu + cells were observed in the 3D vs. 2D group at both 4 and 8 weeks (Figure 5B). No significant differences in the numbers of Alu + cells were detected between the groups at 4 or 8 weeks (p > 0.05).
DISCUSSION
The present study investigated the ectopic BTE potential of HPLG-PLATMC constructs containing spheroid (3D) or dissociated (2D) BMSC or GPC in a subcutaneous mouse model. The main findings were 1) significantly greater mineralization in constructs of 3D vs. 2D BMSC, 2) comparable mineralization in 2D GPC vs. 2D BMSC, and 3) robust mineralization in cell-free constructs.
In the context of BTE, aggregation of MSC into 3D spheroids has been reported to recapitulate embryonic events during skeletal development and thereby promote their osteogenic differentiation (Hall and Miyake, 2000; Kale et al., 2000). We have recently reported significant upregulations of genes associated with self-renewal and osteogenic differentiation in xeno-free cultures of 3D vs. 2D GPC and BMSC, suggesting a greater potential for in vivo osteogenesis (Shanbhag et al., 2020b). Consistently, recent studies have reported superior bone regeneration in rodent orthotopic models when using 3D vs. 2D BMSC encapsulated in Matrigel® (Corning) (Yamaguchi et al., 2014) or alginate-based hydrogels (Ho et al., 2018); similar results were reported for periodontal ligament-derived cells (PDLCs) encapsulated in Matrigel® (Moritani et al., 2018). Conversely, a recent study reported no differences in the healing of mouse femoral defects treated with either 2D or 3D BMSC encapsulated in a commercial fibrin gel (Findeisen et al., 2021). In the present study, significantly greater ectopic mineralization was observed via µCT in 3D vs. 2D BMSC constructs. To our knowledge, only one previous study has reported µCT analysis of ectopic bone formation (Ruminski et al., 2018); another study reported conventional X-ray but not µCT-based assessment of spheroid-hydrogel constructs (Ho et al., 2016). Nevertheless, our findings are supported by previous studies, which reported superior ectopic bone formation by 3D vs. 2D BMSC in calcium phosphate + platelet-rich plasma (PRP) complexes (Chatterjea et al., 2017) or RGD-modified alginate hydrogels (Ho et al., 2016). In the former study (Chatterjea et al., 2017), ectopic bone formation by spheroid BMSC was further enhanced in the presence of PRP, suggesting a synergistic effect of BMSC and platelet-derived growth factors (Shanbhag et al., 2017).
Fibrin- and platelet-based hydrogels, e.g., PRP, have been extensively used as scaffolds for bone regeneration (Soffer et al., 2003). In the present study, a fibrin supplemented HPLG was used to encapsulate the GPC and BMSC spheroids—to preserve their 3D architecture during in vivo delivery (Robinson et al., 2016). Indeed, platelet growth factors are known to promote MSC osteogenic differentiation in vitro (Kasten et al., 2006; Zhang et al., 2011; Huang et al., 2012; Trouillas et al., 2013; Chatterjea et al., 2017) and bone formation in vivo (Kasten et al., 2006; Trouillas et al., 2013; Chatterjea et al., 2017). However, an interesting (and potentially confounding) observation herein was the robust mineralization in cell-free HPLG-PLATMC constructs; after 8 weeks, the greatest µCT-based mineralization was observed in the cell-free group. Since PLATMC is biologically inert, the observed mineralization could be attributed to the HPLG. As already mentioned, although platelet growth factors (PRP) have been shown to enhance MSC-mediated ectopic bone formation, to our knowledge, no studies have detected ectopic bone formation in cell-free fibrin- or PRP-constructs alone (Yamada et al., 2003; Osathanon et al., 2008; Murphy et al., 2015). In context, previous studies have tested “HPL coated” ceramic scaffolds for ectopic and orthotopic bone formation; scaffolds were immersed in HPL for 24 h prior to experiments (Leotot et al., 2013; Bolte et al., 2019). While the HPL coating itself did not promote bone formation, it enhanced the osteogenic potential of BMSC seeded on the scaffolds (Leotot et al., 2013; Bolte et al., 2019). Therefore, whether (and if so, how) human HPL (G) alone can lead to ectopic bone formation requires further investigation.
When comparing cell types herein, comparable ectopic mineralization was observed in constructs of 2D-GPC (MdV/TV 0.70%) vs. 2D-BMSC (0.54%) after 8 weeks. Even constructs of 3D-BMSC (1.03%) did not significantly outperform those of 2D-GPC (0.70%), suggesting that GPC may have the potential to substitute BMSC in future BTE applications. Several studies have investigated in vivo bone formation by GPC; some studies have compared the ectopic bone forming potential of GPC and BMSC, of which, three (Fournier et al., 2010; Tomar et al., 2010; Zorin et al., 2014) reported comparable histological “bone formation” between GPC and BMSC (Supplementary Table S1). However, the morphology of mineralized tissues formed by GPC is highly variable in the reported literature—to our knowledge, only few studies have reported regular organized bone tissue with embedded (osteocytes) and/or bone forming cells (osteoblasts) (Supplementary Table S1). These differences in mineralization produced by GPC and BMSC may be explained by the so-called “tissue source variability” (Xu et al., 2017). BMSC are naturally resident in the bone marrow—a specialized tissue niche, and have an inherent propensity for osteogenic differentiation (Hoch and Leach, 2015). Conversely, gingiva is a connective tissue with a mainly supportive function and a large fibroblast-population. Indeed, fibroblasts from various tissues including gingiva are reported to be indistinguishable from BMSC in vitro based on the “minimal MSC criteria” (Denu et al., 2016), and the presence of a “true” MSC-like population in gingiva remains to be identified in vivo (da Silva Meirelles et al., 2008). Nevertheless, gingiva represents a promising alternative source of progenitor cells for BTE applications.
In contrast to the traditional histological picture of lamellar bone with embedded (osteocytes) and lining cells, an atypical pattern of mineral deposition/precipitation was observed in the constructs herein, regardless of the type or presence of cells. The mineralized areas often appeared as solid masses or aggregates, with no internal lamellar structure or canals containing blood vessels. However, in several instances the mineralized areas revealed the presence of embedded cells, including transplanted BMSC and GPC; in one instance of 2D-BMSC, organized bone-like tissue with embedded osteocytes was observed. A similar pattern of atypical mineralization has previously been reported in rat calvarial defects treated with collagen membranes (Kuchler et al., 2018; Feher et al., 2021). It has been hypothesized that the collagen fibres underwent mineralization via cell-independent mechanisms and thereby served as “scaffolds” for subsequent bone formation (Nudelman et al., 2013) and may explain the observations herein. We observed organized and cellular (osteocyte containing) bone-like tissue around the mineral deposits in one specimen of the 2D-BMSC group at 8 weeks—the mineral deposits showed roughened borders characteristic of surface resorption. This finding supports the hypothesis that the mineral deposits may first undergo resorption and subsequently serve as scaffolds for new bone formation. Other studies have reported dystrophic mineralization of biomaterials in ectopic sites, related to nucleation of calcium-phosphate complexes (Schoen and Levy, 2013; Lotsari et al., 2018). However, extending these hypotheses to the mineralization patterns observed herein is rather speculative, and the exact mechanism(s) of mineralization remains unclear.
Alu + GPC and BMSC were detected in the ectopic transplants herein. Detection of transplanted cells via ISH is well established and may assist in understanding the mechanism(s) of in vivo bone formation (Mankani et al., 2007; Janicki et al., 2011). It is relevant to note herein that cells (both GPC and BMSC) from pooled donors were used in the present study—to minimize donor-related variation and as a potential future strategy for allogeneic “off-the-shelf” cell therapy. The current literature is inconclusive regarding the mechanism(s) of bone formation by transplanted human MSC—either from independent or pooled donors, i.e., whether this occurs primarily via direct osteogenic differentiation of transplanted cells, paracrine stimulation of host cells, immune modulation, or a combination of factors (Moll et al., 2020). Indeed, Alu + cells were identified in the areas of mineralization herein; in several instances, these cells were embedded within the mineralization(s) and/or associated with areas of dense collagen deposition. However, the embedded cells did not demonstrate the well-defined surrounding lacunae characteristic of osteocytes. Previous studies have characterized the role of exogenous cells in ectopic and orthotopic bone formation. For example, transplantation of allogeneic BMSC in immunocompetent mice revealed immune modulation rather than osteoblastic differentiation in one study (Tsujigiwa et al., 2013; Takabatake et al., 2018). In another study, no transplanted human BMSC could be detected in ectopic mouse transplants beyond 2 weeks, despite robust bone formation at 8 weeks (Gamblin et al., 2014). These reports further suggest that transplanted BMSC contribute to bone formation via stimulation of tissue-resident progenitor cells rather than direct differentiation into osteoblasts (Tsujigiwa et al., 2013; Takabatake et al., 2018). Indeed, the type and immune status of the animal-model may also influence in vivo osteogenesis (Garske et al., 2020). Based on previous literature, we selected the athymic “nude” mouse model (Scott et al., 2012), where the absence of functional T lymphocytes (and partial defect of B cells) allows for xenogeneic transplantation of human cells without immune rejection. Others have reported favourable ectopic bone formation by human BMSC in NMRI-nude (Brennan et al., 2014; Gamblin et al., 2014) and NOD-SCID mice (Suliman et al., 2019), which present certain differences in immune status compared to our mouse model. Nevertheless, the exact mechanism(s) of osteogenesis and/or mineralization by xeno-transplanted BMSC in immunocompromised rodent models remains to be elucidated.
CONCLUSION
In summary, ectopic implantation of the various HPLG-PLATMC constructs revealed significantly greater mineralization in those with 3D-BMSC vs. 2D-BMSC and comparable mineralization in those with 2D-GPC vs. 2D-BMSC. However, the effect of cell transplantation was confounded by that of HPLG, based on the robust mineralization observed in cell-free constructs. Although transplanted GPC and BMSC were detected in situ after 8 weeks, their direct contribution to mineralization could neither be confirmed nor excluded. GPC represents a promising alternative to BMSC for BTE. The HPLG-PLATMC constructs herein represent promising and clinically relevant scaffolds for BTE applications.
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Vertical bone augmentation is aimed at regenerating bone extraskeletally (outside the skeletal envelope) in order to increase bone height. It is generally required in the case of moderate to severe atrophy of bone in the oral cavity due to tooth loss, trauma, or surgical resection. Currently utilized surgical techniques, such as autologous bone blocks, distraction osteogenesis, and Guided Bone Regeneration (GBR), have various limitations, including morbidity, compromised dimensional stability due to suboptimal resorption rates, poor structural integrity, challenging handling properties, and/or high failure rates. Additive manufacturing (3D printing) facilitates the creation of highly porous, interconnected 3-dimensional scaffolds that promote vascularization and subsequent osteogenesis, while providing excellent handling and space maintaining properties. This review describes and critically assesses the recent progress in additive manufacturing technologies for scaffold, membrane or mesh fabrication directed at vertical bone augmentation and Guided Bone Regeneration and their in vivo application.
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INTRODUCTION
Bone resorption is a phenomenon characterized by the volumetric reduction in viable bone tissue. Whilst osteoclast-mediated bone remodeling is an essential part of healthy bone metabolism, irreversible bone resorption can occur due to trauma or pathology within bone tissues (Teitelbaum, 2000). This is particularly problematic within the maxillofacial region, where surgical interventions, such as tooth extraction, can result in irreversible bone resorption leading to significant loss of bone volume. Consequently, a regenerative procedure for re-establishing the lost tissue and enabling the placement of prosthetic devices, such as dental implants, is required. Vertical bone augmentation aims to restore the previous levels of bone height, and is one of the most challenging surgical procedures in dentistry as it requires the formation and maintenance of extraskeletal bone (i.e., outside the newly established skeletal envelope) (Esposito et al., 2009; Urban et al., 2019).
Several existing techniques aimed at vertical bone augmentation, such as autologous block grafts, distraction osteogenesis, and guided bone regeneration combined with particulate grafts (GBR), have shown varying levels of success and are generally considered to be technique sensitive and clinically unpredictable (Urban et al., 2019). Indeed, whilst some commendable advances have been made in vertical bone augmentation, issues surrounding space maintenance, graft fixation, predictability of bone formation, and resorption still persist (Asa’ad et al., 2016). Other approaches are required to address these issues, and additive manufacturing (also known as three-dimensional (3D) printing) technology has been recently shown to have considerable potential to advance the field of vertical bone augmentation (Moussa et al., 2015; Carrel et al., 2016a; Carrel et al., 2016b; Sudheesh Kumar et al., 2018; Vaquette et al., 2021). Additive manufacturing enables the fabrication of porous biomaterials with an interconnected pore network in a layer-by-layer fashion and is additionally capable of fabricating customised patient-matched constructs. Advancements in bioceramic and polymer additive manufacturing techniques have paved the way for exploration into novel techniques in vertical bone tissue regeneration (Moussa et al., 2015; Carrel et al., 2016a; Carrel et al., 2016b; Ngo et al., 2018; Sudheesh Kumar et al., 2018; Vaquette et al., 2021).
In vivo application of such scaffolds has yielded some success in pre-clinical trials and generated strong interest within the field (Melchels et al., 2012; Khojasteh et al., 2013; Asa’ad et al., 2016). This review will briefly describe the various methods of 3D-printing for the manufacturing of 3D scaffolds (bioceramic and/or polymer), membranes, and patient matched metal meshes and then critically analyze the most recent studies utilizing additive manufacturing technologies for the purpose of alveolar vertical bone augmentation.
ADDITIVE MANUFACTURING TECHNOLOGIES AND BONE REGENERATION
Significant progress in additive manufacturing technology (3D printing) has been achieved over the past twenty years. Multiple techniques ranging from powder ceramic to polymer fabrication have been developed and optimized, bringing the field to a level of technological competency whereby a diverse range of geometries can be fabricated relatively quickly, and with a high degree of dimensional accuracy and patient customization (Lipson et al., 2004; Feilden et al., 2016). Utilizing this technology in conjunction with conventional imaging techniques, such as computer tomography (CT) scanning, enables the manufacturing of scaffolds with identical geometric features to the host tissue (Melchels et al., 2011).
Synthetic scaffolds can be fabricated by a broad range of techniques, and the following Table 1 summarizes the main additive manufacturing technologies utilized for scaffold fabrication applied in bone regeneration.
For vertical bone augmentation, scaffolds must fulfill several essential criteria. The scaffold must be biocompatible and should not induce cytotoxicity, acute inflammation or any form of rejection or fibrous encapsulation (Langer and Vacanti, 1993). The material must be capable of integrating with the native tissue by facilitating infiltration of cells, i.e., progenitor cells or osteoblasts (Asa’ad et al., 2016). The scaffold should be highly porous with an interconnected porosity to facilitate rapid vascularization to support bone formation (Cruess and Cruess, 1982). Previous research demonstrated that a porosity ranging from 60 to 90% is appropriate for bone regeneration and that a pore size above 100 microns is required for enabling cell, tissue infiltration and vascularization (Karageorgiou and Kaplan, 2005). Interestingly, the pore size also seems to impact bone regeneration depending on the application, as a recent study reported (Ghayor et al., 2021). Indeed, it was demonstrated that a larger pore size was beneficial for vertical augmentation whereas a smaller pore size enhanced bone regeneration in a bony defect. Regardless of the internal architecture, the scaffolds must be self-supporting and mechanically robust for achieving appropriate space maintenance for bone ingrowth and to ensure it does not collapse upon mastication which force ranges from 50 to 200 N depending on age and position in the jaw (Edmonds and Glowacka, 2020). The current literature reporting on additively manufactured scaffolds for vertical bone augmentation can be divided into three major biomaterials groups: 1) bio-ceramics, 2) polymers, and 3) metals.
ADDITIVELY MANUFACTURED BIO-CERAMIC CONSTRUCTS FOR VERTICAL BONE REGENERATION
As mentioned, whilst bone grafting techniques result in desirable clinical success rates, the method is still prone to post-surgical complications, and handling can be difficult for large bone deficiencies (Nyström et al., 2002; Nyström et al., 2004). This has seen an evolution of bone grafting research into synthetic alternatives to better address resorption issues encountered with autogenous bone (Tamimi et al., 2006). Bio-ceramics are one such material group of interest due to their biocompatibility and efficacy to conduct and/or induce bone formation. Common materials of interest within this class are hydroxyapatite (HA), alpha tri-calcium phosphate (α-TCP), beta tri-calcium phosphate (β-TCP), and biphasic tricalcium phosphate (Asa’ad et al., 2016). Bio-ceramics are generally manufactured from a colloidal suspension which enables the shaping of an implant, and this part is called the “green body”. This “green body” is then subjected to high temperatures (typically 50–90% of the melting temperature) which gives the implant its final microstructure and properties (Lakhdar et al., 2021). This later step induces volumetric changes and therefore the final implant is smaller than the green body, which represents a significant challenge for the production of customized implants.
TABLE 1 | Description of the various 3D-printing technologies.
[image: Table 1]Bio-ceramics characteristically exhibit excellent osteoconductive and sometimes osteoinductive properties (Barradas et al., 2011). This is largely due to the fact that they can be fabricated with coarse topography and surfaces suitable for the release of calcium and phosphate ions known for promoting the osteo-differentiation of progenitor cells. These materials are mostly utilized in a particulate form in combination with an occlusive membrane for bone regeneration in the oral cavity. While osteoconductive, the utilization of their granular form in the clinic is a significant challenge for handling and achieving adequate stability for vertical augmentation in the case of large bone deficiencies. In addition, the packing of the granular materials results in the formation of a highly tortuous porous network, which may impede rapid vascularization of large defects and delay bone formation as previously reported (Carrel et al., 2016b). Bio-ceramic 3D-printed scaffolds could potentially circumvent these issues as demonstrated in a clinical case which resulted in excellent structural maintenance and high bone formation seven years post-implantation (Mangano et al., 2021).
Bio-Ceramic Scaffolds Manufactured by 3D Powder Printing
Several research endeavors have advocated a shift away from particulate grafting to programmable 3D fabricated bio-ceramics blocks (Gbureck et al., 2007; Klammert et al., 2010). Gbureck et al. developed a 3D powder printing technique utilizing a mixture of α/β Tricalcium Phosphate (TCP) particles which were reacted and bound together by spraying a phosphoric acid solution (Gbureck et al., 2007). This enabled a curing reaction of the TCP at room temperature, resulting in the creation of biodegradable secondary calcium phosphate matrices, namely brushite and monetite [dicalcium phosphate dihydrate (Brushite), and dicalcium phosphate anhydrate monetite (Monetite)]. The final phase composition of the fabricated material was a brushite phase (67%wt) and the remaining bioceramic was the unreacted α/β-TCP phase and a small amount of monetite. Further processing via hydrothermal reaction converted brushite components to monetite. The printed brushite scaffold and the thermally converted monetite were then compared in-vivo in an intramuscular rodent model. Surprisingly, the monetite scaffold underwent a more rapid degradation than the brushite. While brushite is a highly soluble phase and hence should have degraded first, a phase transition towards hydroxyapatite occurred via a dissolution/precipitation mechanism, thus rendering a proportion of the bio-ceramic block insoluble.
The versatility of this 3D-powder printing method was further demonstrated by manufacturing anatomically accurate scaffolds for potential craniofacial implantation (Figure 1) (Klammert et al., 2010). The study utilized a human cadaveric model featuring several defects that were imaged and numerically captured via computer tomography (CT), and further processed using computer aided design software (CAD) for STL file production and 3D-printing. Utilizing the 3D-powder printing technique previously described (Gbureck et al., 2007), 3D matrices of brushite (further hydrothermally converted to monetite) were fabricated matching the geometries of the defects. Although no quantitative data was provided, the study reported sound contour cohesion between the implant and defect, with some small overlapping areas which were later resolved by manual smoothing. Overall, this study demonstrated the ability of 3D-powder printed bio-ceramics to be accurately manufactured for a specific defect, which is a challenge for 3D printed bioceramics due to the significant dimensional changes occurring during the essential sintering process.
[image: Figure 1]FIGURE 1 | Manufacturing of anatomically accurate 3D-printed bioceramic scaffolds for bone regeneration demonstrating the versatility of the fabrication method for various applications in the craniofacial area. Reproduced with permission from (Klammert et al., 2010) (A–D).
The ability of the bioceramic scaffold to support vertical bone formation was further investigated in a lapine extraskeletal model (Tamimi et al., 2009). This study additionally evaluated the feasibility of fixing the 3D printed monetite block with craniofacial screws in an in vivo setting. The 3D-printed bio-ceramic scaffolds were trialed as an onlay graft and a 9 mm diameter and 2 mm thick monetite disc was compared to the performance of an autologous bone block of similar dimensions. Both structures were secured using a titanium osteosynthesis self-drilling screw placed at the center of the block. The samples were retrieved 8 weeks post-implantation and displayed no obvious signs of inflammation and were well integrated with the calvarium. However, the bone block demonstrated some resorption and histology analysis revealed intense osteoclastic activity at both the outer and inner regions of the autologous bone graft. The monetite scaffolds performed moderately well, resulting in bone formation preferentially on the lateral portions and in the area of the 3D-printed scaffold in direct contact with the calvarial bone. The bio-ceramic also displayed signs of extensive degradation and there was no significant difference in bone height when compared to the autologous bone block (Tamimi et al., 2009). A subsequent study was performed by Torres et al. using a similar 3D printed the monetite monolithic scaffold (Figures 2A–D) with a disc-shaped geometry, for assessing the influence of the bio-ceramic height upon vertical bone formation (3 and 4 mm height) (Torres et al., 2011). Here again, the blocks were fixated by an ostesosynthesis screw placed in a centrally located cylindrical hole and a period of 8 weeks was allowed for healing in an extraskeletal lapine model. Integration with calvarial tissue was deemed successful and histological analysis revealed that newly formed bone occupied around 40% of the blocks irrespective of their initial heights (Figures 2E–G) (Torres et al., 2011). Similar to the previous studies (Tamimi et al., 2009; Tamimi et al., 2014), the majority of bone was located in the proximity of the resident calvarial bone and at the periphery of the 3D-printed scaffold. This heterogeneous bone formation was attributed to the poorly interconnected porous network throughout the scaffold, which subsequently impeded vascularization and hence bone formation.
[image: Figure 2]FIGURE 2 | Influence of overall height of 3D-powder printing monetite scaffold in a lapine extraskeletal model. (A): 3 and 4 mm high 3D-printed scaffolds were implanted and fixed using a fixation screw, (B): shows the blood clot stabilization within the scaffold immediately after implantation. (C): Specimen morphology 8 weeks post-implantation. (D): Removal of the fixation screws at 8 weeks post-implantation, (E–G): Tissue morphology as assessed by histology (picro-sirius staining) indicating a heterogenous distribution of the newly formed bone preferentially located near the resident bone and at the periphery of the scaffold. Reproduced with permission from (Torres et al., 2011).
Overall, these studies highlighted the limitations of 3D-powder printing of monetite scaffolds, which despite appropriate fixation being achieved, could not support extensive bone formation, most likely due to the relatively low porosity and lack of pore interconnection preventing vascularization.
Consequently, a scaffold with increased interconnectivity by including channels within its core was developed (Tamimi et al., 2014). Several configurations were assessed as shown in Figures 3A–C. Design A consisted of an unmodified monetite 3D-printed scaffold. Designs B and C included a semi-circle shaped groove spanning half the diameter of the scaffold, with the semi-circle in configuration B facing away from the calvarial bone, whilst the semi-circle in configuration C faced the calvarial bone. Design D consisted of an array of eight interconnected channels creating multiple apertures on each surface of the scaffold. The scaffolds were implanted in a lapine model, a surgical re-entry was performed 4 weeks post-implantation for enabling the placement of titanium dental implants (Figures 3D–H), and osseo-integration was allowed for a further 4 weeks. At completion of the study (8 weeks total) it was demonstrated that some bone had formed preferentially in the proximity of the host bone and in the vicinity of the channels (Figures 3I–L). However, configurations C and D that had channels in direct contact with the host bone displayed the largest amount of bone formation. Configuration A and B resulted in the lowest bone formation, demonstrating that the presence of the macroscopic channels in the other designs improved vascularization and hence bone formation ability of the scaffolds. Histology confirmed that the dental implant was osseo-integrated with any newly formed vertical bone that was present. The study concluded that modifying the geometry of the scaffolds enhanced uniform bone regeneration. However, the most medial and superior sections of all scaffold configurations exhibited little or no bone formation (Tamimi et al., 2014). While the introduction of interconnected macro-channels was beneficial for bone formation, the later was mostly restricted to portions of the scaffold where a rapid vascularization occurred (such as in the channels or in the peripheral aspects of the scaffold). Despite the high bioactivity of bio-ceramic materials, the lack of significant bone in growth in the powder 3D printed scaffolds, featuring a low porosity, small pore size and a tortuous porous network, exemplifies the importance of the construct internal porous architecture in facilitating vascularization, and subsequent bone formation. Scaffold fabrication via a direct printing approach can circumvent these issues and produce a construct with a porous network that is more favorable for uniform bone regeneration.
[image: Figure 3]FIGURE 3 | Assessment of the bone formation performance of 3D-powder printing including various microporosity in the forms of semi-circular grooves and channels in a lapine extraskeletal model. (A): Design A “control” 3D-printed monetite scaffold, (B): Design B and C including a semi-circle shaped groove spanning half the diameter of the scaffold, with the semi-circle in configuration B facing away from the calvarial bone, whilst the semi-circle in configuration C faced the calvarial bone, (C): Design D consisting of an array of eight interconnected channels creating multiple apertures on each surface of the scaffold, (D): surgical fixation of the scaffold, (E): surgical re-entry at 4 weeks post-implantation, (F): removal of the fixation screws, (G): Dental implant placement, (H): appearance of the specimens at 4 weeks post-implant placement. (I–L) Tissue morphology as demonstrated by histology, indicating that the presence of the channels was beneficial to bone formation, although the overall amount of bone tissue was not greatly increased and its distribution remained heterogeneous. Reproduced with permission from (Tamimi et al., 2014).
Bio-Ceramic Scaffolds Manufactured by Extrusion 3D Printing
Carrel et al. confirmed that a highly porous structure, manufactured by extrusion 3D-priting and hence possessing a fully interconnected macropore network (Carrel et al., 2016b), performed better than other randomly organized geometries with lower porosities (Tamimi et al., 2006; Tamimi et al., 2009; Torres et al., 2011; Tamimi et al., 2014). This comparison was undertaken by assessing the performance of three different biomaterials: a 3D-printed bio-ceramic Osteoflux (OF), and two commercially available particulate bone grafting materials, Bio-Oss (BO) and Ceros (CO), with particle size of 0.25—1 mm, and 0.5–0.7 mm, respectively. The OF scaffolds were fabricated via 3D-printing using a calcium phosphate mixture composed of a calcium deficient hydroxyapatite and α-TCP, enabling the manufacturing of 400 µm diameter filaments regularly ordered to form 250 µm pores (Figures 4A,B). The scaffold or the granulate materials were housed under a titanium dome (Figure 4C) and subsequently implanted extraskeletally on the skull of sheep (Figure 4D).
[image: Figure 4]FIGURE 4 | Bio-ceramic scaffold manufacturing via direct extrusion printing. (A): Schematic representation of the 3D-printed Osteoflux bio-ceramic, (B): Morphology of the 3D-printed scaffold as imaged using Scanning Electron Microscopy. (C): implantation system featuring a titanium dome acting as an occlusive barrier. (D): Preparation of the implantation site using a sheep extraskeletal model. (E): pictures of the implanted domes containing the various groups. (F–I) histology of the specimen at 8 weeks post-implantation demonstrating the excellent bone forming ability of the 3D-printed scaffold (F): Bio-Oss, (G): 3D-printed Osteoflux, (H): Ceros, (I): empty dome (blood clot). Reproduced with permission from (Carrel et al., 2016b).
The specimens were retrieved 8 weeks post-implantation and histomorphometry revealed that the new bone area in the OF (Figure 4G) samples was approximately 20% of the total dome area, BO (Figure 4F), and CO (Figure 4) displayed around 14% bone fill, while the empty dome resulted in negligible bone formation (Figure 4I). At 16 weeks post-implantation, all groups (other than the Empty group) displayed similar bone fill at around 40%, indicating that the 3D-printed scaffold enabled earlier bone formation. Interestingly, the 3D-printed scaffold also enabled increased bone height at early time points when compared to the particulate material. This was attributed to the interconnected highly porous lattice structure of the scaffold that permitted enhanced vascularization at the superior regions of the scaffold. This indicates that the 3D-printed scaffolds were architecturally designed to be conducive to both horizontal and vertical bone augmentation. In contrast, the randomly organized porous networks of particulate materials had an inferior capacity to support vascularization, resulting in delayed bone formation when compared to the 3D-printed scaffolds. These findings were confirmed in a subsequent study that assessed the performance of 3D-printed Osteoflux scaffolds in a more clinically relevant canine model (Carrel et al., 2016a). This model incorporated vertical bone augmentation in a surgically created edentulous area of a dog mandible. This was performed using a 3D-printed scaffold with dimensions of 10 mm length, 10 mm width, 5 mm height (Figures 5A,B). Four shallow bony defects were created via the removal of molars and premolars (specifically P1-4, M1, both left and right) (Figures 5C–E) and the 3D-printed scaffolds were implanted as an onlay graft. They were biomechanically secured using two Teflon loops inserted in two transcortical tunnels (1.25 mm in diameter), indicating perhaps that conventional fixation using titanium screws was not possible. A collagen membrane covered the scaffolds for a subsequent 8-weeks healing period, consistent with standard clinical practice.
[image: Figure 5]FIGURE 5 | 3D-printed bio-ceramic scaffold manufactured by a direct printing method. (A,B): Schematic description of the scaffold porosity and dimensions, as well as the implantation in a canine model. (C–E): Implantation of the 3D-printed scaffold and coverage by a collagen membrane. (F): histology of the vertically augmented bone 8 weeks post-implantation. Reproduced with permission from (Carrel et al., 2016a).
While the study utilized only one animal, the proof of concept was nevertheless established. No sites showed evidence of inflammation and the scaffolds were well integrated with the native tissue (Figure 5F), and the newly formed bone was highly vascularized. filling approximately one third of the elevated volume and reaching heights between 4 and 5 mm. Specifically, when compared to other ceramic scaffolds in the field, both studies by Carrel et al. demonstrated a higher volume of bone that was also more uniformly distributed throughout the scaffold. This was attributed to the superior vascularization capacity of the scaffold, particularly in its superior segments, facilitated by the highly interconnected porous network (Carrel et al., 2016a; Carrel et al., 2016b). The main disadvantage of this bio-ceramic 3D-printed scaffold is likely to arise from its inability to be biomechanically secured using fixation screws, which would be problematic in the clinical setting (Carrel et al., 2016a; Carrel et al., 2016b).
Bio-Ceramic Scaffolds Used as Delivery Vehicles for Osteogenic Molecules
Whilst bio-ceramic grafts possess excellent osteoconduction capacity, their bone formation ability can be further improved by combining them with biological cues. The incorporation of bone morphogenetic protein 2 (BMP-2) in the scaffold is a potent means of increasing osteogenesis due to its ability to trigger osteoblastic differentiation in a wide range of cell types (Meejung and Senyon, 2011). This strategy was explored by Moussa et al. (2015) using the 3D-printed bio-ceramic scaffold described in the previous section. The performance of the BMP-2 loaded scaffold was assessed using the same ovine extraskeletal bone regeneration model. To this end, the scaffold, loaded with 100 µg recombinant human BMP-2, was implanted for 8 and 16 weeks and compared to the unloaded scaffold filled with a natural blood clot. The BMP-2 primed scaffold resulted in higher bone formation at both 8- and 16-weeks post-implantation (Figures 6A–D), and degradation of the bio-ceramic scaffold was further accelerated by the presence of the growth factor (Figure 6D). Indeed, at the 16 weeks timepoint, only trace amounts of the scaffold material were observable. While the incorporation of BMP-2 results in excellent vertical bone formation, likely problems of achieving fixation of such a brittle scaffold, as highlighted in the previous section, may still hinder clinical translation.
[image: Figure 6]FIGURE 6 | 3D-printed bio-ceramic scaffold combined with Bone Morphogenetic Protein-2 for vertical bone formation. (A): pristine 3D-printed bio-ceramic scaffold and (B): BMP-2 loaded scaffold at 8 weeks post-implantation, (C): pristine 3D-printed bio-ceramic scaffold and (D): BMP-2 loaded scaffold at 16 weeks post-implantation demonstrating higher bone formation in the BMP-2 loaded scaffold along with advanced degradation of the bio-ceramic scaffold (in black) at the 16 weeks timepoint. Reproduced with permission from (Moussa et al., 2015).
ADDITIVELY MANUFACTURED POLYMERIC CONSTRUCTS FOR VERTICAL BONE REGENERATION
The development of more flexible polymeric scaffolds has been advocated as an alternative for circumventing the brittleness of bioceramic scaffolds and their poor fixation ability. The following sections describe the most recent advances in the use of additively manufactured polymeric structures for vertical bone regeneration.
Polymeric Porous 3D Printed Scaffolds for Bone Regeneration
Polymer printing is capable of building a refined interconnected porous network which facilitates neo-vascularization and a provide an environment suitable for osteogenesis to occur. In addition, the utilization of flexible and ductile polymers enables adaption of the defect shape and allows usage of titanium screws for biomechanical fixation. Several proof-of-concept clinical reports using 3D-printed scaffolds for oro-dental tissue regeneration in socket preservation (Goh et al., 2015) and periodontal regeneration (Rasperini et al., 2015) have been reported, however, this approach has not been translated yet to the clinic for vertical alveolar bone formation. Pre-clinical studies using various animal models that explore the potential of additively manufactured polymeric scaffolds for vertical alveolar bone augmentation are discussed below.
An early report for vertical bone augmentation was published in 2013 by Khojasteh et al. whereby a 3D-printed β-TCP/polycaprolactone (PCL) scaffold (20 × 10 × 10 mm3) was implanted in the mandible of dogs (Khojasteh et al., 2013). The scaffold was seeded with bone marrow mesenchymal stem cells 24 h prior to implantation and healing was allowed for 8 weeks. The cell-laden scaffold performed significantly better when compared to the scaffold without cells with 50 and 20% bone fill, respectively. The poor performance of the scaffold without a biological additive highlights the bioinert nature of the PCL, even when blended with inorganic fillers. Interestingly, this study also reported that the scaffold was fixed using a titanium screw, demonstrating the favorable properties of the polymeric material in terms of facilitating the clinical handling and utilization of additively manufactured constructs.
Kumar et al. further explored the feasibility of a scaffold comprised entirely of polycaprolactone (PCL) and functionalized with BMP-2 in a rabbit model (Sudheesh Kumar et al., 2018). This study utilized a biphasic scaffold consisting of a 3D-printed mechanically robust outer shell, mimicking the cortical plate, into which highly porous melt electrospun scaffolds, mimicking cancellous bone, were inserted. The rationale behind this concept was to promote rapid vascularization within the interior component of the scaffold, whilst the exterior component provided mechanical integrity necessary for space maintenance. The exterior shell component was fabricated through conventional fused deposition modelling (FDM) while the interior component was fabricated through melt electrowriting (Brown et al., 2011; Brown et al., 2012) (Figure 7), producing fibres of 400 and 10 µm in diameter, respectively. Additionally, an occlusive dome made of poly-L-lactic acid (PLLA) was utilized to prevent fibrous tissue infiltration, consistent with the principles of guided bone regeneration. The study also investigated the incorporation of a hydrogel loaded with recombinant BMP-2 within the scaffold, implanted in an extraskeletal lapine model. While a groove to accommodate the dome was prepared, no transcortical perforations were made, drastically limiting blood clot formation which delayed the initiation of the healing cascade, and therefore neovascularization and bone formation within the scaffold. Accordingly, whilst the scaffold exhibited biomechanical stability and space maintenance, it failed to result in significant new bone formation beyond the resident bony bed. Nonetheless, the concept showed sufficient potential to warrant further investigation for enhanced efficacy following optimization of both the scaffold and the in-vivo model.
[image: Figure 7]FIGURE 7 | Additively manufactured biphasic scaffold for vertical bone augmentation using a biodegradable polymer, polycaprolactone loaded with a hydrogel. Reproduced with permission from (Sudheesh Kumar et al., 2018).
In a follow up study performed in an extraskeletal ovine calvarium model, the regenerative potential of the PCL 3D-printed/melt electrowritten biphasic scaffold was further explored for the formation and maintenance of vertically augmented bone (Vaquette et al., 2021). A 2-stage study first investigated the effect of the scaffold and BMP-2 dose on bone formation. Subsequently, bone maintenance and implant osseointegration were assessed, including surgical re-entry and placement of a dental implant. In the first step, seven configurations were examined: an empty dome, a biphasic scaffold functionalized with a gelatine hyaluronic hydrogel, a biphasic scaffold functionalized with a gelatine hyaluronic hydrogel containing 75 or 150 µg of BMP-2, the gelatine hyaluronic hydrogel alone or containing 75 or 150 µg of BMP-2. Study outcomes demonstrated that the presence of the scaffold improved vertical bone regeneration, potentially due to the hydrogel retention capacity of the scaffold, as shown in Figure 8A. Interestingly, the dose of BMP-2 did not make a significant difference in the volume of extraskeletally-formed bone, suggesting that there is a threshold in the dose of BMP-2 for initiating bone formation in a given defect volume, and that any addition of the growth factor may not result in enhanced bone formation. The second stage of the study involved placement of a dental implant in either bone previously formed in the BMP-2 containing hydrogel, or in the BMP-2 functionalized biphasic scaffold. Eight weeks of healing post-implantation was allowed, resulting in full resorption of the bone when the biphasic scaffold was absent (Figure 8B). This demonstrated with high reproducibility that the presence of a long-term space maintaining scaffold prevents early bone resorption and imparts enhanced dimensional stability to the elevated bone. A longer healing period will determine whether the elevated bone can be maintained over extended periods or after the PCL scaffold has fully degraded. This would require 3–5 years to complete degradation as PCL is a slowly degradable polymer (Lam et al., 2007; Bartnikowski et al., 2019).
[image: Figure 8]FIGURE 8 | Efficacy of a biphasic scaffold fabricated by converging two additive manufacturing technologies (3D printing for the outer shell provides mechanical stability and melt electrospinning writing for the inner portion imparting high porosity, thereby facilitating vascularization, and bone formation) (A): Extraskeletal bone formation using an ovine calvarium onlay graft model, demonstrating the necessity of BMP-2 to achieve significant bone formation and showing that the presence of the scaffold resulted in enhanced osteogenesis due to its excellent Gel/BMP-2 retention ability. (B): Assessment of bone maintenance subsequent to surgical re-entry and implant placement in the previously vertically augmented bone. This revealed that the presence of the biphasic scaffold prevented early bone resorption which is a frequent event upon implant placement. Reproduced with permission from (Vaquette et al., 2021).
Although not directly related to vertical bone augmentation, Goh et al. demonstrated in both an preclinical and a pilot clinical study that a 3D-printed PCL scaffold was capable of providing space maintenance in fresh extraction sockets (Goh et al., 2014; Goh et al., 2015). The study consisted of thirteen randomly selected patients, with seven patients acting as the control group with no space filler, whilst six patients received a PCL scaffold implanted into the tooth socket. The study assessed newly formed bone 6 months post-surgery via removal of a central segment of bone and subsequent micro-CT and histological analysis (prior to stage II surgery). Bone height, particularly at the mesio-buccal aspect, was superior in the patients that had received a polycaprolactone scaffold (Goh et al., 2015). Although both the control and PCL groups underwent bony ridge resorption, the PCL scaffold was able to limit this. This is likely attributed to the ability of the PCL scaffold to retain its geometry over the 6-month period post-surgery. Whilst this is favourable for initial space maintenance, the lack of material resorption may inhibit new bone growth and impede the long-term success of the procedure.
Other approaches have utilized additive manufacturing as a tool for fabricating guided bone regeneration membranes in conjunction with particulate materials for vertical bone augmentation. These are discussed further in the following sections.
Guided Bone Regeneration Using Additively Manufactured Polymeric Membranes
In a series of publications Shim et al. investigated the effect of 3D-printed membranes with small pore size for GBR application (Kim et al., 2014; Shim et al., 2014; Shim et al., 2015; Shim et al., 2017). Initially, the membrane was composed of a slow degrading polymer (polycaprolactone, PCL) and a more rapidly degrading polymer [poly-lactic-co-glycolic acid, PLGA (85/15)] (Kim et al., 2014; Shim et al., 2014; Shim et al., 2015), whose half-life in vivo was around 9 weeks as previously reported for a porous sponge (Lu et al., 2000). Within the field of vertical bone augmentation, membranes can be utilized both as a “barrier” that mitigates against an infiltration of connective tissue and a supporting structure for space maintenance. Shim et al. explored hybrid polymer-ceramic membrane technology in conjunction with growth factors, thus developing a bioactive membrane targeting vertical bone augmentation in a lapine calvarial defect model. These 3D-printed membranes were manufactured by blending polycaprolactone with polylactic-co-glycolic acid and beta tricalcium phosphate (PCL/PLGA/β-TCP) and this polymer blend was subsequently 3D-printed (Shim et al., 2014). The pores of the 3D-printed membrane were filled with a collagen solution containing rhBMP-2. The membrane (10 mm diameter x 0.5 mm height) was then placed over an 8 mm surgically-created calvarial defect, and fixed using titanium screws. This study compared three groups: control, PCL/PLGA/β-TCP, and PCL/PLGA/β-TCP/rhBMP-2. Bone regeneration was assessed at four- and eight-weeks post-implantation, and while the control group did not exhibit any substantial bone formation, both membranes performed well, with significantly more bone formed with the BMP-2 loaded membranes (Shim et al., 2014). Interestingly, the 8-week rhBMP-2 specimens displayed almost full bone fill of the interstitial space demonstrating the effectiveness of integrating rhBMP-2 into polymeric membranes for vertical bone regeneration. Here again, the utilization of polymeric 3D printed composites may be a more advantageous choice for scaffold material due to their flexibility and enhanced handling ability compared to bio-ceramics.
Shim et al. further compared the bone forming capacity of PCL/PLGA/β-TCP membranes with that of a titanium mesh, in a canine mandibular defect model (Shim et al., 2015). Due to its high biocompatibility, mechanical and space maintaining properties, titanium fulfills most of the design criteria of an ideal scaffold for guided bone regeneration, and as such, titanium reinforced meshes are currently used for vertical bone augmentation in the clinical setting. The in vivo study involved placement of a dental implant, over which a pre-formed 3D-printed scaffold or titanium membrane was positioned in order to provide space maintenance and contain the particulate bone grafting biomaterials utilized in this procedure. Following an 8-weeks healing period, the degree of bone formation and overall osseointegration was reported as being comparable between the two experimental groups (Figure 9).
[image: Figure 9]FIGURE 9 | Efficacy of 3D-printed composite GBR membranes for bone formation 8 weeks post implantation. (A): 3D CAD model design of the PCL/PLGA/β-TCP membrane; (B), Design of pre-formed titanium mesh. (C,D): Surgical protocol showing the placement of dental implant overlayed by the 3D-printed membrane. (E–J): tissue morphology of the various groups (E,F): no membrane, (G,H) 3D-printed membrane, (I,J): Titanium membrane. Reproduced with permission from (Shim et al., 2015).
However, signs of resorption were observed in the PCL/PLGA/β-TCP membrane group, likely attributed to the rapid degradation of the PLGA polymer which was the main polymer in the scaffold (the PCL:PLGA:β-TCP membrane ratio was 2:6:2). As anticipated, no material resorption was observed within the titanium mesh, and this is consistent with this structure requiring additional surgery for removal in the clinical setting. Whilst Shim et al. recorded no signs of inflammation at 8 weeks post-implantation (Shim et al., 2015), the rapid degradation of the PLGA leading to a potential burst release of acidic degradation by-products may trigger an unfavorable inflammatory reaction. In addition, PLGA degradation may also reduce the overall mechanical properties of the membrane and consequently undermine its mechanical and space maintenance properties in the longer term.
Shim et al. therefore explored two further refined versions of the polymer membranes (Shim et al., 2017); PCL only and PCL/b-TCP. As with the previous studies, the primary aim was to assess the space-maintaining capacity and overall regenerative properties of the membrane. In line with their previous study, the PCL-only and PCL/b-TCP 3D-printed membranes were implanted over a mandibular defect in a canine model (Figures 10A–D) and compared to a collagen membrane. A standardized defect geometric volume of 175 mm3 was generated in six mandibular locations, in three different animals. The membranes were fastened by titanium pins, with bovine graft particulate placed underneath each membrane and healing occurred over 8 weeks.
[image: Figure 10]FIGURE 10 | Comparison of PCL and PLC-BTCP 3D-printed membranes to a collagen membrane in a canine mandibular defect. (A,B): Surgical preparation of the site in order to create standardized defects, (length: 7 mm, height: 5 mm, depth: 5 mm) (C): Implantation of the bone grafting particulate materials, (D): placement of the various membranes fixed using titanium screws. Tissue morphology as demonstrated using Hematoxylin and eosin (E, H, K) stain and Goldner Trichrome stain (F,G,I,J,L,M) for collagen (E–G), PCL (H–J), PCL/b-TCP membrane (K–M). Reproduced with permission from (Shim et al., 2017).
Interestingly, and despite the difference in initial pore size between the collagen and the 3D-printed membranes, both performed similarly, and no significant differences were found between the respective amount of bone formed (Figures 10E–M). The main advantages of the PCL or composite 3D-printed membrane is the long-term space maintenance and the enhanced handling ability when compared to a hydrated collagen membrane that loses most of its stiffness and handling ability once in contact with biological fluids. Whilst this was a promising result and effectively demonstrated the efficacy of a partially occlusive polymer/ceramic composite scaffold, the method still relied upon bone particulate grafting for ensuring bone formation and is therefore still prone to handling and stability issues. In addition, the scaffold was utilized for covering a confined defect and therefore not assessed for vertical bone augmentation, which is far more demanding. Indeed, although the handling of these polymeric membranes is enhanced by their flexibility, inadequate distribution of stresses throughout the membrane is problematic and could potentially lead to failure. Further, the shape of the resulting elevated volume is poorly controlled and may not recapitulate the original anatomical features of the jawbone.
ADDITIVELY MANUFACTURED TITANIUM MESHES FOR VERTICAL BONE REGENERATION
A recent development has seen the emergence of a patient-specific 3D-printed titanium mesh for vertical bone augmentation (Seiler et al., 2018). This system, first patented in 2013, utilizes the most recent development of CAD/CAM and metal additive manufacturing technology. This product is designed using CT or CBCT patient data and numerically processed in order to fabricate a mesh that is patient specific and therefore follows the natural contours of the patient using a workflow similar to that previously described (Bartnikowski et al., 2020). Developed by ReOss and distributed by Geistlich, this product called Yxoss CBR enables clinicians to implant patient specific, anatomically accurate titanium cages. The cage is filled with bone grafting materials such as anorganic bone graft and/or autologous bone particles and provides the necessary space maintenance for extraskeletal bone formation to occur. Interestingly, the medical device can significantly reduce the length of the surgery and can be readily biomechanically fixed using conventional titanium screws. As shown in Figure 11A, a numerically created anatomical model of the scaffold is generated for 3D-printed manufacturing, then implanted in conjunction with bone grafting materials (Figure 11B). Upon surgical re-entry the titanium cage is removed in order to enable dental implant placement. This technology is already in clinical use, and while it represents a breakthrough for vertical bone regeneration, it is relatively recent and ongoing clinical studies to verify and quantify the efficacy of this approach for vertical bone augmentation are required. Indeed, recent case reports have shown that this approach can yield favourable clinical outcomes (Dellavia et al., 2021), although complications such as transmucosal exposure of the device (Chiapasco et al., 2021) and inaccuracies between planned and created volume and bone height (Li et al., 2021) are common. The exposure of the device is strongly related to the management of the soft tissue healing component of the vertical bone augmentation procedure. In order to mitigate this issue, the utilisation of autologous membrane fabricated from blood may provide a significant advantage as recently reported (Hartmann and Seiler, 2020). Advanced Plasma Rich Fibrin (A-PRF) membrane is obtained from low g centrifugation of blood and proven to increase soft tissue healing (Miron et al., 2017; Miron et al., 2020). As a result, the utilisation of an A-PRF membrane over the titanium patient-specific mesh significantly reduced the frequency of exposure. Therefore, the utilisation of soft tissue healing membranes in conjunction with the Yxoss system may result in better soft tissue outcome but require further investigation. In addition to the exposure of the medical device, a clear limitation of the use of these titanium meshes is the requirement for a second surgical procedure to remove the device. This could be circumvented by the utilisation of biodegradable polymers or degradable metals (Venezuela et al., 2019; Carluccio et al., 2020).
[image: Figure 11]FIGURE 11 | Titanium 3D-printed mesh for vertical bone augmentation. (A): numerical model of the titanium mesh, (B): clinical placement. Reproduced with permission from (Seiler et al., 2018).
CONCLUSION
This review has described the major 3D-printing strategies for achieving extraskeletal bone formation: 3D-powder printing of bio-ceramic, bio-ceramic extrusion 3D-printing, fused deposition modelling using polymer or a mixture of polymer and inorganic filler, and metal 3D-printing. While each strategy is respectively limited by brittleness, the lack of bioactivity, and the requirement of removing non-degradable devices, it is clear that the future of the field lies with the manufacturing of patient specific geometries. The ideal anatomically accurate construct will promote extraskeletal bone formation and provide long-term space maintenance in order to allow for multiple cycles of bone remodelling, towards preventing bone resorption upon implant placement, thus ensuring implant longevity.
AUTHOR CONTRIBUTIONS
CV and JM drafted the article and SI provided supervision and feedback.
FUNDING
This study has been supported by the Australian Dental Research Foundation (65-2015) and by National Health Medical Research Council project grant schemes (APP1043994 and APP1086181).
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
 Asa'ad, F., Pagni, G., Pilipchuk, S. P., Giannì, A. B., Giannobile, W. V., and Rasperini, G. (2016). 3D-Printed Scaffolds and Biomaterials: Review of Alveolar Bone Augmentation and Periodontal Regeneration Applications. Int. J. Dent. 2016, 1239842. doi:10.1155/2016/1239842
 Barradas, A., Yuan, H., Yuan, H., van Blitterswijk, C., and Habibovic, P. (2011). Osteoinductive Biomaterials: Current Knowledge of Properties, Experimental Models and Biological Mechanisms. eCM 21, 407–429. doi:10.22203/ecm.v021a31
 Bartnikowski, M., Dargaville, T. R., Ivanovski, S., and Hutmacher, D. W. (2019). Degradation Mechanisms of Polycaprolactone in the Context of Chemistry, Geometry and Environment. Prog. Polym. Sci. 96, 1–20. doi:10.1016/j.progpolymsci.2019.05.004
 Bartnikowski, M., Vaquette, C., and Ivanovski, S. (2020). Workflow for Highly Porous Resorbable Custom 3D Printed Scaffolds Using Medical Grade Polymer for Large Volume Alveolar Bone Regeneration. Clin. Oral Implants Res. 31, 431. doi:10.1111/clr.13579
 Brown, T. D., Dalton, P. D., and Hutmacher, D. W. (2011). Direct Writing by Way of Melt Electrospinning. Adv. Mater. 23, 5651–5657. doi:10.1002/adma.201103482
 Brown, T. D., Slotosch, A., Thibaudeau, L., Taubenberger, A., Loessner, D., Vaquette, C., et al. (2012). Design and Fabrication of Tubular Scaffolds via Direct Writing in a Melt Electrospinning Mode. Biointerphases 7, 13–16. doi:10.1007/s13758-011-0013-7
 Carluccio, D., Xu, C., Venezuela, J., Cao, Y., Kent, D., Bermingham, M., et al. (2020). Additively Manufactured Iron-Manganese for Biodegradable Porous Load-Bearing Bone Scaffold Applications. Acta Biomater. 103, 346–360. doi:10.1016/j.actbio.2019.12.018
 Carrel, J. P., Wiskott, A., Scherrer, S., and Durual, S. (2016). Large Bone Vertical Augmentation Using a Three-Dimensional Printed TCP/HA Bone Graft: A Pilot Study in Dog Mandible. Clin. Implant Dentistry Relat. Res. 18, 1183. doi:10.1111/cid.12394
 Carrel, J.-P., Wiskott, A., Moussa, M., Rieder, P., Scherrer, S., and Durual, S. (2016). A 3D Printed TCP/HA Structure as a New Osteoconductive Scaffold for Vertical Bone Augmentation. Clin. Oral Impl. Res. 27, 55–62. doi:10.1111/clr.12503
 Chiapasco, M., Casentini, P., Tommasato, G., Dellavia, C., and Del Fabbro, M. (2021). Customized CAD/CAM Titanium Meshes for the Guided Bone Regeneration of Severe Alveolar ridge Defects: Preliminary Results of a Retrospective Clinical Study in Humans. Clin. Oral Impl. Res. 32 (4), 498–510. doi:10.1111/clr.13720
 Chua, C. K., Leong, K. F., and Lim, C. S. (2010). Rapid Prototyping: Principles and Applications. Singapore, London: World Scientific Publishing Company. 
 Cruess, R. L. (1982). “Physiology of Bone Formation, Function, and Destruction,” in The Musculoskeletal System: Embryology, Biochemistry and Physiology ed . Editor R. L. Cruess (New York, NY: Churchill Livingstone). 
 Dellavia, C., Canciani, E., Pellegrini, G., Tommasato, G., Graziano, D., and Chiapasco, M. (2021). Histological Assessment of Mandibular Bone Tissue after Guided Bone Regeneration with Customized Computer‐aided Design/computer‐assisted Manufacture Titanium Mesh in Humans: A Cohort Study. Clin. Implant Dent. Relat. Res. 23 (4), 600–611. doi:10.1111/cid.13025
 Edmonds, H. M., and Glowacka, H. (2020). The Ontogeny of Maximum Bite Force in Humans. J. Anat. 237 (3), 529–542. doi:10.1111/joa.13218
 Esposito, M., Grusovin, M. G., Felice, P., Karatzopoulos, G., Worthington, H. V., and Coulthard, P. (2009). The Efficacy of Horizontal and Vertical Bone Augmentation Procedures for Dental Implants - a Cochrane Systematic Review. Eur. J. Oral Implantol. 2 (3), 167–184. 
 Feilden, E., Blanca, E. G.-T., Giuliani, F., Saiz, E., and Vandeperre, L. (2016). Robocasting of Structural Ceramic Parts with Hydrogel Inks. J. Eur. Ceram. Soc. 36 (10), 2525–2533. doi:10.1016/j.jeurceramsoc.2016.03.001
 Feilden, E., Ferraro, C., Zhang, Q., García-Tuñón, E., D’Elia, E., Giuliani, F., et al. (2017). 3D Printing Bioinspired Ceramic Composites. Sci. Rep. 7 (1), 13759. doi:10.1038/s41598-017-14236-9
 Gbureck, U., Hölzel, T., Klammert, U., Würzler, K., Müller, F. A., and Barralet, J. E. (2007). Resorbable Dicalcium Phosphate Bone Substitutes Prepared by 3D Powder Printing. Adv. Funct. Mater. 17 (18), 3940–3945. doi:10.1002/adfm.200700019
 Ghayor, C., Bhattacharya, I., and Weber, F. E. (2021). The Optimal Microarchitecture of 3D-Printed β-TCP Bone Substitutes for Vertical Bone Augmentation Differs from that for Osteoconduction. Mater. Des. 204, 109650. doi:10.1016/j.matdes.2021.109650
 Goh, B. T., Chanchareonsook, N., Tideman, H., Teoh, S. H., Chow, J. K. F., and Jansen, J. A. (2014). The Use of a Polycaprolactone-Tricalcium Phosphate Scaffold for Bone Regeneration of Tooth Socket Facial wall Defects and Simultaneous Immediate Dental Implant Placement inMacaca Fascicularis. J. Biomed. Mater. Res. 102 (5), 1379–1388. doi:10.1002/jbm.a.34817
 Goh, B. T., Teh, L. Y., Tan, D. B. P., Zhang, Z., and Teoh, S. H. (2015). Novel 3D Polycaprolactone Scaffold for ridge Preservation - a Pilot Randomised Controlled Clinical Trial. Clin. Oral Impl. Res. 26 (3), 271–277. doi:10.1111/clr.12486
 Hartmann, A., and Seiler, M. (2020). Minimizing Risk of Customized Titanium Mesh Exposures - a Retrospective Analysis. BMC Oral Health 20 (1), 36. doi:10.1186/s12903-020-1023-y
 Karageorgiou, V., and Kaplan, D. (2005). Porosity of 3D Biomaterial Scaffolds and Osteogenesis. Biomaterials 26 (27), 5474–5491. doi:10.1016/j.biomaterials.2005.02.002
 Khojasteh, A., Behnia, H., Hosseini, F. S., Dehghan, M. M., Abbasnia, P., and Abbas, F. M. (2013). The Effect of PCL-TCP Scaffold Loaded with Mesenchymal Stem Cells on Vertical Bone Augmentation in Dog Mandible: A Preliminary Report. J. Biomed. Mater. Res. 101B (5), 848–854. doi:10.1002/jbm.b.32889
 Kim, T. H., Yun, Y. P., Park, Y. E., Lee, S. H., Yong, W., Kundu, J., et al. (2014). In Vitro and In Vivo Evaluation of Bone Formation Using Solid Freeform Fabrication-Based Bone Morphogenic Protein-2 Releasing PCL/PLGA Scaffolds. Biomed. Mater. 9 (2), 025008. doi:10.1088/1748-6041/9/2/025008
 Klammert, U., Gbureck, U., Vorndran, E., Rödiger, J., Meyer-Marcotty, P., and Kübler, A. C. (2010). 3D Powder Printed Calcium Phosphate Implants for Reconstruction of Cranial and Maxillofacial Defects. J. Craniomaxillofac. Surg. 38 (8), 565–570. doi:10.1016/j.jcms.2010.01.009
 Lakhdar, Y., Tuck, C., Binner, J., Terry, A., and Goodridge, R. (2021). Additive Manufacturing of Advanced Ceramic Materials. Prog. Mater. Sci. 116, 100736. doi:10.1016/j.pmatsci.2020.100736
 Lam, C. X., Teoh, S. H., and Hutmacher, D. W. (2007). Comparison of the Degradation of Polycaprolactone and Polycaprolactone-(β-Tricalcium Phosphate) Scaffolds in Alkaline Medium. Polym. Int. 56, 718–728. doi:10.1002/pi.2195
 Langer, R., and Vacanti, J. P. (1993). Tissue Engineering. Science 260, 920–926. doi:10.1126/science.8493529
 Li, L., Wang, C., Li, X., Fu, G., Chen, D., and Huang, Y. (2021). Research on the Dimensional Accuracy of Customized Bone Augmentation Combined with 3D ‐printing Individualized Titanium Mesh: A Retrospective Case Series Study. Clin. Implant Dent. Relat. Res. 23 (1), 5–18. doi:10.1111/cid.12966
 Lipson, H., Moon, F. C., Hai, J., and Paventi, C. (2004). 3-D Printing the History of Mechanisms. J. Mech. Des. 127 (5), 1029–1033. doi:10.1115/1.1902999
 Lu, L., Peter, S. J., D. Lyman, M., Lai, H.-L., Leite, S. M., Tamada, J. A., et al. (2000). In Vitro and In Vivo Degradation of Porous Poly(dl-Lactic-Co-Glycolic Acid) Foams. Biomaterials 21 (18), 1837–1845. doi:10.1016/s0142-9612(00)00047-8
 Mangano, C., Giuliani, A., De Tullio, I., Raspanti, M., Piattelli, A., and Iezzi, G. (2021). Case Report: Histological and Histomorphometrical Results of a 3-D Printed Biphasic Calcium Phosphate Ceramic 7 Years after Insertion in a Human Maxillary Alveolar Ridge. Front. Bioeng. Biotechnol. 9 (232), 614325. doi:10.3389/fbioe.2021.614325
 Meejung, K., and Senyon, C. (2011). BMPs and Their Clinical Potentials. BMB Rep. 44 (10), 619–634. doi:10.5483/BMBRep.2011.44.10.619
 Melchels, F., Wiggenhauser, P. S., Warne, D., Barry, M., Ong, F. R., Chong, W. S., et al. (2011). CAD/CAM-assisted Breast Reconstruction. Biofabrication 3, 034114. doi:10.1088/1758-5082/3/3/034114
 Melchels, F. P. W., Domingos, M. A. N., Klein, T. J., Malda, J., Bartolo, P. J., and Hutmacher, D. W. (2012). Additive Manufacturing of Tissues and Organs. Prog. Polym. Sci. 37 (8), 1079–1104. doi:10.1016/j.progpolymsci.2011.11.007
 Miron, R. J., Fujioka-Kobayashi, M., Bishara, M., Zhang, Y., Hernandez, M., and Choukroun, J. (2017). Platelet-Rich Fibrin and Soft Tissue Wound Healing: A Systematic Review. Tissue Eng. B: Rev. 23 (1), 83–99. doi:10.1089/ten.TEB.2016.0233
 Miron, R. J., Moraschini, V., Del Fabbro, M., Piattelli, A., Fujioka-Kobayashi, M., Zhang, Y., et al. (2020). Use of Platelet-Rich Fibrin for the Treatment of Gingival Recessions: a Systematic Review and Meta-Analysis. Clin. Oral Invest. 24 (8), 2543–2557. doi:10.1007/s00784-020-03400-7
 Moussa, M., Carrel, J.-P., Scherrer, S., Cattani-Lorente, M., Wiskott, A., and Durual, S. (2015). Medium-term Function of a 3D Printed TCP/HA Structure as a New Osteoconductive Scaffold for Vertical Bone Augmentation: A Simulation by BMP-2 Activation. Materials 8 (5), 2174–2190. doi:10.3390/ma8052174
 Murr, L. E., Gaytan, S. M., Ramirez, D. A., Martinez, E., Hernandez, J., Amato, K. N., et al. (2012). Metal Fabrication by Additive Manufacturing Using Laser and Electron Beam Melting Technologies. J. Mater. Sci. Techn. 28 (1), 1–14. doi:10.1016/s1005-0302(12)60016-4
 Ngo, T. D., Kashani, A., Imbalzano, G., Nguyen, K. T. Q., and Hui, D. (2018). Additive Manufacturing (3D Printing): A Review of Materials, Methods, Applications and Challenges. Composites B: Eng. 143, 172–196. doi:10.1016/j.compositesb.2018.02.012
 Nyström, E., Ahlqvist, J., Legrell, P. E., and Kahnberg, K. E. (2002). Bone Graft Remodelling and Implant success Rate in the Treatment of the Severely Resorbed Maxilla: a 5-year Longitudinal Study. Int. J. Oral Maxillofac. Surg. 31 (2), 158–164. doi:10.1054/ijom.2001.0197
 Nyström, E., Ahlqvist, J., Gunne, J., and Kahnberg, K.-E. (2004). 10-year Follow-Up of Onlay Bone Grafts and Implants in Severely Resorbed Maxillae. Int. J. Oral Maxillofac. Surg. 33 (3), 258–262. doi:10.1006/ijom.2003.0512
 Rasperini, G., Pilipchuk, S. P., Flanagan, C. L., Park, C. H., Pagni, G., Hollister, S. J., et al. (2015). 3D-printed Bioresorbable Scaffold for Periodontal Repair. J. Dent. Res. 94 (9 Suppl. l), 153S–7S. doi:10.1177/0022034515588303
 Seiler, M., Kämmerer, P. W., Peetz, M., and Hartmann, A. G. (2018). Customized Titanium Lattice Structure in Three-Dimensional Alveolar Defect: An Initial Case Letter. J. Oral Implantol. 44 (3), 219–224. doi:10.1563/aaid-joi-d-17-00084
 Shim, J. H., Yoon, M. C., Jeong, C. M., Jang, J., Jeong, S. I., Cho, D. W., et al. (2014). Efficacy of rhBMP-2 Loaded PCL/PLGA/β-TCP Guided Bone Regeneration Membrane Fabricated by 3D Printing Technology for Reconstruction of Calvaria Defects in Rabbit. Biomed. Mater. 9 (6), 065006. doi:10.1088/1748-6041/9/6/065006
 Shim, J.-H., Won, J.-Y., Sung, S.-J., Lim, D.-H., Yun, W.-S., Jeon, Y.-C., et al. (2015). Comparative Efficacies of a 3D-Printed PCL/PLGA/β-TCP Membrane and a Titanium Membrane for Guided Bone Regeneration in Beagle Dogs. Polymers 7 (10), 1500. doi:10.3390/polym7101500
 Shim, J.-H., Won, J.-Y., Park, J.-H., Bae, J.-H., Ahn, G., Kim, C.-H., et al. (2017). Effects of 3D-Printed Polycaprolactone/β-Tricalcium Phosphate Membranes on Guided Bone Regeneration. Int. J. Mol. Sci. 18 (5), 899. doi:10.3390/ijms18050899
 Shirazi, S. F. S., Gharehkhani, S., Mehrali, M., Yarmand, H., Metselaar, H. S. C., Adib Kadri, N., et al. (2015). A Review on Powder-Based Additive Manufacturing for Tissue Engineering: Selective Laser Sintering and Inkjet 3D Printing. Sci. Techn. Adv. Mater. 16 (3), 033502. doi:10.1088/1468-6996/16/3/033502
 Sudheesh Kumar, P. T., Hashimi, S., Saifzadeh, S., Ivanovski, S., and Vaquette, C. (2018). Additively Manufactured Biphasic Construct Loaded with BMP-2 for Vertical Bone Regeneration: A Pilot Study in Rabbit. Mater. Sci. Eng. C 92, 554–564. doi:10.1016/j.msec.2018.06.071
 Tamimi, F. M., Torres, J., Tresguerres, I., Clemente, C., López-Cabarcos, E., and Blanco, L. J. (2006). Bone Augmentation in Rabbit Calvariae: Comparative Study between Bio-Oss and a Novel ?-TCP/DCPD Granulate. J. Clin. Periodontol. 33 (12), 922–928. doi:10.1111/j.1600-051x.2006.01004.x
 Tamimi, F., Torres, J., Gbureck, U., Lopez-Cabarcos, E., Bassett, D. C., Alkhraisat, M. H., et al. (2009). Craniofacial Vertical Bone Augmentation: a Comparison between 3D Printed Monolithic Monetite Blocks and Autologous Onlay Grafts in the Rabbit. Biomaterials 30 (31), 6318–6326. doi:10.1016/j.biomaterials.2009.07.049
 Tamimi, F., Torres, J., Al-Abedalla, K., Lopez-Cabarcos, E., Alkhraisat, M. H., Bassett, D. C., et al. (2014). Osseointegration of Dental Implants in 3D-Printed Synthetic Onlay Grafts Customized According to Bone Metabolic Activity in Recipient Site. Biomaterials 35 (21), 5436–5445. doi:10.1016/j.biomaterials.2014.03.050
 Teitelbaum, S. L. (2000). Bone Resorption by Osteoclasts. Science 289 (5484), 1504–1508. doi:10.1126/science.289.5484.1504
 Tekinalp, H., Kunc, V., Velez-Garcia, G., Duty, C., Love, L., Naskar, A., et al. (2014). Highly Oriented Carbon Fiber–Polymer Composites via Additive Manufacturing. Composites Sci. Techn. 105, 144–150. doi:10.1016/j.compscitech.2014.10.009
 Torres, J., Tamimi, F., Alkhraisat, M. H., Prados-Frutos, J. C., Rastikerdar, E., Gbureck, U., et al. (2011). Vertical Bone Augmentation with 3D-Synthetic Monetite Blocks in the Rabbit Calvaria. J. Clin. Periodontol. 38 (12), 1147–1153. doi:10.1111/j.1600-051x.2011.01787.x
 Tumbleston, J. R., Shirvanyants, D., Ermoshkin, N., Janusziewicz, R., Johnson, A. R., Kelly, D., et al. (2015). Continuous Liquid Interface Production of 3D Objects. Science 347 (6228), 1349–1352. doi:10.1126/science.aaa2397
 Urban, I. A., Montero, E., Monje, A., and Sanz-Sánchez, I. (2019). Effectiveness of Vertical ridge Augmentation Interventions: A Systematic Review and Meta-Analysis. J. Clin. Periodontol. 46 (S21), 319–339. doi:10.1111/jcpe.13061
 Vaquette, C., Mitchell, J., Fernandez-Medina, T., Kumar, S., and Ivanovski, S. (2021). Resorbable Additively Manufactured Scaffold Imparts Dimensional Stability to Extraskeletally Regenerated Bone. Biomaterials 269, 120671. doi:10.1016/j.biomaterials.2021.120671
 Venezuela, J. J. D., Johnston, S., and Dargusch, M. S. (2019). The Prospects for Biodegradable Zinc in Wound Closure Applications. Adv. Healthc. Mater. 8 (16), 1900408. doi:10.1002/adhm.201900408
 Williams, J. M., Adewunmi, A., Schek, R. M., Flanagan, C. L., Krebsbach, P. H., Feinberg, S. E., et al. (2005). Bone Tissue Engineering Using Polycaprolactone Scaffolds Fabricated via Selective Laser Sintering. Biomaterials 26 (23), 4817–4827. doi:10.1016/j.biomaterials.2004.11.057
 Xu, M., Gratson, G. M., Duoss, E. B., Shepherd, R. F., and Lewis, J. A. (2006). Biomimetic Silicification of 3D Polyamine-Rich Scaffolds Assembled by Direct Ink Writing. Soft Matter 2 (3), 205–209. doi:10.1039/b517278k
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 Vaquette, Mitchell and Ivanovski. 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.
		REVIEW
published: 31 March 2022
doi: 10.3389/fbioe.2022.810880


[image: image2]
Application of BMP in Bone Tissue Engineering
Liwei Zhu1,2, Yuzhe Liu1, Ao Wang1, Zhengqing Zhu1, Youbin Li1, Chenyi Zhu1, Zhenjia Che1, Tengyue Liu1, He Liu1,2* and Lanfeng Huang1*
1Department of Orthopedics, The Second Hospital of Jilin University, Changchun, China
2Orthopaedic Research Institute of Jilin Province, Changchun, China
Edited by:
Arnaud Scherberich, University Hospital of Basel, Switzerland
Reviewed by:
Janos Kanczler, University of Southampton, United Kingdom
Fengxuan Han, Soochow University, China
* Correspondence: He Liu, heliu@jlu.edu.cn; Lanfeng Huang, hlf@jlu.edu.cn
Specialty section: This article was submitted to Tissue Engineering and Regenerative Medicine, a section of the journal Frontiers in Bioengineering and Biotechnology
Received: 08 November 2021
Accepted: 01 March 2022
Published: 31 March 2022
Citation: Zhu L, Liu Y, Wang A, Zhu Z, Li Y, Zhu C, Che Z, Liu T, Liu H and Huang L (2022) Application of BMP in Bone Tissue Engineering. Front. Bioeng. Biotechnol. 10:810880. doi: 10.3389/fbioe.2022.810880

At present, bone nonunion and delayed union are still difficult problems in orthopaedics. Since the discovery of bone morphogenetic protein (BMP), it has been widely used in various studies due to its powerful role in promoting osteogenesis and chondrogenesis. Current results show that BMPs can promote healing of bone defects and reduce the occurrence of complications. However, the mechanism of BMP in vivo still needs to be explored, and application of BMP alone to a bone defect site cannot achieve good therapeutic effects. It is particularly important to modify implants to carry BMP to achieve slow and sustained release effects by taking advantage of the nature of the implant. This review aims to explain the mechanism of BMP action in vivo, its biological function, and how BMP can be applied to orthopaedic implants to effectively stimulate bone healing in the long term. Notably, implantation of a system that allows sustained release of BMP can provide an effective method to treat bone nonunion and delayed bone healing in the clinic.
Keywords: bone morphogenetic protein, BMP, biomaterials, bone tissue engineering, bone healing
1 INTRODUCTION
Bone morphogenetic proteins (BMPs) were originally discovered to promote bone growth in muscle. Since 1965, when Dr. Urist discovered that BMP can induce bone growth in muscle (Urist, 1965), multiple subsequent studies have demonstrated that BMPs function in a large variety of physiological and pathological processes. BMP is an important member of the transforming growth factor-beta (TGF-β) superfamily, a group of highly conserved homologous signalling proteins that play an important role in embryogenesis, organogenesis, cell proliferation, and stem cell differentiation(Miyazawa et al., 2002). Therefore, BMPs have been applied in a plethora of tissues and organs. To date, approximately 20 BMP family members have been identified and characterized. BMP is a dimeric molecule composed of two polypeptide chains linked by a single disulfide bond. According to the structural similarity of BMP amino acid sequences, BMP family members are generally divided into four categories: BMP2/4; BMP5/6/7/8; BMP9/10; and BMP12/13/14 (Liu et al., 1995; Gomez-Puerto et al., 2019).
In orthopaedics, BMPs are naturally secreted multifunctional proteins that play crucial roles throughout the developing skeletal system. BMPs have been proven to be key factors with significant osteogenic functions, regulating bone balance by controlling the differentiation of osteoblasts and osteoclasts (Poynton and Lane, 2002; Lavery et al., 2008). Notably, BMP-2 and BMP-7 can significantly enhance osseointegration (Dent-Acosta et al., 2012; Dolanmaz et al., 2015). Therefore, the Food and Drug Administration (FDA) has approved two factors containing recombinant human BMP (rhBMP)-2 and rhBMP-7 for a few orthopaedic disease treatments, such as open fractures, non-union fractures, vertebral fusion, and maxillofacial bone enhancement (Cecchi et al., 2016).
Fracture is a serious public health problem and is one of the diseases that most affects people’s quality of life. It brings a heavy burden to patients and the medical system. Fracture also causes pain and affect a patient’s exercise ability. If recovery is improper, it is very likely to reduce life-long mobility. Fracture healing is a very robust repair process that depends on many factors, including fracture type, anatomical site, and associated trauma to soft tissue and vascular structures (Hackl et al., 2017). After the fracture heals, the epiphysis can achieve structural stability, even exceeding the stability of the unfractured bone, and then undergo callus remodelling, restoring the geometry and function of the original bone. Generally, the fracture can be cured after reduction and fixation, but in some cases, severe bone defects or nonunion occur. Generally, most fracture patients will heal within a few weeks to a few months. Although most fracture patients heal quickly after timely treatment, a small number of patients will have delayed fracture union or fracture nonunion, especially patients with larger open bone injuries and non-union (Hissnauer et al., 2017). At this time, the traditional treatment method has little effect. Due to the special nature of fracture healing and fixation, the current standard of treatment for fractures includes reduction and fixation, and the requirements for clinical treatment are as follows: 1) speed up fracture healing, 2) speed up normal function recovery, and 3) reduce fracture healing complications (Goldhahn et al., 2008).
With the rapid development of orthopaedic implants, such as intramedullary nails, steel plates, joint prostheses, pedicle screws and other materials, the incidence of delayed union or nonunion of fractures has been greatly reduced when treating fractures or nonunions, shortening the healing time and reducing fixation-related complications (von Ruden et al., 2016). Notably, some patients still suffer from complications, and traditional treatment methods often cannot guarantee that the fracture will reach the complete clinical cure standard. Although device-assisted therapy is still an important part of fracture treatment, for example, reduction and fixation of the fracture site through intramedullary needles, screws, or metal plates, implants may prolong the fracture healing time and cause infection and chronic pain. Importantly, exploring new treatments for fractures has become the focus of orthopaedic research (Annis et al., 2015).
The FDA has approved rhBMP-2 and rhBMP-7 for orthopaedic treatments, such as open fractures, nonunion fractures, vertebral fusion, and maxillofacial bone enhancement (Cecchi et al., 2016). In recent years, the application of growth factors may bring new breakthroughs in the treatment of fractures. Depending on the morphology of the bone defect, rhBMP-2 and rhBMP-7 can be used in combination with bone substitutes or collagen sponges to achieve better results (Dent-Acosta et al., 2012). Importantly, with the increase in the number of treatments, retrospective studies have provided more data to analyse whether BMP can promote fracture healing. Current research advances indicate that application of biological agents may lead to significant progress in improving treatment effects.
At present, many biomaterials carrying BMP have been used in orthopaedic treatments and have achieved desired results. These implant materials should have good mechanical properties, excellent biocompatibility, good corrosion resistance, high wear resistance, and osteointegration capability (Han et al., 2014; Chen et al., 2020). Whether implant materials are compatible with surrounding tissues and whether they can promote bone formation is a focus of orthopaedic research (Sul et al., 2002; Geetha et al., 2009). The application of BMPs on scaffolds for clinical treatment of orthopaedic diseases has initially achieved a certain effect. To achieve better therapeutic effects, people have improved biomaterials with high biocompatibility to make their design and manufacturing more perfect, which can continuously and effectively promote bone formation. This research method of bone tissue engineering shall receive more and more attention (Bosemark et al., 2015; Ding et al., 2016; Huang et al., 2018). To date, extensive research has focused on combining new biomaterials and exploring new material synthesis technologies, which can not only improve the success of surgery but also reduce the cost of surgery (Wang L. et al., 2019; Zhang X. et al., 2019). From what has been discussed above, biomaterial-loaded BMPs have become research hotspots and open up new prospects for orthopaedic disease research and treatment.
In this review, we summarize recent research advances in BMP functions in orthopaedics, including biological functions, applications in bone tissue engineering and applications in common clinical diseases.
2 ADVANCED RESEARCH PROGRESS ON THE BIOLOGICAL FUNCTION OF BMPS IN THE FIELD OF ORTHOPAEDICS
Together, the biological functions of BMP regulate the growth and development of organisms through different signalling pathways in cells. BMP signalling is transduced through serine (Ser)/threonine (Thr) protein kinase receptors, namely, type I receptors (BMPRIs) and type II receptors (BMPRIIs) (Liu et al., 1995; Gomez-Puerto et al., 2019). These two receptor types are combined into a functional complex to initiate further signalling pathways (Koenig et al., 1994). The BMP ligand activates BMPRII, and then, BMPRII phosphorylates BMPRI. Activated BMPRI recruits and phosphorylates Smad-dependent and non-Smad-dependent signalling pathways and then transduces signals into the nucleus and controls osteogenic gene expression. On the one hand, activated BMPRI phosphorylates Smad-dependent signalling pathways, including Smad 1, Smad 5, and Smad 8 (Yamamoto et al., 1997; Nishimura et al., 1998; Kaneko et al., 2000; Pera et al., 2004), and then combines with Smad 4 to form a hybrid complex, which is transported to the nucleus and regulates target gene transcription. Smad 6 or 7 negatively regulates Smad signalling by preventing receptor-activated Smad (R-Smad) phosphorylation, inhibits the expression of osteoblast-related genes and blocks the differentiation of osteoblasts. On the other hand, BMP receptors activate non-Smad-dependent signalling pathways, namely, the p38 mitogen-activated protein kinase (MAPK), extracellular signal-regulated kinase (ERK) and c-Jun N-terminal kinase (JNK) signalling pathways (Guicheux et al., 2003). Then, BMP signalling can stimulate the expression of the main osteogenic transcription factors runt-related transcription factor 2 (Runx2), distal-less homeobox 5 (Dlx5), and osterix (Osx) (Lee et al., 2003), and Runx2 plays a key role in the induction of osteogenesis (Figure 1) (Celil and Campbell, 2005). In addition, TGF-β, Wnt, Hedgehog, Notch, fibroblast growth factor (FGF), and other signalling pathways also interact with the BMP signalling pathway (Wang N. et al., 2017; Zhang L. et al., 2019). At the cellular level, BMP exists as a ligand of receptors on the membrane of various cells, such as osteoblasts, osteoclasts, adipose stem cells, mesenchymal stem cells, and tendon fibroblasts, through concentration gradient diffusion. When the receptors of these cells are activated, they induce cells to differentiate and proliferate (Rawadi et al., 2003; Wu et al., 2016). Therefore, BMPs play an important role in the growth and development of bones and in homeostasis of the bone environment effect.
[image: Figure 1]FIGURE 1 | The BMP signal is transduced through BMPRI and BMPRII receptors. These two receptors are combined into a functional complex, to initiate further signaling pathways. On the one hand, activated BMP type I receptor phosphorylates Smad-dependent signaling pathways. On the other hand, BMP receptors activate non-Smad-dependent signaling pathways, that is, activate p38 MAPK, JNK, and ERK signaling pathways. Then, BMP can stimulate the expression of three osteogenic main transcription factors Runx2, D1x5 and Osx.
2.1 Cartilage Formation
Articular cartilage is often damaged by mechanical wear, inflammation, and external forces. Due to the nonvascular nature of cartilage tissue, once articular cartilage is damaged, its ability to spontaneously heal and regenerate is very weak, which reduces joint motor function. In addition, cartilage formation may also be critical for initial bridging and subsequent stabilization of a fracture and can reduce the occurrence of late complications. Compared to osteogenesis alone, timely stimulation of cartilage in fractured epiphyses may be a more effective way to prevent delayed bone healing or nonunion of the bone (Shum et al., 2003; Hatakeyama et al., 2004; El-Magd et al., 2013; Kostenuik and Mirza, 2017; Wang T. et al., 2019; Yang et al., 2021). Therefore, cartilage formation plays a crucial role in the skeletal system. Currently, the use of tissue grafts to repair articular cartilage and other connective tissue in the joint has limited therapeutic effects. How to effectively repair and regenerate joints presents great challenges in current research.
Cartilage formation is a multistep process. At the gene level, the expression of osteogenic and cartilage-related genes is dependent on the BMP signalling pathway. Moreover, the BMP signalling pathway can directly regulate the expression of Runx2 (Akiyama et al., 2002). Runx2 is the key gene in the bone marrow mesenchymal stem cell (BMSC) differentiation process, regulating the expression of Osx, sry-related HMG-box (Sox) 9, type II collagen, aggrecan (Acan), and other genes. BMSCs form chondrocytes by maintaining Runx2 expression (Pini et al., 2018). By measuring the expression levels of BMPs in normal human cartilage, BMP-2, BMP-4, BMP-5, BMP-6, BMP-7, and BMP-9 have been found to be highly expressed in cartilage tissue (Suttapreyasri et al., 2006), suggesting that a proper proportion of BMPs may maintain normal homeostasis in normal human cartilage tissue. These BMPs have a precise impact on cartilage formation in vivo, but the relationship between the expression of a single BMP type and cartilage formation requires more careful in vivo and in vitro studies.
BMP-2 increases the expression level of Runx2 at the transcriptional and posttranscriptional level by inhibiting the expression of cyclin-dependent kinase 4, ubiquitination of Runx2 and protease degradation (Shu et al., 2011). BMP-2 induces Sox9 expression, which in turn stimulates the expression of cartilage markers, such as collagen type II alpha 1 chain (Col2a1) (Zhao C. et al., 2017). BMP-4 plays a guiding role in cartilage formation. BMP-4 can not only induce mesenchymal cells to differentiate into cartilage but can also induce the expression of nodular interstitial cells, thus promoting the formation and maturation of cartilage nodules (Hatakeyama et al., 2004). BMP-5 can increase the expression of hypertrophy markers, type Ⅰ collagen, type Ⅱ collagen, and type X collagen (Guenther et al., 2008; Snelling et al., 2010). In one study, knockout of the BMP-6 gene in chondrocytes leads to a significant decrease in the expression of type II collagen and type X collagen (Ye et al., 2019). BMP-7 can promote the expression of cartilage markers, such as collagen type I alpha 2 chain (Col1a2), Col2a1, collagen type X alpha 1 chain (Col10a1), matrix metalloprotein (mmp) 13, Runx2 and Acan (Yan et al., 2018; Muller et al., 2019). In addition, BMP-9 can increase the expression of type II collagen, Sox 9, Acan and cartilage oligomeric protein in BMSCs (Wang et al., 2014; van Caam et al., 2015; Ren et al., 2016). Because of the overlapping biological functions of different BMPs, some combinations of BMPs may be more effective in cartilage or bone regeneration than a single BMP. Table 1 lists the functions of BMPs in cartilage formation.
TABLE 1 | Functions of BMPs in cartilage formation.
[image: Table 1]2.2 Bone Formation
There are two forms of bone formation, endomembranous and endochondral. Intramembranous osteogenesis is the differentiation of mesenchymal cells into embryonic connective tissue membranes, and then differentiation into osteoblasts for proliferation and differentiation. The parietal bone, frontal bone and clavicle of the human body occur in this way. Endochondral ossification is first formed from hyaline cartilage to form a cartilage model, which is then replaced by mineralized bone and continues to expand to both ends. Endochondral ossification occurs mainly in long bones, short bones and some irregular bones such as the base of the skull and the back of the skull. Studies have shown that there is no cartilage tissue at an early time point in bone defect healing. Interestingly, the addition of BMP resulted in the early appearance of chondroid tissue. BMP can promote the proliferation and differentiation of chondrocytes, and can guide endochondral ossification, which plays an important role in the development of endochondral bone (Dang et al., 2017; Daly et al., 2018; Klosterhoff et al., 2022). BMP stimulates the first stage of endochondral ossification, including effective stem cell recruitment and cartilage formation. BMP plays an important role in endochondral bone development and has various functions in bone formation, including bone morphogenesis, growth plate development and osteoblast differentiation (Wu et al., 2016; Long et al., 2021; Strong et al., 2021; Yang et al., 2021). Bone remodelling is a physiological process involving absorption of old bone and formation of new bone. These two physiological processes are influenced by systemic regulation and the local release of growth factors, such as BMPs, in the body. During osteoblastic differentiation, BMSCs are controlled by Runx2 and Osx genes, which are considered to be key genes for osteoblastic differentiation. Among them, Runx2 plays a leading role in the entire differentiation process, while the BMP signalling pathway directly affects the expression of Runx2, therefore, BMPs can more effectively induce osteoblast differentiation and regulate bone formation (Yokouchi et al., 1996; Lieberman et al., 1998; Baltzer et al., 2000; Krishnan et al., 2001; Sojo et al., 2005; Bessa et al., 2008; Seo et al., 2014; Teotia et al., 2017; Pini et al., 2018; Ball et al., 2019; Chen et al., 2019; Long et al., 2021).
rhBMP-2 and rhBMP-7 are orthopaedic surgery-induced osteogenic adjuvants approved by the FDA (Cecchi et al., 2016). BMP-2 is an essential endogenous medium for fracture repair (Peng et al., 2005; Tsuji et al., 2006; Song et al., 2014). It can guide the differentiation of cells into chondrocytes in the periosteum, increase bone deposition and absorption, and plays an important role in the early stage of fracture healing (Yu et al., 2010). Consequently, BMP-2 can significantly promote the formation of mineralized nodules, osteogenic differentiation (Ball et al., 2019; Chen et al., 2019), mineralized bone length increase (Krishnan et al., 2001), bone healing (Sojo et al., 2005; Bessa et al., 2008), and limb development (Zhao C. et al., 2017). During the rapid ossification phase in the body, the mRNA expression of BMP-7 increases sharply and remains at a high level. The ability to induce Smad pathway expression is very significant, and it is inferred that BMP-7 may be a powerful promoter of bone development (Bosemark et al., 2015; Yan et al., 2018; Zhang et al., 2018; Li et al., 2019; Zhang L. et al., 2019). In clinical applications, in patients with acute open tibial fractures, rhBMP-2 and rhBMP-7 can promote nonunion healing and shorten the recovery time of patients (Caterini et al., 2016; Singh et al., 2016). The healing effect of BMP treatment is better than conventional treatment. Therefore, rhBMP-2 is a safe and effective method for autologous bone transplantation in the treatment of tibial fractures with large-scale traumatic bone loss (Jones et al., 2006).
In osteogenic cell lines, BMP-2, BMP-4, BMP-7, and BMP-9 effectively induce Smad-mediated signalling pathways. In addition, BMP-2, BMP-4, and BMP-9 induces Runx2 expression, but interestingly, BMP-6 and BMP-7 do not significantly induce Runx2 expression (Zhang L. et al., 2019). In recent years, research progress on BMPs has revealed that BMP-9 has the strongest ability to induce osteogenic differentiation of mesenchymal stem cells (MSCs) (Luu et al., 2007; Zhang L. et al., 2019). BMP-9 can effectively promote expression of the BMP/Smad signalling pathway, increase alkaline phosphatase (ALP) activity, induce the formation of mineralized nodules, and increase expression of osteogenic related genes, thereby promoting bone and joint regeneration (Wang et al., 2014; Chen et al., 2016; Yu et al., 2019). In addition, BMP-9 activates the Wnt/β-catenin signalling pathway, upregulates the protein level of β-catenin and promotes bone healing (Kusuyama et al., 2019; Wang H. et al., 2019). Table 2 lists the functions of BMPs in bone formation.
TABLE 2 | Functions of BMPs in bone formation.
[image: Table 2]2.3 Tendon/Ligament Healing
The human body needs not only the support of bones and articular cartilage but also a large number of muscles and ligaments to coordinate and pull the bones to complete various actions during daily activities. Therefore, tendons and ligaments are also important research directions in orthopaedics. However, since tendon and ligament cells are nonrenewable, only scar tissue can form, which will affect daily function. Therefore, how to fully restore tendons and ligaments is also a focus in the field of orthopaedics. In addition to cartilage formation and osteogenesis, BMPs also promote the differentiation and growth of tendons and ligaments, mainly BMP-12, BMP-13, BMP-14, and BMP-15 (Fu et al., 2003; Chuen et al., 2004; Wang et al., 2005; Haddad-Weber et al., 2010; Henn et al., 2010; Wang et al., 2018; Zhang L. et al., 2019).
BMPs have different transcriptional regulation effects on the important mediators of BMP signal transduction in BMSCs, and the most effective upregulators of tendon related gene are BMP-11, BMP-12, BMP-13, BMP-14 and BMP-15 (Zhang L. et al., 2019). Through morphological observation and molecular biological detection, MSCs have been found to be induced to differentiate into tendon cells by BMP-12 gene transfection, leading to type I collagen mRNA and protein expression but not type III collagen mRNA and protein expression (Wang et al., 2005). Cells transfected with BMP-12 were transplanted into rat tendon defects, and the results showed that type I/III collagen, scleraxis (SCX) and tenascin-C were all upregulated (Xu et al., 2018). Adenovirus-mediated implantation of BMP-13 into the supraspinatus tendon of rats revealed that BMP-13 upregulates the expression of type III collagen and fibronectin and increases biomechanical properties (Lamplot et al., 2014). Wang et al. (2018) studied the effect of BMP-14 on BMSC differentiation in vitro. BMP-14 upregulated sirtuin 1 (Sirt 1) expression at the mRNA and protein level, activated the JNK and Smad pathways, and significantly increased tendon markers, such as sclerotic and tonic regulatory proteins. BMP-12 and BMP-13 were expressed in MSCs and anterior cruciate ligament (ACL) fibroblasts via an adenoviral vector, and after 21 days of culture in a type I collagen hydrogel, both the MSCs and ACL fibroblasts differentiated into ligament cells (Haddad-Weber et al., 2010). Thus, combined application of BMPs also plays an important role in tendon and ligament healing. Table 3 lists the functions of BMPs in tendon/ligament healing.
TABLE 3 | Functions of BMPs in tendon/ligament healing.
[image: Table 3]2.4 Blood Vessel Formation
Angiogenesis is considered to be an essential key step in the process of bone regeneration because bone is highly vascularized. In the process of bone repair, newly formed blood vessels are very important for nutrition supply, macromolecular transport, cell aggregation and maintenance of the proper metabolic microenvironment. Since a defect site requires not only the continuous differentiation of MSCs but also blood vessels to provide nutrients, promotion of angiogenesis and sustained release of BMP are particularly important for promoting bone formation (Kempen et al., 2009). At present, vascular endothelial growth factor (VEGF) is considered to be one of the key regulators in angiogenesis (Peng et al., 2002). VEGF regulates the proliferation, vascularization and ossification of stem cells (Duan et al., 2016; Liu et al., 2020). In normal bone healing, vascular tissue development precedes bone formation. VEGF first stimulates angiogenesis, and BMP then promotes bone formation. Vascular tissue formation and bone formation are interdependent. BMP and VEGF have a regulatory coupling effect between osteogenesis and angiogenesis (Bouletreau et al., 2002; Barati et al., 2016; Zhong et al., 2016). The dual release of growth factors can promote the process of bone regeneration more effectively than either factor alone. Studies have shown that topical application of VEGF can promote bone repair in nonunion models, especially in the early stage of fracture healing (Percival and Richtsmeier, 2013; Li et al., 2021a; Li A. et al., 2021). Therefore, in order to promote bone regeneration more effectively, rapid early release of VEGF and sustained slow release of BMP-2 should be achieved, which is consistent with the law of bone growth and angiogenesis may be critical for bone tissue regeneration. VEGF and BMP-2 act together to significantly enhance osteogenesis and angiogenic differentiation (Barati et al., 2016). In the process of normal bone healing, high expression of VEGF occurs in the early stage, and high expression of BMPs occurs in the later stage. VEGF indirectly promotes bone formation by regulating formation of the vascular network. In addition, this interaction between BMP and VEGF has been confirmed in bone regeneration studies. By enhancing BMP- expression at the fracture site, the osteogenesis of osteoblasts can be directly stimulated, and the angiogenesis of endothelial cells can be promoted (Bouletreau et al., 2002; Kim et al., 2018).
2.5 BMP Derived Peptide
In general, BMP has some disadvantages such as high cost, ectopic bone formation, chemical instability, and immune response problems. BMP derived peptide has the advantages of small molecular weight, good chemical stability, flexible application and low economic cost, so it has higher application safety and biological effect (Beauvais et al., 2016; Li A. et al., 2021; Meng et al., 2021). BMP derived peptide can also activate osteogenic differentiation pathway and promote osteoblast differentiation, thus inducing differentiation and osteogenesis (Caron et al., 2021; Chao et al., 2021).
2.6 BMPs With Other Active Substances
Various biologically active substances and drug interventions have shown potential to promote fracture healing (Einhorn and Gerstenfeld, 2015). Bone healing relies not only on a single growth factor but also on the joint role of many biological components, such as dexamethasone (Dex), vitamin C, vitamin D, BMPs, TGF-β, VEGF, FGF, and insulin. At present, Dex is typically added to in vitro osteogenesis induction media. This is because Dex has a synergistic effect with BMP-2; when MSCs were cultured in basic medium supplemented with both BMP and Dex, osteoblast ALP activity was significantly increased, and osteoblast mRNA levels were increased (Rickard et al., 1994). Research shows that, the combination of BMP and FGF significantly enhanced osteogenesis than growth factor alone (Gromolak et al., 2020; Hu et al., 2021). Bmp-2 may stimulate extramedullary bone regeneration, and FGF-2 may stimulate extramedullary bone regeneration (Nosho et al., 2020). The combined use of BMP-2 and TGF-1 or TGF-3 showed stronger chondrogenic activity than BMP-2 alone (Yu et al., 2010; Sang et al., 2014). Early release of TGF-1 induces chondrogenesis, and BMP-2 promotes bone remodeling in a sustained release. TGF-β1 and BMP-2 showed good biocompatibility and bone formation ability in bone defects, which enhanced the chondrogenic ability of bone marrow mesenchymal stem cells (Dang et al., 2017; Li et al., 2021b). The combination of TGF-β3 and BMP-6 promoted chondrogenic differentiation of BMSCs in a synergistic manner (Taghavi et al., 2020).
3 APPLICATIONS OF BMPS IN BONE TISSUE ENGINEERING
BMPs have been shown to have strong cartilaginous, osteogenic and tendinous activity (Wang et al., 2005; Wang et al., 2018; Ball et al., 2019; Chen et al., 2019; Wang T. et al., 2019), and their applications in bone tissue engineering are promising. At present, most materials have poor retention of BMPs, leading to rapid clearance of BMPs from the site of implantation and thus to loss of the role of continuous stimulation of osteogenic differentiation of stem cells. BMPs can be slowly released in the body in several ways. The approach is to load BMPs into artificial implants, such as porous scaffolds, scaffold coatings or collagen combined with scaffolds (Figure 2) (Bouyer et al., 2016).
[image: Figure 2]FIGURE 2 | BMP is loaded on various materials to form a bioactive scaffold to promote bone defect healing.
3.1 BMPs Combined With Scaffolds
In orthopaedic surgery, implants play a crucial role in the success of the operation, especially in bone defects that exceed a critical size and require matrix as a scaffold to guide bone regeneration. Therefore, the scaffold structure is of great significance for bone regeneration. Scaffolds are defined as special structures that allow cells to interact with the extracellular matrix and provide mechanical support for growing cells and tissues (Li et al., 2006; Ding et al., 2016; Wu S. et al., 2018). In the field of orthopaedics, the main role of the scaffold is bone conduction, and the scaffold combines with different types of cells and adjacent tissues to promote new bone formation (Kayabasi et al., 2013; Quade et al., 2020). Moreover, scaffolds can also be used as carriers for active molecules, such as cells and drugs, in the bone regeneration process to achieve better bone healing effects and good antibacterial properties (Ren et al., 2016; Huang et al., 2018).
3.1.1 Loading and Releasing BMPs From Scaffolds
In the process of repairing bone defects, the addition of BMPs can play a significant role in promoting healing of bone defects. Although the osteogenic activity of growth factors is significant, most orthopaedic diseases require artificial implants to assist bone healing. The quality and quantity of bone formation at the defect site depend on the dose of BMPs (Teng et al., 2019). However, a large amount of BMPs released in a short period of time not only fails to effectively promote bone formation but may also cause side effects, such as heterotopic ossification and inhibition of bone formation. Thus, slow and continuous release of BMPs at the site of implantation has an important effect on bone regeneration (Barati et al., 2016; Seo et al., 2017). At present, artificial orthopaedic implants play a stable structural role at the defect site, while the role of slow and continuous release of bioactive substances needs to be further explored. To solve the problem of BMP release, it is very important to construct a sustained BMP release system using artificial implants. Therefore, the promotion of osteogenesis by BMPs loaded in various new materials has become a research hot spot (Tao et al., 2019; Chen et al., 2020).
3.1.2 Connecting the Bone Defect Site and Promoting Bone Formation
The success of orthopaedic surgery depends on the degree of bonding between the implant and the surrounding bone. The higher the degree of osseointegration is, the higher the mechanical stability and the lower the possibility of loosening. Artificial implants can be implanted into the bone defect, connect the bone defect and combine with the surrounding bone tissue to achieve a stable mechanical structure and effectively stimulate bone formation (Rihn et al., 2009; Nam et al., 2017). However, implants have the problem of poor biocompatibility. If the implant is not specially treated, it will not combine well with the tissue in the human body, and it may cause bone nonhealing or bacterial infection, which ultimately leads to treatment failure. Modification of the implant through chemical or physical methods improves biocompatibility and helps the bone injury heal faster. In addition, bioactive molecules (such as BMPs) and drug delivery systems can be added to implants to further improve bone conductivity and antibacterial properties to promote bone healing (Liu et al., 2007; Han et al., 2014).
3.1.3 Supporting the Growth of New Blood Vessels
The osteogenic induction ability of implants also depends on their ability to induce new blood vessel formation. The necessary conditions for the survival of cells and tissues growing in scaffolds are supplied by blood vessels. The injury site is induced to form a complex vascular network in the scaffold, which can provide abundant bone progenitor cells at the bone defect site, stimulate the migration and differentiation of osteoblasts, lead to increased bone deposition, and thus promote bone healing (Kempen et al., 2009; Kim et al., 2018).
3.2 Loading Strategies of BMPs
In composite scaffold systems, bioactive proteins are usually adsorbed to the surface of porous material or encased in pores (Injamuri et al., 2020). As a biologically active substance, BMP may be inactivated or released suddenly during the process of loading into the composite scaffold. In addition, after loading BMP on the surface of the scaffold, the interaction between the BMP and the surface of the biological material may be destroyed due to the interaction between the material and the organism. These factors may cause BMP to fail to achieve the desired sustained release effect in many composite scaffolds (Rajabnejadkeleshteri et al., 2021). Therefore, the current research should focus on the development of stable composite scaffolds to achieve stable release of BMP.
3.2.1 Nanoparticle/Microsphere
Microspheres/nanoparticles can be directly used as carriers to deliver growth factors to bone defects. Growth factors were encapsulated in an intermediate delivery tool consisting of microspheres to provide a protective barrier that would not affect their biological activity during scaffold fabrication. In addition, the slow-release ability of microspheres enables BMP to be released stably and sustainably at the target site, which can effectively promote bone tissue repair. At present, microspheres are mainly divided into natural polymer microspheres and synthetic polymer microspheres. The microspheres are wrapped with BMP through microcapsules, processed into composite scaffolds, and implanted into bone defects to achieve the purpose of continuous induction of bone regeneration (Bai et al., 2020; Injamuri et al., 2020; Kong et al., 2020; Koons et al., 2021; Rajabnejadkeleshteri et al., 2021).
3.2.2 Hydrogel
Hydrogels have been widely studied for BMP delivery due to their injectable, easy chemical modification, degradability, and permeability of macromolecules. While the hydrogel continues to degrade, BMP will also be continuously released. At the same time, because the hydrogel has better permeability, tissues and cells can also better absorb the BMP in the hydrogel (Larochette et al., 2020; Datta et al., 2021; Lee et al., 2021).The clinically approved delivery method of BMP is usually adsorbed on a collagen sponge and then implanted into the bone defect. Therefore, in orthopaedic applications, the hydrogel can be filled alone, used as a coating for implants, or used to fill porous materials to provide a greater degree of coverage in the gap between the implant and the bone, so as to better stimulate bone growth.
3.2.3 Chemical Modification
Due to the biological activity characteristics of BMP, it can form a more stable combination of some chemical substances through chemical bonds, thus forming a bioactive delivery system. Heparin, a natural glycosaminoglycan, is a molecule that composes the extracellular matrix (ECM), which participates in the binding and isolation of growth factors in the cell microenvironment. Heparin has a strong affinity for BMP and has the benefit of enhancing the biological activity of BMP. Heparin-binding peptides are used in drug delivery systems and show better BMP binding and controlled delivery in vivo. Such as heparin methacrylamide microparticles (HMPs), HMPs can be incorporated into the hydrogel to adjust the rate of release of BMP-2 from the scaffold (Hettiaratchi et al., 2020; Subbiah et al., 2020). Current research shows that compared with collagen sponges, HMPs drug delivery system has significantly increased bone formation, reduced heterotopic ossification, and regular bone formation (Vantucci et al., 2021). The heparin delivery system provides a better choice for improving the clinical use of BMP-carrying methods.
3.3 Structural Characteristics of BMP- Loaded Scaffolds
3.3.1 Porous Structure
Biomaterial scaffolds with well-connected porous structures play an important role in bone tissue engineering. The porous structure is conducive to the adhesion, proliferation and differentiation of mesenchymal stem cells, allowing the cells to interact with the extracellular matrix to provide mechanical support for growing cells and tissues (Ding et al., 2016; Li et al., 2018; Wu S. et al., 2018). On the one hand, the presence of a porous structure allows cells to quickly diffuse into the scaffold; on the other hand, it provides a higher interface bonding area for vascularization and bone growth, which can better promote immobilization of implants and bones. More importantly, the scaffold should have interconnected pores and high porosity so that the infiltration and proliferation of cells, the growth of blood vessels, the diffusion of nutrients and the elimination of waste will achieve better results. By adjusting the pore size and porosity, an implant with the best density, strength and mechanical compatibility can be obtained, which can effectively prevent bone necrosis and bone deformity around the implant and effectively improve the success rate of orthopaedic surgery (Figure 3) (Kayabasi et al., 2013; Han et al., 2014; Nam et al., 2017; Teng et al., 2019; Zhang X. et al., 2019; Chen et al., 2020; Quade et al., 2020; Zhu et al., 2021).
[image: Figure 3]FIGURE 3 | (A) Fluorescent images showing cell proliferation on the porous scaffolds. (B) Scanning electron microscopy (SEM) observation of rat BMSCs. Black arrows point to cells. (C) Micro-CT analysis of new bone formation. Reconstruction images of porous implants; (D) Reconstruction images of bone formation. Orange area: new bone formation. Reprinted with permission from (Chen et al., 2020).
3.3.2 Coating
Coating the surface of an implant reduces the gap around the implant, avoids direct contact between the implant and bone and reduces osteolysis caused by implant movement and wear at the implant site, thereby increasing opportunities for stable interface formation (Kayabasi et al., 2013; Ishack et al., 2017; Behrendt et al., 2020). Moreover, coatings can be loaded with BMPs to control their slow and long-term release to reduce the side effects of short-term overrelease of BMPs and enhance the fusion of implant bone with the surrounding bone. Therefore, a stable coating can greatly increase the success rate of implantation and osseointegration (Kayabasi et al., 2013; Shen et al., 2016; Wu S. et al., 2018; Zhu et al., 2021). At present, coating technology is developing rapidly, such as dip coating, bionic coating, sol-gel, electrophoretic deposition, vapour deposition, laser processing, ion spraying and 3D printing (Teng et al., 2019; Li et al., 2021a; Koons et al., 2021).
Incorporation of BMPs into a bionic coating allows high pharmacodynamic activity at a low pharmacological level and maintenance of this activity for a long period of time. Improved implants with coatings have good bone induction and bone conduction ability, which can not only promote cell adhesion and proliferation but also effectively promote osteogenic differentiation and improve biological activity (Wu J. et al., 2018; Teng et al., 2019). The maintenance of this osteogenic activity has important clinical significance for the osseointegration of the implant (Liu et al., 2005).
3.4 Loading of BMPs in Different Biomaterials
3.4.1 Metals Based Composite Scaffolding System
Among implant metal materials, titanium alloys are the most widely used orthopaedic implant materials due to their outstanding characteristics, such as high strength, high corrosion resistance, and biological inertness. However, due to the naturally inert nature of titanium alloys, they do not have sufficient biological activity and cannot be well combined with bone tissue; thus, there may be a gap between the bone and the implant, leading to unstable healing and resulting in failure of bone healing (Sul et al., 2002; Geetha et al., 2009; Li et al., 2021a). The porous structure of titanium alloy is constructed by 3D printing and other technologies, and surface modification of titanium alloy is carried out using various methods, such as electrodeposition, so that biologically active molecules (such as BMP) can be loaded on the surface coating of titanium alloy to achieve slow and continuous release. Therefore, bone formation at the bone defect site is continuously stimulated, the degree of bonding between the implant and the bone interface is enhanced, and the bone healing interface is more stable (Tao et al., 2019; Teng et al., 2019; Chen et al., 2020; Zhu et al., 2021).
Titanium alloys can be optimized not only by surface modification but also by other processing techniques, including a variety of materials, porous structures, nanotechnology applications, and 3D printing technology applications. Ti6AI4V is the most widely used titanium alloy material (Chen et al., 2020). Current research shows that the pores of titanium alloy scaffolds are 400–600 μm, and the porosity is 60–80%, which can promote cell proliferation, osteogenic differentiation and bone growth and can improve the degree of bone–scaffold binding (Han et al., 2014; Taniguchi et al., 2016; Zhang T. et al., 2020). In addition, surface modification of titanium alloy can achieve faster osseointegration of bone and implants in the early stage and can achieve certain antibacterial ability to facilitate stable chemical bonds between implants and bone tissue. Increasing research has been carried out on the surface modification of titanium alloys. Through various physical and chemical methods, materials with good biocompatibility can be stably combined on the implant surface, such as hydrogels, polymers, hydroxyapatite, calcium phosphate, and bisphosphonate (Nie and Wang, 2007; Hu et al., 2012; Han et al., 2014). Basic fibroblast growth factor (bFGF) and BMP-2 incorporated in a polydopamine (PDA) coating on a titanium surface led to an obvious improvement in surface hydrophilicity, efficient growth factor adsorption and moderate sustained release of the modified titanium matrix (Wu et al., 2020). In one study, BMP-2, calcium, and phosphorus (Ca/P) coatings were codeposited with 3D-printed porous titanium alloy implants and treated via microarc oxidation (MAO), achieving continuous release of BMP-2 over a period of 35 days. The continuous release of BMP-2 effectively improved ALP activity and in vitro mineralization and promoted new bone formation in vivo. The BMP-2 and Ca/P coating on titanium alloy produced better osseointegration and further promoted bone formation compared with pure titanium alloy or Ca/P-coated titanium alloy (Figure 4) (Teng et al., 2019). Titanium dioxide (TiO2) nanotubes are also one of the more widely used materials. The advantage of this material is that it is receptive to loading of drugs and growth factors. Titanium dioxide was used as a carrier of BMP-2, sodium alginate, gentamicin and chitosan (CHI), and this modification improved the biocompatibility and enhanced the antibacterial ability and bone formation ability of the composite (Tao et al., 2019).
[image: Figure 4]FIGURE 4 | (A) SEM image showing the cross-section of the implant before implantation. (B,C) are cross-sectional scanning electron microscope images 6 and 12 weeks after implant placement. (D) The blood vessel growth into the implant at 6 and 12 weeks observed by Micro CT. Red dots: newly formed blood vessels. (E) Using ImageJ software to estimate the bone filling rate of the cross-sectional scanning electron microscope image. Reprinted with permission from (Teng et al., 2019).
Modified titanium alloy is more suitable for implantation in multiple parts of the body, has better biocompatibility with the human body, promotes bone healing and angiogenesis, reduces the bone healing failure rate, and plays a role in healing of bone defects caused by trauma.
3.4.2 Inorganic Salts Based Composite Scaffolding System
Hydroxyapatite (HA) is the main inorganic component of human and animal bones. HA stimulates or induces bone proliferation, which can promote defective bone tissue repair. Therefore, it has excellent biocompatibility and is applied in bone tissue engineering. HA is widely used and has a good clinical effect (Kim et al., 2006; Ko et al., 2013; Bosemark et al., 2015; Wu S. et al., 2018; Li A. et al., 2021). The combined application of HA, autologous BMSCs, BMPs and autologous bone grafting (ABG) has been proven to be safe, with good stability and bone regeneration characteristics, and can be an option for treatment of severe bone defects (Teotia et al., 2017; Dilogo et al., 2019). HA can not only be used directly as a scaffold for bone defects but can also be mixed with other materials to form a composite scaffold or fixed to an implant surface, such as a titanium alloy implant, via coating (Nie and Wang, 2007; Ding et al., 2016). In addition, a nanohydroxyapatite (NHA) coating has a strong adsorption capacity and can be used as a suitable coating for BMP, providing a rich active site for cell attachment, which is more conducive to stable combination of the bone and the implant (Shen et al., 2016; Deng et al., 2017; Wu S. et al., 2018; Li A. et al., 2021). NHA and calcium sulfate bone substitute (NC) were used as carriers of rhBMP-2 and zoledronic acid (Za) to repair skull defects in rats, and the results showed that it could significantly promote bone regeneration (Figure 5) (Teotia et al., 2017).
[image: Figure 5]FIGURE 5 | (A) Micro-CT shows a three-dimensional model image of the defect at 8 weeks. (B) Micro-CT shows the image of the defect at 12 weeks. The defect is highly mineralized and integrated with bone material. (C) Morphological analysis of the defect site based on micro-CT, showing the high mineralization of the defect site at 8 and 12 weeks (*p < 0.05; #no statistical differences between the groups). (D) Histology of the defect area after 12 weeks. Each panel is divided into three sub-panels, where panel (i) (40 ×) represents an overall view, Panel (ii) represents a pseudo-color image, where “red” represents new bone (40 ×) from the original defect site. The bottommost panel shows a high-magnification image (100 ×) of the left side of the defect (a), the area in the middle of the defect (b) and the right side of the defect (c). OB stands for old bone, NB stands for new bone, FT stands for fiber/connective tissue, and NC stands for nano-cement residue. (E) Alizarin red S staining results are similar to the above results. The NC + rhBMP-2 + Za group had the most alizarin-positive (calcium-specific) mineralized tissues, followed by the NC + Za group. The number of alizarin-positive tissues in the NC group alone was less than in the first two groups. After 12 weeks, alizarin red S staining in the non-decalcified bone defect area showed a typical difference in calcium deposition between the groups (40 ×). Reprinted with permission from (Teotia et al., 2017).
Calcium phosphate can improve the bioactivity, bioabsorbability, bone conductivity and osteoinductivity of bioceramics. Biphasic calcium phosphate (BCP) and tricalcium phosphate (TCP) have become research hotspots in the field of bioceramics. BCP and TCP scaffolds have a high degree of biocompatibility and can support the attachment, proliferation and differentiation of osteoblasts, thereby promoting the formation of bone tissues. Thus, increasing research has been conducted on these materials (Bosemark et al., 2015; Ishack et al., 2017; Quade et al., 2020; Chao et al., 2021). Although calcium phosphate shows a chemical composition similar to that of inorganic bone, its osteogenic performance is restricted by its low degradation rate and poor bone induction. Therefore, it is necessary to modify the material to obtain a better performance. Mixing of calcium phosphate and HA to make a scaffold has received increasing attention. However, the delayed or rapid biodegradation rate of HA may interfere with the rate of new bone formation. The main advantage of calcium phosphate is that it has higher chemical stability, and a better biodegradation rate can improve the bone repair effect (Lee et al., 2016). Combining HA and calcium phosphate makes a composite implant more similar to bone minerals, with better biological activity, biodegradability and mechanical properties, which can achieve better therapeutic effects (Kim et al., 2006; Ko et al., 2013).
At present, due to the natural osteogenic properties of HA, more and more studies have been conducted on HA composite scaffolds. In one study, Bosemark et al. (2015) made tricalcium phosphate hydroxyapatite composite scaffolds carrying BMP-7 to study the repair of femoral defects in rats. Compared with the use of scaffolds or drugs alone, the callus characteristics of bone defects were significantly improved. In another study, the composite scaffold was made according to the ratio of 15% HA:85% β-TCP, and it has the advantages of good bone conduction and bone integration (Ishack et al., 2017). Wu S. et al. (2018) made a NHA/collagen/poly (L-lactide) composite scaffold loaded with rhBMP-2 to treat bone defects that had a positive effect on human MSCs implantation, proliferation and osteogenic differentiation. Shen, XF and others have made composite scaffolds with silk fibroin (SF) and NHA, in which BMP-2 was loaded into SF microspheres, BMP-2 can be sustained and slowly released for up to 3 weeks. Therefore, the composite scaffold can continuously and slowly release BMPs and significantly promote osteogenic differentiation of BMSCs (Figure 6) (Shen et al., 2016). In summary, HA composite systems have broad application prospects in bone tissue engineering.
[image: Figure 6]FIGURE 6 | (A) BMSC migration to the defect cranial site. Rats are shown at 30 min, 1, 3, 7 and 14 d post-injection; data indicate the systemic cell distribution of reporter cells. Red circles indicate the ROI. (B) CT results of critical size defect specimens and bone volume distribution. The circular plate in (B) represents the original skull defect. The white area above the circular plate and the light area inside the plate represent the newly formed bone. (C) Repair the skull cross-sectional structure (25 ×) with a stent 12 weeks after implantation. Ruler = 1 mm. After H & E staining, bone-like structures were detected in each group. The second line represents a higher magnification image (200 ×) of the corresponding box in the first line in (C). NB, HB and RSF represent new bone, host bone and residual silk fibroin, respectively. The red arrow shows the remaining microspheres. Blue arrows indicate newly formed blood vessels. BMP-2 (P): the scaffold material that physically adsorbs BMP-2, BMP-2 (E): SF microsphere coated BMP-2 scaffold, S + B (P): Scaffold material that physically adsorbs SDF-1 and BMP-2, S + B (E): The physical adsorption scaffold of SDF-1 and BMP-2 in SF microspheres. Reprinted with permission from (Shen et al., 2016).
3.4.3 Hydrogels Based Composite Scaffolding System
Hydrogels are extremely hydrophilic gels with a three-dimensional network structure that swell rapidly in water and can absorb a large volume of water without dissolving. The hydrogel is neither a complete solid nor a complete liquid. Under certain conditions, hydrogels can maintain a certain shape and volume, and a solute can diffuse from or penetrate the hydrogel (Li et al., 2006; Rihn et al., 2009; Jin et al., 2010; Kayabasi et al., 2013; Zhang X. et al., 2019). Therefore, in orthopaedic applications, a hydrogel can be filled separately, used as a coating for implants, or be used to fill porous materials to provide a greater degree of coverage in the gap between the implant and bone to stimulate bone growth and avoid loosening of the implant (Hu et al., 2012; Kayabasi et al., 2013; Behrendt et al., 2020). Moreover, studies have shown that hydrogels can also transfer cells, which is conducive to the growth of cells and can continuously stimulate the potential of BMSC differentiation (Ben-David et al., 2011; Hu et al., 2021). Therefore, hydrogels have been widely used in orthopaedic treatments as an implant material, coating or filling in the pore structure of a material, with the functions of controlled release and sustained release. Collagen, fibrin, CHI, agarose, hyaluronic acid, silk and sodium alginate can be configured into hydrogels to carry BMP for more convenient and effective application to bone injury sites (Ben-David et al., 2011; Kayabasi et al., 2013). In clinical applications, combined application of hydrogels and BMPs has achieved good results (Kolambkar et al., 2011; Nam et al., 2017; Jain et al., 2019; Xu et al., 2019).
Collagen is one of the most abundant ECM proteins and the most commonly used synthetic hydrogel material. Due to its good biocompatibility, nutrition, reparability, moisture and affinity, collagen is widely used in biomedical materials (Rihn et al., 2009; Nam et al., 2017). However, due to the instability and rapid degradation of collagen, artificial collagen implants cannot maintain their structural integrity for a long time. Currently, collagen can be modified to prolong durability and mechanical strength and can be combined with other materials so that implants can achieve slow release of loaded BMPs (Li et al., 2006; Kayabasi et al., 2013). By optimizing the physical and chemical properties of collagen, the best environment for bone tissue development can be provided, greatly improving the efficiency of bone regeneration (Li et al., 2021c). To date, rhBMP-2 and rhBMP-7 has been approved by the FDA for use in combination with collagen sponges in the treatment of clinical diseases and has achieved good efficacy (Kolambkar et al., 2011; Jain et al., 2019; Xu et al., 2019).
In one study, Acellular Bioactive affinity-binding Alginate hydrogel was designed to slowly release a chondral and osteogenic inducer (TGF-β1 and BMP-4, respectively). Hydrogel was injected into the osteochondral defect of the medial femoral condyle of miniature pigs. After 6 months, histological evaluation showed that the articular cartilage layer was effectively reconstructed with the major features of hyaluronic cartilage, such as proteoglycans and type II collagen deposition. The results showed that treatment with an affinity-binding alginate saline gel containing cell-free injectable growth factors was effective in repairing the tissue and had the main characteristics of hyaline cartilage (Ruvinov et al., 2019). CHI has a wide range of applications in bone tissue engineering and antibacterial activity. CHI scaffolds and BMP-6-transfected rat BMSCs were used to treat bone defects and promote cartilage formation (Kayabasi et al., 2013). A bioactive multilayer structure of gelatine/CHI containing BMP-2 and fibronectin was constructed on the surface of Ti6Al4V, which was beneficial to osteogenic differentiation and integration of implant and bone (Hu et al., 2012). Current research shows that composite hydrogels have more significant osteoinductive activity and better development prospects when applied together with other materials (Kolambkar et al., 2011; Dhivya et al., 2015; Ghavimi et al., 2019; Ruvinov et al., 2019).
3.4.4 Synthetic Polymers Based Composite Scaffolding System
Synthetic polymers have been widely used in bone tissue engineering because of their excellent biocompatibility and biodegradability, and they can be combined with various materials to make composite scaffolds. In recent years, synthetic polymers have been widely used in aerospace, medical, dental, automotive, and other related fields. Especially in the field of orthopaedics, because synthetic polymers have excellent biocompatibility and good mechanical properties, they are easily produced and have certain bone-like properties, which help to extend the life of the implant (Toth et al., 2006; Wu J. et al., 2018). In terms of orthopaedic implant stents for treating disease, synthetic polymers are suitable for the manufacture of implants with high quality and high precision requirements, such as implants for joint, spine, skull, and maxillofacial surgery and other operations (Abu Bakar et al., 2003; Meisel et al., 2008; Vaidya et al., 2008). With the development of 3D printing technology, synthetic polymers can be used to manufacture implants that are highly matched to the patient according to the situation at the injury site in the patient, which can greatly improve the success rate of surgery and the long-term prognosis (Wu et al., 2015).
Polyether ether ketone (PEEK) is a thermoplastic organic polymer with excellent strength and stability, bone-like stiffness, high-temperature durability and wear resistance (Han et al., 2014). In clinical applications, patients with degenerative lumbar disease were treated with pedicle screws and PEEK cages for dorsal fixation and then treated with rhBMP-2. At 6 months of controlled evaluation, all cases met the criteria for spinal fusion (Meisel et al., 2008). PEEK can be mixed with titanium alloy, HA, TCP and other materials to improve mechanical properties and biocompatibility and achieve better therapeutic effects (Tan et al., 2003; von Wilmowsky et al., 2008; Han et al., 2014). PEEK-Ti6AI4V has better osseointegration capacity (Zhang W. et al., 2020). Nano-TiO2 can improve the biocompatibility and bone conductivity of PEEK (Han et al., 2014). Surface modification of microporous PEEK with BMP-2-loaded phosphorylated gelatine can significantly promote cell adhesion and proliferation, effectively promote osteogenic differentiation and improve biological activity (Wu J. et al., 2018). Therefore, the use of PEEK in orthopaedics has received extensive attention.
Polylactic acid (PLA) is a new type of biodegradable material produced using raw starch materials obtained from renewable plant resources and subsequent synthesis of polylactic acid of a certain molecular weight through chemical synthesis methods (Zhang X. et al., 2019). Poly (lactic-co-glycolic acid) (PLGA) is polymerized from lactic acid and glycolic acid according to a certain ratio (Zhao X. et al., 2017). It is a degradable organic polymer compound. The degradation rate of PLGA is faster than that of PLA. Both PLA and PLGA have good biocompatibility, degradability, and plasticity; low cost; and good medical uses. Moreover, both PLA and PLGA have been approved by the FDA for clinical treatment. Therefore, PLA and PLGA have become widely applied in recent years (Zhang X. et al., 2019). PLA and PLGA can also be mixed with other materials. PLA/PLGA composite scaffolds have good stem cell loading properties and can induce cell-cell synergy, promote bone regeneration, and achieve better therapeutic effects (Laurencin et al., 2001; Zhao X. et al., 2017; Wu S. et al., 2018; Zhang X. et al., 2019). Zhang X. et al. (2019) used 3D printing technology to print a cylindrical PLA scaffold, which was surface-modified with dopamine (DA) and equipped with BMP-2. Then, the scaffold was implanted into a rat skull defect model. At 8 weeks after surgery, bone regeneration occurred in the skull defects of rats, and the fibrous bone tended to connect to form continuous bone tissue. Wu S. et al. (2018) made a NHA/collagen/PLA scaffold loaded with rhBMP-2, and the scaffold significantly increased phosphate content, mineral production, ALP activity and osteogenic biomarkers (OCN and Runx2). This complex had a positive effect on the proliferation and osteogenic differentiation of human MSCs. A PLGA-HA scaffold loaded with BMP-2 showed a significant promoting effect on cell adhesion and proliferation. In addition, genes related to alkaline phosphatase activity, calcium deposition and osteogenesis were highly expressed in cells (Figure 7) (Zhao X. et al., 2017). PLGA/HA composite scaffolds have good application prospects for bone regeneration (Laurencin et al., 2001; Nie and Wang, 2007). Importantly, the biological and mechanical properties of single-material scaffolds often fail to achieve the desired results. Compared with single-material scaffolds, composite material scaffolds have improved properties, show a more obvious effect on promoting bone defect healing, and can stimulate bone formation continuously, long-term and effectively (Bosemark et al., 2015; Ding et al., 2016). Table 4 lists application of BMPs in materials.
[image: Figure 7]FIGURE 7 | (A) SEM micro-photographs of PLGA, PDA-PLGA, PLGA/HA, and PDA-PLGA/HA scaffolds. (B) Alizarin Red staining of MC3T3-E1 cells cultured on PLGA, PLGA/HA, PDA-PLGA, PDA-PLGA/HA, PDA-PLGA/BMP-2, PDA-PLGA/HA/BMP-2 on day 21. (C) Fluorescence staining of MC3T3-E1 cells cultured on the different scaffolds for 1–4 days. Reprinted with permission from (Zhao X. et al., 2017).
TABLE 4 | The application of BMPs in materials.
[image: Table 4]4 CLINICAL APPLICATIONS OF BMPS
4.1 Open or Nonunion Fractures
Open or nonunion fractures are a challenging complication with often unpredictable results. They can have devastating effects on patients, often require multiple surgeries and long-term recovery, and can lead to severe psychological and functional disabilities. Treatment of open or nonunion fractures is difficult. The two main principles of treatment are internal fixation to stabilize the structure and improvement of bone biology (Singh et al., 2016; Hissnauer et al., 2017).
AGB currently exhibits the best cure rate and is the safest method for treating bone defects. At present, most clinical studies have shown that BMP can achieve a faster healing time in treatment of bone nonunion, and the combination of BMP and ABG has a more significant therapeutic effect (Flierl et al., 2013; von Ruden et al., 2016). Hissnauer et al. (2017) retrospectively studied 10 children with congenital pseudarthrosis of the tibia (CPT) or tibial nonunion treated with rhBMP-2. Nine of the ten patients achieved healing after initial surgery. rhBMP-2 may provide an appropriate option for treatment of CPT or persistent tibial nonunion in children and adolescents. In a study by Singh et al. (2016), 42 patients with refractory upper limb bone nonunion who were continuously treated with rhBMP-7 were followed up. Bmp-7 was used alone in 1 case and combined with ABG in 41 cases. Forty fractures showed both clinical and radiographic healing, while the other two patients showed partial radiographic healing. Combined treatment with ABG and rhBMP-7 has achieved results in the treatment of refractory upper limb nonunion. Therefore, combined application of rhBMP and ABG may have a better effect on promoting bone nonunion healing than BMP alone.
Current studies have shown that in the treatment of bone nonunion, although rhBMP-2 and rhBMP-7 are helpful for fracture healing, the more critical factor is the method employed during the operation, which may be the most important factor affecting postoperative fracture healing (Hackl et al., 2017; Dilogo et al., 2019). One year after rhBMP application, bone nonunion did not heal compared with the nonapplication group. Because the non-BMP group also reached the healing standard, whether there is a difference in the healing time of nonunion needs more research. Much debate remains, especially with regard to the safety and efficacy of rhBMP. At present, there are few data on adding rhBMP to the treatment for long bone nonunion, and the role and indications of rhBMP in the treatment of nonunion have not been clarified. The limitations of these studies include retrospective review, a small number of patients, and a lack of randomization. Prospective randomized controlled trials are needed to investigate the long-term efficacy and safety of rhBMP in these cases. rhBMP has been successfully used for the treatment of nonunion, and it should be warned that the use of external growth factors may bring adverse complications. However, studies have found a risk of impaired wound healing and inflammation following BMP use, but this was only a temporary problem and subsided over the course of continuous treatment, with no other complications (von Ruden et al., 2016; Hissnauer et al., 2017).
Recent studies have shown that with the development of implant materials, a variety of new implant materials equipped with BMP can continuously stimulate local bone growth. In particular, HA has been used as a material for clinical application. BMP combined with autologous bone grafts and hydroxyapatite particles has a unique osteoinduction effect on mesenchymal cells present in autologous bone grafts and is also associated with the effect of hydroxyapatite on bone conduction at nonunion sites (Caterini et al., 2016; Dilogo et al., 2019). Caterini et al. (2016) reported 12 patients with refractory humeral nonunion who were treated with rhBMP-7, HA and ABG for nonunion. The average healing time of nonunion in all patients was 7.3 months, and function was basically restored. The patients were satisfied with the effect. This shows that the combined application of rhBMP-7 and HA is an effective method to stimulate bone healing. Dilogo et al. (2019) treated 6 patients with critical-sized defects with a combination of autologous BMSCs, HA particles, rhBMP-2 and mechanical stabilization. Follow-up for at least 12 months after surgery showed significant improvement in function in all cases (Figure 8).
[image: Figure 8]FIGURE 8 | Autologous MSC implantation, hydroxyapatite, BMP-2, and internal fixation for treating critical-sized defects. Radiographic results of follow-up visits of 4 cases. (A): An 18-year-old male with 5-cm bone defect of the humerus. (B): An 18-year-old male with 5-cm bone defect of the humerus. (C): A 28-year-old male with 7-year history of 8-cm bone defect of the right tibia. (D): A 24-year-old female with 12 cm bone defect of the tibia. Reprinted with permission from (Dilogo et al., 2019).
rhBMP-2 and rhBMP-7 combined with other bone growth-promoting substances, such as HA and ABG, can significantly enhance the degree of fracture healing in patients. During treatment, the effects of the mutual promotion of various treatment methods should be evaluated in detail. To avoid complications, it is particularly important to find a treatment method suitable for combined application with rhBMP.
4.2 Vertebral Fusion
In spine surgery, nonunion is a challenging problem. Spinal instability can cause nerve damage and many sequelae, which hinder the treatment effect. Therefore, surgery is needed to achieve fusion. The traditional surgical method has a low cure rate and can cause many complications. Therefore, whether rhBMP treatment can increase the cure rate and reduce complications has an important impact on the development of spinal surgery (Meisel et al., 2008; Annis et al., 2015; Sayama et al., 2015; Stiel et al., 2018).
The gold standard for spinal fusion is a local autogenous bone graft, with autogenous iliac crest or rib bone extracted separately. However, it can lead to complications, such as pain at the site of bone removal, haematoma, infection, and increased risk of fracture. Bone nonunion remains a challenging problem. Especially in paediatric spinal surgery, too many autogenous bone grafts will bring more serious complications due to the insufficient amount of autogenous bone in children. Therefore, it is very important to find a treatment method that can replace ABG or reduce the number or amount of bone grafts. Currently, ABG combined with BMP is used to achieve spinal fusion and has received increasing attention (Singh et al., 2013; Sayama et al., 2015; Stiel et al., 2018). In one study, 13 children with spinal deformities were treated with rhBMP-2 during spinal fusion, with an average follow-up of 51 months. Analysis of clinical and radiographic results showed that 11 cases of spinal fusion were observed, with no significant increase in complications. The rate of spinal fusion in children treated with rhBMP-2 was high, and the incidence of complications was not significantly increased. Therefore, we consider recombinant human BMP-2 to be an option in paediatric spinal surgery, especially in cases of impaired bone healing due to congenital, systemic or local disease (Stiel et al., 2018). In one report, a retrospective review of 11 paediatric patients with L5-S1 neuromuscular spinal deformity treated with long segment fusion and rhBMP-2 was performed, and this treatment had the advantages of a lower complication rate, less bleeding, and shorter surgical duration compared to peripheral nerve fusion (Gressot et al., 2014). In another study, 17 patients with degenerative lumbar diseases were treated with rhBMP-2 carried in a collagen sponge. The patients were followed up for 3 and 6 months after the operation. All the patients showed signs of spinal fusion, and there were no complications, such as vertebral collapse and pain. All 17 patients reached the standard of vertebral fusion healing after 6 months (Meisel et al., 2008). In adult L5-S1 vertebral deformity surgery, BMP-2 combined with sacral internal fixation was retrospectively studied in 61 patients, and the vertebral fusion rate was 97%. A satisfactory fusion rate was obtained by combining low-dose BMP-2 with internal sacral fixation (Annis et al., 2015).
While satisfactory results have been achieved with rhBMP-2, we cannot ignore the existence of postoperative complications. The Rush University Department of Orthopaedic Surgery reviewed 573 adult patients who received rhBMP-2 during vertebral surgery. Of these patients, 91.4% achieved postoperative healing standards. However, in other cases, there were complications, and symptomatic ectopic bone formation, vertebral osteolysis, and pseudojoint complications were detected after treatment with rhBMP-2 (Singh et al., 2013). In a follow-up study of 119 patients, 33 patients received autologous iliac bone grafts, and 86 patients were treated with rhBMP-2. The data suggest that the use of rhBMP-2 reduced the incidence of donor-site complications due to autologous bone grafts but also introduced treat-site complications, including postoperative radiculitis and ectopic bone formation. The most common complication in the rhBMP-2 group was postoperative radiculitis, and hydrogel sealing significantly reduced the incidence of postoperative radiculitis (Rihn et al., 2009). Therefore, the application of hydrogel sealant and rhBMP can reduce the incidence of postoperative complications.
The general conclusion is that the use of rhBMP-2 in adult vertebral surgery can achieve satisfactory results and reduce the incidence of complications. Although some studies in adults have shown that rhBMP-2 has a positive effect on vertebral fusion, the use of rhBMP-2 in children has shown a higher failure rate of vertebral fusion than in adults. Therefore, the application of rhBMP-2 in spinal surgery in children and in spinal fusion in adults should be studied separately. BMP affects the development of the vertebral body in children, and there should be more evaluation and research.
4.3 Maxillofacial Bone Enhancement
Maxillofacial bone enhancement is also common in head and neck surgery. As a result of congenital dysplasia or complete or partial removal of the mandible and other facial bones after tumour surgery or trauma, extensive bone defects usually appear in the oral maxillofacial region. ABG has been used to fix these defects. In addition, bone graft materials and autologous bone grafts have been used to treat other defects, such as congenital cleft palate, facial fissures, and facial asymmetry. rhBMP has also been widely used in maxillofacial bone repair. For example, a custom-made carrier based on a patient’s unique CT scan can be designed to perfectly fill bone defects, resulting in accurate and low-dose BMP loading with minimal impact on surrounding tissue and reduced side effects (Herford and Boyne, 2008; Jensen et al., 2012; Nam et al., 2017; Park et al., 2017; Ayoub and Gillgrass, 2019).
The application of rhBMP without bone grafts in the treatment of mandibular defects has achieved a good therapeutic effect. In the treatment of 14 cases of bone defects caused by maxillofacial tumours or osteomyelitis, rhBMP-2 was applied to collagen, and no bone graft material was used. In all cases, the bones were successfully repaired in the toothless area, supporting the application of rhBMP-2 in facial bone regeneration or repair (Herford and Boyne, 2008). In another study to treat severe maxillary sinus atrophy, BMP-2 was added to the implant in 10 patients and successfully bound to bone a year later to form a stabilized prosthesis. In the case of severe maxillary atrophy, zygomatic implants with rhBMP-2 added are a viable option (Jensen et al., 2012). In a study treating medication-related osteonecrosis of the jaw (MRONJ), the efficacy of rhBMP-2 combined with leukocyte-rich and platelet-rich fibrin (L-PRF) was evaluated. The lesions completely resolved with the combination of L-PRF and rhBMP-2, which was significantly different from the results of treatment with L-PRF alone. Therefore, the additional use of rhBMP-2 significantly improved the healing of medication-related osteonecrosis of the jaw (Park et al., 2017). BMP-2 in combination with both hydroxyapatite and bovine-derived xenografts can effectively enhance the alveolar ridge in treatment of augmentation of the alveolar ridge, and BMP-2 in combination with hydroxyapatite is especially effective in repairing complex bone defects (Nam et al., 2017). The use of a collagen carrier enables rhBMP-7 to be used more effectively in surgery. Collagen can be injected directly into the cleft area of the alveolar crest, which facilitates surgery because it requires a smaller incision, thus reducing complications. This provides a guarantee of the safety of BMP-7 applied to the immature area of bone. During a follow-up period of 10 years, maxillary bone growth was similar to that of autologous bone grafts in the area where rhBMP was applied, without excessive bone fusion or excessive bone growth, and rhBMP-7 has been found to be safe in the treatment of alveolar bone defect repair in children (Ayoub and Gillgrass, 2019). Table 5 lists clinical applications of BMPs.
TABLE 5 | Clinical applications of BMPs.
[image: Table 5]In clinical application of rhBMP, most previous retrospective studies have confirmed that rhBMP has the effect of repairing bone defects and can reduce the occurrence of complications. The use of rhBMP has led to preliminary achievements in the treatment of clinical orthopaedic diseases and has good efficacy in promoting bone healing and reducing complications. However, it should not be neglected that the efficacy of BMP alone is not significant, and there are other influencing factors in the process of bone healing. Combining other factors that can promote bone healing, such as ABG, HA particles, hydrogels, collagen sponges, and bone substitutes, with rhBMP can lead to a better effect. Clinical therapy is rarely based on a single bioactive molecule and almost always requires combinatorial approaches, since the combined use of bioactive molecules usually achieves greater efficacy. In the prospect of using BMPs in the treatment of orthopaedic diseases, the combined application of implants and BMPs is obviously a research trend. Because implants can be loaded with BMP, a control and continuous release system can be formed to achieve continuous and effective osteogenesis stimulation at the bone defect site. Further research progress in implants can solve a series of problems in the application of BMP.
5 CURRENT LIMITATIONS AND FUTURE PERSPECTIVES
In orthopaedics, delayed healing or nonunion of bone caused by a large bone defect area has always been a difficult treatment problem. How to promote bone regeneration and bone healing has become an important field of research. Currently, prosthesis implantation, autogenous bone transplantation, local loading of drugs or growth factors and other methods can promote bone regeneration and bone healing. Among the growth factors that have been the focus of research in recent years, BMPs have the strongest osteogenic activity. Although there is a superficial understanding of BMPs, for example, BMPs stimulate osteoblast differentiation through the Smad pathway, the signalling pathway of BMPs is still under study. What can be determined now is that BMPs do not rely on a single signalling pathway to function; many signalling pathways work together, and various factors affect each other, thereby stimulating osteoblasts in the body to repair bone defects. Interestingly, the individual skeleton is a composite structure, and its specific growth pattern is constructed by numerous gene lineages and domains that regulate gene expression. The individual enhancer in BMP genes provides a genome to precisely control the growth of cartilage and bone so that bone growth can be individually regulated in specific parts of the body. In addition, BMP gene expression can be found not only in the skeletal system but also in other organs and tissues. This shows that the human body is a complex overall structure that is jointly regulated by the genome to maintain homeostasis and repair damage. At present, in vitro studies and animal studies have shown that BMPs have an important role in cartilage differentiation, bone differentiation and tendon and ligament differentiation. BMP-2, BMP-4, BMP-5, BMP-6, BMP-7 and BMP-9 have obvious stimulating effects on cartilage formation and bone healing, while BMP-12, BMP-13 and BMP-14 have significant effects on tendon and ligament repair. In addition, BMP and other cytokines also have a synergistic effect, which can enhance the biological activity of each other and achieve better osteogenesis, chondrogenesis, tendon formation and vascular formation.
In 2002, the FDA approved rhBMP-2 and rhBMP-7 for clinical treatment of issues such as vertebral fusion, open or nonunion fractures, and maxillofacial bone reinforcement. With the increase in follow-up data in recent years, BMPs have been verified to be beneficial for the treatment of diseases. However, in the process of applying BMPs, we should pay attention to preventing complications and consider individualized treatment for adults and children. The use of local high-dose BMPs may cause various complications, such as ectopic bone formation. Slow and sustained release of BMPs at a low dose will enhance bone healing and reduce the occurrence of complications. How to achieve slow and sustained release of BMPs at low doses is a difficulty that needs to be solved. At present, implantation of a scaffold with a porous structure and coating of the implant can achieve slow and continuous release of growth factors at the site of bone defects. However, implants made from a single material have various disadvantages in terms of strength, stability, durability, wear resistance, bone conductivity and biocompatibility. Implants made of composite materials can solve this problem and promote bone healing at the implantation site.
The development of bone tissue engineering provides a good solution for the application of BMP. At present, the research focus has been focused on the development of composite scaffolds, which have stronger biological functions. Importantly, with the development of various BMP delivery systems, BMP will be more reasonably loaded into the composite scaffold, so that BMP can continue to release slowly in vivo, and continue to stimulate osteoblast growth and induce bone formation in the process of fracture healing. Most notably, research on composite implant materials loaded with BMPs will provide better prospects for treatment of orthopaedic diseases.
6 CONCLUSION
BMPs have a powerful role in stimulating the differentiation of stem cells into bone, chondroblasts and tendons, which provides a new option for treatment of orthopaedic diseases. Application of BMP at the disease site requires a collagen sponge or other implant carrier to achieve slow and continuous release of BMP, thus achieving continuous and effective stimulation of bone healing. The selection of implant materials is particularly important for the degree of bone healing recovery. Composite materials can combine the advantages of various materials to endow implants with better biocompatibility, shape plasticity, antimicrobial properties and osteogenesis capacity. This review mainly introduces the biological function of BMP in the field of orthopaedics and presents the latest progress in implant materials equipped with BMP. Further development and modification of implants would be helpful in achieving better clinical application of BMP.
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Design and fabrication of implants that can perform better than autologous bone grafts remain an unmet challenge for the hard tissue regeneration in craniomaxillofacial applications. Here, we report an integrated approach combining additive manufacturing with supramolecular chemistry to develop acellular mineralizing 3D printed scaffolds for hard tissue regeneration. Our approach relies on an elastin-like recombinamer (ELR) coating designed to trigger and guide the growth of ordered apatite on the surface of 3D printed nylon scaffolds. Three test samples including a) uncoated nylon scaffolds (referred to as “Uncoated”), b) ELR coated scaffolds (referred to as “ELR only”), and c) ELR coated and in vitro mineralized scaffolds (referred to as “Pre-mineralized”) were prepared and tested for in vitro and in vivo performance. All test samples supported normal human immortalized mesenchymal stem cell adhesion, growth, and differentiation with enhanced cell proliferation observed in the “Pre-mineralized” samples. Using a rabbit calvarial in vivo model, ‘Pre-mineralized’ scaffolds also exhibited higher bone ingrowth into scaffold pores and cavities with higher tissue-implant integration. However, the coated scaffolds (“ELR only” and “Pre-mineralized”) did not exhibit significantly more new bone formation compared to “Uncoated” scaffolds. Overall, the mineralizing coating offers an opportunity to enhance integration of 3D printed bone implants. However, there is a need to further decipher and tune their immunologic response to develop truly osteoinductive/conductive surfaces.
Keywords: biomineralization, elastin-like recombinamers, bone regeneration, 3D printing, nylon, tissueimplant integration
1 INTRODUCTION
The demand for engineered and functional bone grafts for hard tissue repair and regeneration in craniomaxillofacial (CMF) applications is increasing due to the need for more functional designs with enhanced osseointegration (Orciani et al., 2017). Autogenous grafts are deemed to be the “gold-standard” for bone materials due to their osteoinductive, osteoconductive, and osteogenic properties (Farré-Guasch et al., 2015). However, these grafts possess several disadvantages such as donor-site morbidity, limited availability, post-operative pain, and blood loss (Aldaadaa et al., 2018). Additive manufacturing techniques offer opportunities to fabricate implants that serve as alternative grafts with advantages such as (i) complex and intricate geometrical structures, (ii) patient-specific anatomical architectures (Derby, 2012; Farré-Guasch et al., 2015), and (iii) reproducibility and cost effectiveness (Turnbull et al., 2018).
Rapid and effective osseointegration is a major goal of these types of manufactured implants. Osseointegration is an interfacial bonding phenomenon that relies on structural and functional interactions between living bone and the surface of implants during bone healing (Parithimarkalaignan and Padmanabhan, 2013). It primarily involves the growth of new bone from the native tissue towards the surface of the implant (Agarwal and García, 2015). Mechanical instability, mismatch of properties, and poor interactions at the bone-implant interface may result in non-adherent fibrous tissue formation, subsequently preventing osseointegration (Bahraminasab, 2020). In severe cases, this scenario can lead to aseptic loosening, implant failure, and adverse biological responses such as local chronic inflammation (Vallés et al., 2021). Three-dimensional (3D) printing offers the possibility of optimizing the porosity of bone implants with controlled parameters such as pore volume and diameter, pore density, and interconnectivity to promote osseointegration (Bahraminasab, 2020) by encouraging migration of bone cells and vascularization (Karageorgiou and Kaplan, 2005; Liu et al., 2020). However, 3D printed implants can suffer from a limited selection of printable materials, lack of specific chemical and physical signals to stimulate bone ingrowth and integration (Bahraminasab, 2020), poor bioactivity and control over surface roughness and texture (Tofail et al., 2018), and limited structural integrity (Ran et al., 2018).
3D printed bone constructs made from different materials to promote osseointegration have been heavily explored (Agarwal and García, 2015). CaP scaffolds have been reported to enhance osseointegration but they tend to be brittle, exhibit low compressive strengths, and display non-uniform internal structures (i.e., pore size and volume) (Wang et al., 2020). Such issues were overcome by using 3D printed metallic implants which exhibit high mechanical strength with tuneable internal structures and enhance osseointegration by increasing bone-implant interfacial strength (Petrie et al., 2009). However, they suffer from poor degradability of the implant material (Qu et al., 2019) and toxic effects caused by ions leaching from them (Prasad et al., 2017). Polymeric implants offer tunable degradability (Song et al., 2018), mechanical strength 5–10 folds better than human cancellous bone (Wang et al., 2020), and exhibit excellent biocompatibility to overcome issues related to metallic implants. However, most of the printable polymeric inks suffer from poor physio-chemical surface properties due to lack of efficient chemical functional moieties to promote cell growth and proliferation (Seyednejad et al., 2011). Thus, a variety of surface modification strategies have been investigated on polymeric scaffolds including attachment of mussel inspired polydopamine (Turnbull et al., 2018), osteogenic proteins (such as rhBMP2) (Lee et al., 2016) and mineralizing peptides (Zhang et al., 2019), and CaP coatings (Zhao et al., 2015) to enhance cell adhesion, osteogenic differentiation, and osseointegration. However, these coatings exhibit disadvantages such as propensity for proteolytic degradation in the case of peptides (Brun et al., 2013), limited bioactivity (Malhotra and Habibovic, 2016) and poor stability (Cheng et al., 2005) in the case of CaP coatings.
We have recently developed an elastin-like recombinamers (ELRs)-based mineralizing platform that can be easily coated over large and complex geometrical structures (Elsharkawy et al., 2018;Deng et al., 2021). The platform relies on the modulation of ELR order (e.g., β-sheet) and disorder (e.g., random coil) to form a supramolecular framework capable of nucleating and guiding the growth of hydroxyapatite (HAP) nanocrystals of ∼50 nm in diameter that hierarchically organize into ∼5 µm thick bundles to form mineralized macrostructures of hundreds of microns in diameter. The ELR platform can be tailored to generate different levels of apatite organization (Elsharkawy et al., 2018), to match Young’s modulus of trabecular tissue from the femoral neck (6.9 ± 4.3 GPa) to interstitial tissue from the diaphyseal cortex (25.0 ± 4.3 GPa) (Zysset et al., 1999). This capability suggests the possibility to generate mineralizing surfaces on bone implants that can be designed to match the properties of the surrounding tissue and at the same time grow apatite mineral from the implant towards the tissue, enhancing osseointegration. The mineralizing platform does not require major equipment and is simple to fabricate over large and geometrically complex structures.
In this study, we report on the integration of supramolecular chemistry, tunable organic-inorganic relationships, and additive manufacturing to engineer bone implants that can promote bone regeneration and osseointegration. We developed a simple process to uniformly coat 3D printed scaffolds while modulating ELR order-disorder ratios to trigger mineralization as a step towards osseointegration. The applicability of our coated (“ELR only” and “Pre-mineralized”) materials was assessed both in vitro and in vivo in a rabbit calvarial model. We hypothesize that our coated scaffolds can: a) attract and facilitate cell growth, b) grow mineral towards the tissue, and c) enhance integration with the surrounding tissue. We anticipate that this approach can have important implications for the design of functional dental and orthopedic implants that can self-mineralize by drawing ions from the implant site (i.e., from body fluids) to enhance bone growth and osseointegration.
2 MATERIALS AND METHODS
2.1 Materials
ELR with statherin sequence (SNA15) were purchased from Technical Proteins Nanobiotechnology, Valladolid, Spain. Anhydrous dimethyformamide (DMF), dimethyl sulfoxide (DMSO), hexamethylene diisocyanate (HDI), calcium chloride dihydrate (CaCl2. 2H2O), sodium fluoride (NaF), and hydroxyapatite powder were procured from Sigma-Aldrich, United Kingdom. Rest of the chemicals were also procured from Sigma-Aldrich, United Kingdom unless specified.
2.2 3D Printed Nylon Scaffold Fabrication
Nylon scaffolds were printed using fused deposition modeling (FDM) technique with an Ultimaker three Printer (Ultimaker, Netherlands), with a 0.4 mm diameter nozzle (Ultimaker, Netherlands) using nylon polyamide (Ultimaker, Nylon Polyamide Transparent, print temperature 240–260°C) at room temperature and ambient humidity. The printing speed was 20 mm/s for the initial layer and ranged between 10 and 12 mm/s for all other layers. The scaffold geometry was a cork like structure composed of two superposed cylinders of respectively; 8 mm diameter and 1.5 mm height with a 0°/90° alternating pattern, with a 0.3 mm layer height, and 6 mm diameter and 2.5 mm height with a 0°/0°/90°/90° pattern with a 0.3 mm layer height. The scaffold pattern was optimized to achieve lateral and vertical outer porosity of 0.3 mm and perfect fit in the bone defect (Figure 1A). First, an STL model was created using SolidWorks 2020 (Dassault Systèmes, United States). Then, the software Ultimaker Cura 4.6 (Ultimaker, Netherlands) was used to create a G-code file, which was further tested and modified until the desired dimensions and porosity, assessed with a caliper and binocular, achieved, and reproduced.
[image: Figure 1]FIGURE 1 | (A) Architecture of 3D printed nylon scaffold, (B) FTIR spectra showing the transition of secondary structure of the ELR from disordered (random) to ordered (β-sheet) due to solvent evaporation and crosslinking, (C) SEM micrographs showing mineralized structures with needle-shaped topography emerging after 14 days of scaffold mineralization, and physical characterization of the mineralized coating using (D) FTIR, and (E) XRD indicating formation of apatite mineral.
2.3 ELR Coating Fabrication
ELR coating on nylon scaffolds were fabricated using the procedure described previously by our group (Elsharkawy et al., 2018). Briefly, lyophilized ELR powder was dissolved in solvent mixture of DMF/DMSO (at 9/1 ratio) to prepare 5% (w/v) ELR solution followed by addition of hexamethyl diisocyanate (HDI) crosslinker (cross-linker to lysine ratios of 12/1). Finally, 3D printed nylon scaffolds were dipped in the above ELR solution for 10–15 s and later left for drying overnight at room temperature (22°C) inside a glovebox (BELLE Technology, United Kingdom) maintained at a humidity <20%. Dried and ELR coated scaffolds washed several times with de-ionized water to remove excess HDI and stored at 4°C until use and were termed as “ELR only” scaffold.
2.4 Mineralization Experiment
Mineralizing solution was prepared using previously reported methodology (Elsharkawy et al., 2018). Briefly, hydroxyapatite powder (2 mM) and sodium fluoride (2 mM) were dissolved in de-ionized water by dropwise adding nitric acid (69%, v/v) into the solution until it becomes clear. The pH of the above solution was adjusted to 6.0 using 30% (v/v) ammonium hydroxide solution. To create ‘Pre-mineralized’ scaffolds, “ELR only” scaffolds were incubated in above solution (pH = 6) at 37°C for 2 weeks. Post mineralization, scaffolds were washed several times with deionized water (diH2O), air dried, and stored at 37°C until use.
2.5 Characterization
2.5.1 Scanning Electron Microscopy
“Pre-mineralized” scaffold sample were mounted on aluminum stubs using double sided carbon tape followed by 10 nm thick Iridium coating (Model: 150T ES, Quorum, United Kingdom) to make the sample conductive. Surface topographies of mineralized scaffold samples were analyzed using JEOL 7100F scanning electron microscopy (JEOL, United Kingdom) operated at 15 kV. Scaffolds were handled gently using Teflon tweezers to prevent any damage to the coating.
2.5.2 Attenuated Total Reflection-Fourier-Transform Infrared Spectroscopy
ATR-FTIR spectroscopy analysis of “ELR only” and “Pre-mineralized” scaffolds before and after in vitro mineralization was carried out using Cary 630 FTIR Spectrometer (Agilent, United Kingdom). Sixty four scans on average were recorded for each sample type at a resolution of 2 cm−1 in the range 4000–450 cm−1. The obtained spectra were analyzed by Origin 8.5 software to make the spectrum curve.
2.5.3 X-Ray Diffraction
XRD scans were recorded for phase Identification and quantification of the “Pre-mineralized” scaffold using D8 Advance with DaVinci X-ray diffractometer (Bruker, United Kingdom). Instrument was operated with flat plate θ/θ geometry and Ni-filtered Cu-Kα radiation at 45 kV and 40 mA (Kα1 = 1.54059 Å, Kα1 = 1.54442 Å) (Elsharkawy et al., 2018). The values were recorded from 5° to 70° with a step size 0.02°, and data were obtained at step time of 1,600 s. PDF4 database (ICDD, USA, release 2014) was used for comparison.
2.6 In Vitro Studies
Human immortalized mesenchymal stem cells (hiMSCs) were generated in-house by lentiviral transfection of E6/E7 and hTERT genes as previously described (Mori et al., 2005; Balducci et al., 2014; Burroughs et al., 2021). Cells were cultured in basal media (BM) composed from Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% (v/v) fetal bovine serum (FBS) and 1% (v/v) penicillin-streptomycin. Test samples were sterilized by submerging in 70% ethanol for 30 min then washing three times in sterile 1X phosphate buffer saline (PBS). They were then transferred to individual wells of a 96-well plate and exposed to UV for an hour to ensure complete sterilization. Test samples were then soaked in BM for 1 h to permit protein adsorption and promote cell attachment. To seed, hiMSCs were added at a density of 10,000 per cm2 (2,800 per disc) at a concentration of 14,000 cells/mL (200 µL per disc) in BM. After 48 h, discs were transferred to a new 96-well plate to conserve only adhered cells. Later, 200 µL osteogenic induction media (OIM) consisting of BM supplemented with 100 nM dexamethanone, 50 μg/ml ascorbic acid 2-phosphate and 5 mM β-glycerophosphate was added to each well and considered as day 1. Media was changed every 2–3 days and cells were maintained in a humidified incubator at 37°C and 5% CO2 in air. Quadruplicate of each sample type was used for each of the in vitro experiment described below.
2.6.1 Metabolic Activity
To assess viability, metabolic activity was measured on days 1, 8 and 15 using PrestoBlue® (ThermoFisher Scientific, United Kingdom). Briefly, culture media was replaced with 200 µL of PrestoBlue® working solution (10% PrestoBlue® in BM) and incubated for 1 h. The solution was then transferred to a black 96-well plate and read at λex: 560 nm, λem: 590 nm in a plate reader (Tecan Infinite 200, Switzerland), where fluorescence correlates with metabolic activity, and fresh OIM was added to the discs. Each group consisted of five samples (n = 5).
2.6.2 Alkaline Phosphatase Activity and Total DNA Quantification
To assess osteogenic differentiation, ALP activity and total DNA was quantified on days 8 and 15 using cell lysates as previously described (Owen et al., 2020). Briefly, to digest, media was removed, and the discs were washed with PBS before transferring to a microcentrifuge tube containing 500 µL of cell digestion buffer (10 vol% cell assay buffer (1.5 M Tris-HCl, 1 Mm ZnCl2, 1 mM MgCl2 in diH2O, 1% Triton-X100 in diH2O)). Samples (n = 5) were refrigerated for 1 h before freeze-thawing three times (−80°C/37°C, centrifuging (10,000 RCF) for 5 min and homogenizing the supernatant. ALP activity was determined using the PierceTM PNPP substrate kit (ThermoFisher Scientific, United Kingdom) according to the manufacturer’s instructions. Briefly, 20 μL of lysate was combined with 180 μL of substrate (p-nitrophenol phosphate, pNPP) in a 96-well plate. The change in absorbance was measured using a plate reader (Tecan infinite 200) at a wavelength of 405 nm every minute for 30 min. The ALP activity is expressed as nmol of p-nitrophenol per minute (nmol pNP/min), assuming that one absorbance value equals 25.2 nmol of product. This activity was normalized to the total DNA content per lysate. DNA was quantified using the Quant-itTM high sensitivity dsDNA kit (ThermoFisher Scientific, United Kingdom), according to manufacturer’s instructions. Briefly, 20 μL of lysate was combined with 180 μL of substrate in a black 96-well plate. The plates were shaken to aid the DNA-substrate conjugation, left at room temperature for 10 min, then shaken again before measuring the fluorescence [image: image]. The shaking and fluorescence were performed and measured using a plate reader (Tecan infinite 200, Switzerland). The fluorescence was converted to ng of DNA using a standard curve and was scaled to the total lysate volume. Each group consisted of five samples (n = 5).
2.6.3 Fluorescence Imaging
Cell growth on the discs (sample size for each group, n = 5) was visualized on day 5 using fluorescence microscopy. Day 5 was chosen over day 8 as the adhered cells were too confluent after 8 days of culture to distinguish the effect of substrates on cell spreading and morphology. To fix, media was removed, and discs were washed twice with PBS before submerging in 3.7% formaldehyde for 20 min. To stain, fixed discs were washed twice in PBS then submerged in immunocytochemistry (ICC) buffer (1% BSA, 0.1% Triton-X100 in PBS) containing 1X Phalloidin-iFluor™ 633 (Stratech, United Kingdom) for 1 h at room temperature. Discs were then washed in PBS before imaging. Images of hiMSCs on the disc surfaces (2048 × 2048 pixels) were obtained using a Leica TCS LSI (Leica Microsystems, United Kingdom) at λex: 635 nm, λem: 650 nm.
2.7 In Vivo Studies
The osteogenesis inducing capacity of scaffolds was analyzed in vivo using 6 mm critical-size calvarial defect model in six female New Zealand white rabbits at AO research institute Davos, Switzerland. A total of four calvarial defects were created per animal and each animal had all three types of test groups (i.e., “Uncoated,” “ELR only,” and “Pre-mineralized” scaffolds) and positive control (Bio-Oss). Thus, sample size for each test groups and positive control groups was 6. The negative control group (empty defect) was retrieved from previous studies performed at the AO research institute. Scaffolds were handled gently using Teflon tweezers to prevent any damage to the coating. Scaffolds were ethylene oxide sterilized prior to implantation. The animals were housed singly and received food and water ad libitum. All animals’ research protocols were approved (Approval ref. No. 21) by the Animal Welfare & Ethical Review Body (AWERB) at the University of Nottingham and at the AO Research Institute Davos.
2.7.1 Surgical Intervention
The rabbits were sedated with a combination of medetomidine, midazolam, and fentanyl in the preparation area approximately 20 min before starting the aseptic preparation of the surgical field. A skin incision was made on midline of the caudal dorsal skull from the nasal bone to the occipital crest using a #10 scalpel blade. A bone cutting jig was placed on midline of the parietal bone, spanning the left and right parietal bones just caudal to the horizontal suture line. The locations of four evenly distributed defects were marked using blunt dissection of the periosteum through the jig using a #15 scalpel blade. Four 6 mm diameter cranial defects were created in the parietal bone with an Anspach® drill associated with a Codman perforator (DePuy Synthes, United States) using procedure described previously (Guillaume et al., 2019). Any remaining bone pieces were gently removed from the defects without damaging the dura mater. The hydrated scaffolds were fitted into the calvarial defects according to their respective study groups. A total of four calvarial defects were created per animal and each animal had all three types of test groups (i.e., “Uncoated,” “ELR only,” and “Pre-mineralized” scaffolds) and a positive control (Bio-Oss). The subcutaneous tissues were closed with 4–0 Monocryl in a simple interrupted pattern, and the skin is closed using 5-0 vicryl rapide in an intradermal pattern. The animals were postoperatively scanned in the Xtreme CT. Fluorochromes (Calcein green (1 ml/kg) and xylenol orange (1 ml/kg)) were administered at 2 and 4 weeks postoperatively for evaluation of new bone formation using histological analysis after euthanasia. The animals were euthanized after 6 weeks postoperatively by means of an intravenous overdose of barbiturate (Pentobarbital, Esconarkon®).
2.7.2 High-Resolution Micro-Computed Tomography Analysis
Micro-CT scans were recorded immediately after euthanasia in situ using high-resolution peripheral quantitative computed tomography (HR-pQCT) (Model: XTremeCT-II, Scanco Medical AG, Switzerland). The parameters of the scan were: voltage source 81 kV, current source 124 mA, image pixel size 9 mm, an aluminum filter of 0.5 mm, a tomographic rotation of 180°, and a sample rotation step of 0.8°. Later, the samples were fixed in 4% buffered formalin and examined under vivaCT (voltage source: 60 kV, current source: 900 μA, image pixel size: 82 μm, a tomographic rotation of 180°, and a sample rotation step of 0.4°) for the individual calvarial defects. A cylindrical volume of interest (VOI) was used to quantify the bone volume and bone mineral density corresponding with the size of the defect.
2.7.3 Histology Analysis
Histology analysis was performed using procedure reported previously by our group (Tejeda-Montes et al., 2014a). Briefly, the skull calvarias were extracted and fixed in 4% buffered formalin at pH = 7.2 for 2 days followed by bone decalcification suing Surgipath Decalcifier II for 4 h. Later, they were embedded in paraffin and sectioned using microtome to prepare 3 mm thick sections and stained with hematoxylin and eosin (H&E) to observe under a microscope Zeiss AxioScope A (Carl Zeiss) with a Zeiss AxioCam MRc 5 camera (Carl Zeiss, Madrid, Spain) for qualitative and semiquantitative evaluation.
2.8 In Vitro Immunological Analysis
Monocytes were isolated and cultured using procedure developed previously (Awuah et al., 2019). Briefly, buffy coats were procured from healthy donors following approval (REC 260 - 1701) from ethics committee (Research Ethics Committee, Faculty of Medicine and Health Sciences, University of Nottingham). Monocytes were isolated from peripheral blood mononuclear cells. A MACS magnetic cell separation system (CD14 MicroBeads positive selection with LS columns, Miltenyi Biotec) was used for the isolation as previously described (Salazar et al., 2016). The obtained monocytes using this method exhibited ∼95% purity as analyzed by CD14 expression. Monocytes (1 × 106 cells/mL) were prepared and cultured in RPMI-1640 medium at 37°C, 5% CO2 in a humidified incubator and 250 µL of the cell suspensions were seeded on pre-sterilized test samples (sample size, n = 6) for 3 and 6 days. Post incubation, the level of IL-10 secreted into the media by macrophages was quantified by sandwich ELISA using DuoSet ELISA development kits (R&D Systems, United States) as per manufacturer’s instructions.
2.9 Statistical Analysis
All the data are reported as mean ± SD. Statistical analysis was performed using GraphPad Prism ver. 6 software between the means of different test groups using one-way and two-way analysis of variance (ANOVA) with the Tukey test. p values <0.05 were considered significant.
3 RESULTS AND DISCUSSIONS
3.1 Rationale of Design
Implant-tissue integration or osseointegration is critical for the success and function of implants. Osseointegration is defined as a formation of a direct interface between an orthopedic or dental implant and bone, without intervening soft tissue (Albrektsson and Albrektsson, 1987). 3D printed polymeric scaffolds can promote cell growth, differentiation, and biomineral formation, however, exhibit poor integration with the surrounding tissue (Jackson et al., 2018). Here, our study aims to integrate an ELR based self-mineralizing coating (by drawing Ca and P ions from the implant site) with 3D printed nylon scaffold for applications in bone repair and regeneration. Thus, the objectives of the study are: (a) fabrication and optimization of the 3D printed nylon scaffolds with high porosity, (b) optimization of ELR coating on the scaffolds, (c) assessment of the applicability of our coated (“ELR only” and “Pre-mineralized”) materials both in vitro and in vivo in a rabbit calvarial model. We hypothesize that these scaffolds: a) can attract and facilitate cell growth, b) can grow mineral towards the tissue, and c) can enhance integration with the surrounding tissue. We developed a simple process to uniformly coat 3D printed scaffolds while modulating ELR order-disorder ratios to trigger mineralization as a step towards osseointegration. To investigate the role of the growing mineral on the surface of the scaffolds, experiments were conducted using ELR-coated scaffolds that were either fully mineralized (“Pre-mineralized”) or non-mineralized (“ELR only”). The ELRs comprised hydrophobic (VPGIG) and hydrophilic (VPGKG) moieties that enable modulation of secondary structure and optimization of order-disorder rations to trigger mineralization as we previously demonstrated (Elsharkawy et al., 2018). Cells (hiMSCs) were used to assess the capacity of the mineralized surfaces to promote adhesion, proliferation, and differentiation in vitro while a rabbit calvarial model was used to assess bone regeneration and bone-implant integration in vivo. We also performed preliminary in vitro experiments using monocyte-derived macrophages to provide insights into the potential immunomodulatory effects of the mineralized coatings.
3.2 Coating Characterization and Mineralization
The pore size and porosity of implants are known to significantly influence bone formation and integration with the surrounding tissue. Thus, we designed our nylon scaffolds with pore diameters ranging between 300–600 μm, which is reported to be optimum for bone ingrowth (Mehrabanian and Nasr-Esfahani, 2011). 3D printed nylon scaffolds were coated with 5–10 µm thick ELR coating and were characterized for secondary structure composition using FTIR. In solution, the ELR exhibits a secondary structure consisting of a random (disordered) to β-sheet (ordered) ratio of 6.84 ± 0.71 (Figure 1B). Upon solvent evaporation, the resulting coating exhibit a secondary structure consisting of disordered to ordered ratio of 0.47 ± 0.04. These values are aligned with those reported previously by our group on mineralizing membranes (Elsharkawy et al., 2018). ELR coated scaffolds were mineralized in vitro for 2 weeks and characterized for mineral growth. SEM micrographs of the mineralized scaffolds depicted well defined crystals with needle shape morphology nucleating and growing on the surface of the scaffolds (Figure 1C). Mineralization was confirmed by FTIR spectroscopy (Figure 1D) and XRD (Figure 1E) analysis displaying non-stoichiometric apatite spectral peaks that demonstrate a crystalline phase and structural parameters similar to fluorapatite, respectively, as previously reported (Elsharkawy et al., 2018; Deng et al., 2021).
3.3 In Vitro Studies
All test samples were first evaluated via in vitro cell-based assays and using hiMSCs.
3.3.1 Metabolic Activity Analysis
We performed metabolic activity analysis on different test samples using non-toxic PrestoBlue® at 1, 8, and 15 days after cell seeding. We observed that metabolic activity increased at a similar rate on all test samples, as indicated by the similar gradients. However, metabolic activity was significantly lower (p < 0.05) on “ELR only” at days 8 and 15 in comparison to “Uncoated” and “Pre-mineralized” (Figure 2A). We speculate that the observed lower metabolic activity on “ELR only” coated surfaces may result from the more hydrophobic nature of “ELR only” samples. Surface hydrophilicity plays a crucial role in controlling protein adsorption and conformation (Hasan et al., 2018) that in turns regulate cell adhesion and proliferation (Hasan et al., 2018; Hasan and Pandey, 2020). Hydrophobic surfaces are known to exhibit irreversible adsorption of ECM proteins (such as fibronectin, vitronectin, collagen) that leads to protein denaturation and consequently negative effects on cell adhesion (Cai et al., 2020). As the “ELR only” coating is markedly very hydrophobic (water contact angle = 115°) (Tejeda-Montes et al., 2012) than the ‘Pre-mineralized’ coating (water contact angle = 41° ± 9°), it is possible that this effect could lead to cells having lower metabolic activity and cell proliferation on “ELR only” coatings.
[image: Figure 2]FIGURE 2 | In vitro characterization. (A) Metabolic activity, (B) total DNA, (C) total ALP, and (D) normalized ALP activity of hiMSCs on different test samples. (E) SEM micrographs of hiMSCs after 5 days of culture on “Pre-mineralized” samples depicting cell protrusions (as pointed by arrow heads) that indicate cell spreading and migration, and fluorescence microscopic images of hiMSCs cultured for 5 days on (F) “Pre-mineralized,” and (G) “ELR only” coated samples. Data presented at mean ± SD (n = 6). In (B) * represents significant difference p < 0.05 between “Uncoated” and “Pre-mineralized” scaffold, estimated using one-way ANOVA in GraphPad Prism ver. 6 software.
3.3.2 Cell Adhesion and Proliferation
Total DNA was quantified on days 8 and 15 as a measure of the number of hiMSCs on the samples and proliferation between the timepoints. Cells were harvested and DNA extracted then quantified using the Quant-iTTM high sensitivity dsDNA kit. While there was no difference between all samples on day 8, ‘Pre-mineralized’ samples exhibited significantly higher total DNA quantity (p < 0.05) by day 15 (Figure 2B). Higher values of DNA extracted from “Pre-mineralized” surfaces indicate enhanced cell proliferation as compared to the other samples. We attribute this enhanced level of total DNA to the bioactive nature of CaP mineral (Jeong et al., 2019) which has been reported to promote osseointegration (Zhu et al., 2021).
3.3.3 Alkaline Phosphatase Assay
ALP is an early ostegenic marker and is an enzyme associated with osteogenesis. It is expressed by MSCs as they undergo osteogeneic differentiation and plays an essential role in matrix mineralization (Burroughs et al., 2021). Therefore, here, early osteoblast differentiation was characterized using an ALP assay normalized to DNA content. ALP activity increased after 8 and 15 days on all test samples. However, there was no statistical difference observed in total (Figure 2C) or normalized ALP (Figure 2D) between the samples, which indicates that cell exhibited similar differentiation response irrespective of the substrate type and suggests no negative effect on osteogenesis.
3.3.4 Cell Morphology
SEM and fluorescent imaging of adhered cells at day 5 revealed cell morphology with elongated shapes indicating good cellular attachment and spreading across all samples (Figures 2E,F,G). These results are consistent with the higher proliferation results (Figure 2B). Higher cell spreading with cellular extensions in vitro indicate cell migration which is crucial for bone tissue healing and regeneration (Fu et al., 2019).
Overall, these in vitro results indicate that all test samples are able to support normal hiMSCs performance with no negative effects observed on cell adhesion, growth, and differentiation. However, it is important to point the enhanced proliferation observed in the mineralized samples, suggesting the potential of the coating to promote cell growth in vivo.
3.4 In Vivo Studies
Given the observed in vitro mineralizing capacity and osteogenic differentiation of hiMSCs cells, the bone regeneration and infiltration capacity of the different test groups was investigated in vivo using an orthotopic 6 mm wide calvarial bone defect model in rabbits (Figure 3A). Calvarial bone defect model involves formation of bilateral round shaped defects in the parietal bone which can vary in size from 6–10 mm in diameter (Lee et al., 2010; Schmidlin et al., 2013; Bisht et al., 2021). Bone ossification was assessed by micro-CT and histology using Giemsa-Eosin staining after 6 weeks of implantation. The micro-CT analysis demonstrated that all tested samples exhibited new bone formation after 3 and 6 weeks of implantation. However, no significant difference in new bone volume within the defect among the test groups “Uncoated,” “ELR only,” and “Pre-mineralized” (Figures 3B,C) was quantified using micro-CT nor qualitatively observed via histology. The positive control Bio-Oss exhibited the lowest ossified tissue within the defect (Figure 3D). We speculate that this may result from a dense calcified material in large amount in the defect, which do not significantly degrade within the 6 week period of the experiment (Bosetti et al., 2013) and may consequently require less time to reach full bone defect healing.
[image: Figure 3]FIGURE 3 | In vivo characterization. (A) Schematic of the study plan and view of the rabbit calvarial bone defect before and after implantation. Micro CT images of new bone formation in [(B), left] the positive control (Bio-Oss) and [(B), right] “Pre-mineralized” scaffold and [(C), left] “ELR only” and [(C), right] “Uncoated” scaffolds. (D) Normalized volume of newly formed bone with different test samples after 0, 3, and 6 weeks of implantation. Histological sections stained with Giemsa-Eosin depicting new bone formation marked with green colour after 6 weeks of implantation including (E) positive control (Bio-Oss), (F) “Uncoated” nylon scaffold, (G) “ELR only” coated nylon scaffold, and (H) “Pre-mineralized” scaffold. Scaffold (SC), Fibrous connective tissue (FCT), Immature (IB) and Mature (MB) bone. In (D) * represents significant difference p < 0.05 in normalized bone volume between sample groups and at different time points, estimated using two-way ANOVA in GraphPad Prism ver. 6 software.
From the Giemsa-Eosin-stained histological sections (Figures 3E–H), all test groups exhibited bone regeneration along the rim region of the defects, with higher levels of ossified tissue at the center of defects treated with “Uncoated” and “ELR only” (Figures 3F,G). Nylon-based scaffolds have been shown to support pre-osteoblasts cells adhesion and proliferation (Abdal-hay et al., 2015) and we have previously showed that the ELR material, which contains the statherin-derived amino acid sequence DDDEEKFLRRIGRFG (SNA15) known to promote HAP formation in the oral environment (Hay and Moreno, 2021), can stimulate osteoblastic differentiation in vitro (Tejeda-Montes et al., 2014b) and bone formation in vivo (Tejeda-Montes et al., 2014a). Furthermore, histology results revealed higher conformation of the new bone tissue to the scaffold’s geometry in “Pre-mineralized” scaffolds (Figure 4A) as compared to the other test groups. This was evident by the presence of undulations which indicate newly formed bone conforming tightly to and taking the shape of the architecture of the scaffold. This behavior of formation of bony undulations at the implant surface in response to the surface physio-chemical properties and implant’s geometry, referred as contact osteogenesis (Shah et al., 2019) indicates firm anchorage of the newly formed bone to the implant surface (Khosravi et al., 2018; Shah et al., 2019). When investigating bone ingrowth into small pores and cavities within the scaffolds, “Uncoated” and “Pre-mineralized” scaffolds exhibited more bone in-growth as compared to “ELR only” (Figure 4B). Moreover, we did not observe any signs of fibrous tissue formation at the implant-tissue interface on all our scaffold types (i.e., “Uncoated,” “ELR only,” and “Pre-mineralized”) (Figures 4A,B). This is one of the characteristic of osseointegrated implants (Shah et al., 2019). Fibrous tissue formation is a surface responsive behavior. For instance, stiff surfaces can activate myofibroblasts (a scar-forming cell type) that leads to fibrous formation around the implant (Noskovicova et al., 2021b), thus, blocking implant-tissue integration (Noskovicova et al., 2021a). It is possible that a similar effect takes place at the surface of all our scaffold types (i.e., “Uncoated,” “ELR only,” and “Pre-mineralized”) avoiding activation of myofibroblasts and thus preventing fibrous tissue formation. However, more in-depth characterization such as (i) biomechanical analysis of implant-tissue interlocking (Brånemark et al., 1998) and (ii) high resolution electron tomography at implant-tissue interface to understand bone structure arrangement at nanoscale (Wang et al., 2017) would be required in further studies to gain more insights into osseointegration.
[image: Figure 4]FIGURE 4 | Histological sections stained with Giemsa-Eosin depicting (A) osseous interaction with the implant at the bone-implant interface, (B) bone ingrowth into small pores and cavities of the scaffolds, and (C) lymphocytic inflammation with infiltrating cells (arrow heads) primarily around “ELR only” coating and “Pre-mineralized” scaffolds. Newly formed bone in the histology images have been pseudo colored and represented with green to show clear difference between immature (new) bone and scaffold. Scale bar = 200 µm. Scaffold (SC), Immature bone (IB), Lymphocytic inflammation (LI). (D) Estimation of IL-10 concentrations secreted from macrophages after 3 and 6 days of culture on different test samples. * represents significant difference p < 0.005, estimated using two-way ANOVA in GraphPad Prism ver. 6 software.
3.5 In Vitro Immunomodulatory Profile
Interestingly, we observed signs of inflammation with infiltrating lymphocytic cells (arrow heads) near the implant site of “ELR only” and more pronounced in “Pre-mineralized” scaffolds (Figure 4C). Presence of these inflammatory lymphocytic cells at the implant site (Figure 4C) indicates positive response to bone healing and osseointegration (Andrew et al., 1994; Trindade et al., 2016; Davies, 2019). Furthermore, lymphocyte cells are known to play crucial role in collagen deposition and organization during bone matrix formation in fracture healing (El Khassawna et al., 2017). HAP particles especially with needle-shape morphology (Lebre et al., 2017) and HAP coatings (Jiang et al., 2022) are known to exhibit excellent in vivo osteoimmunomodulatory properties. Inspired by these reported observations, we anticipated that the needle-shaped topographies generated by the mineralized material on the surface of our “Pre-mineralized” scaffolds may be playing an immunomodulatory role and thus motivated us to gain more insight into this potential effect. Therefore, we cultured human monocyte derived macrophages on different scaffolds and quantified IL-10 secretion using sandwich ELISA (Figure 4D). IL-10 is a potent anti-inflammatory cytokine secreted by lymphocytes, macrophages, and dendritic cells, which is known to suppresses both immunoproliferative and inflammatory responses and plays a critical role in bone healing and remodeling (Jung et al., 2013) by inhibiting osteoclastic bone resorption and promoting osteoblastic bone formation (Zhang et al., 2014). Our results demonstrate that “Pre-mineralized” coatings exhibited significantly higher levels (807 ± 117 pg/ml) of IL-10 (p < 0.005) on day 3 which later dropped to lower levels (391 ± 28 pg/ml) after 6 days. Interestingly, we observed significantly lower concentrations of IL-10 on “Uncoated” (270 ± 92 pg/ml) and “ELR only” (202 ± 76 pg/ml) coatings as compared to “Pre-mineralized” coating at day 3 of culturing (p < 0.005) and IL-10 was undetectable at day 6 (Figure 4D). Overall, all test samples exhibited IL-10 concentrations which lie in the range which promotes bone healing, as reported previously (Chen et al., 2018). Previous studies in mice have shown that IL-10 deficiency can lead to poor bone formation and osteoblastogenesis, resulting in osteopenia and high bone fragility (Dresner-Pollak et al., 2004; Holgersen et al., 2015). However, it is crucial to note that the effect of IL-10 on osteogenesis is concentration dependent. For instance, low concentrations of IL-10 (10–1,000 pg/ml) promote osteogenesis via p38/MAPK signaling pathway, whereas higher concentrations (10,000–100,000 pg/ml) activate NF-kB to downregulate p38/MAPK signaling, thus inhibiting osteogenesis (Chen et al., 2018). These results demonstrate that the mineralized coating is having a significant effect on IL-10 production and is likely leading to a different immunomodulatory response in vivo compared to the other groups tested. While a more in-depth analysis of this effect is important to understand these immunomodulatory effects, this work is beyond the scope of the current study.
4 CONCLUSION
The present work reports on the possibility of integrating supramolecular chemistry and additive manufacturing to engineer and fabricate functional bone implants that can promote bone regeneration. 3D printed nylon scaffolds were coated with mineralizing ELR matrix and were assessed both in vitro and in vivo using a rabbit calvarial model for bone formation and osseointegration. Our results indicate that the mineral grown was apatite in nature and grew uniformly over large and uneven area of the scaffold. In vitro, all test samples (“Uncoated,” “ELR only,” and “Pre-mineralized”) supported hiMSCs adhesion, proliferation, and spreading of hiMSCs cells growing preferentially on “Pre-mineralized” samples. In vivo, all test samples exhibited higher levels of new bone formed within the defect compared to the control Bio-Oss. However, coated scaffolds (both “ELR only” and “Pre-mineralized”) did not lead to higher bone formation compared to “Uncoated” scaffolds.
In conclusion, our mineralizing coatings offer higher cell response in vitro, qualitatively higher conformation of the new bone tissue to the geometry of the scaffold, and no fibrous tissue formation at the implant-tissue interface. However, this study exhibit limitations that could be improved. For example, the coatings need to be optimized as they did not significantly enhance the volume of the newly formed bone. Furthermore, optimization of immunomodulation and in-depth integration analysis between tissue and scaffold need to be performed. Therefore, future studies should be aimed at (i) optimizing the coatings (ii) optimizing the architecture of the scaffold, (iii) modulating the morphology of the HAP structures, (iv) assessing in vivo performance for longer periods of time to investigate mineral growth from the scaffold to the tissue, (v) characterizing implant-tissue inter-locking, and (vi) optimizing immunomodulation. It is important to mention that the supramolecular organization of the ELR molecules can be tailored during the coating process to modify and optimize the growth of the inorganic phase (Elsharkawy et al., 2018). In addition to this optimization to attempt to enhance osseointegration, degradability and absorbability of the material should also be characterized in future studies.
Overall, our results indicate the potential of the coatings to promote responses that can ultimately led to osseointegration. We envisage that this approach can have important implications for the design of smart biomaterials which can acellularly self-mineralize by drawing ions from the implant site and exhibit the capacity to enhance bone growth and osseointegration.
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Class

Extrusion

Polymerization by
ight

Powder bed

Manufacturing method

Fused deposition
modeling (FOM)

Direct ink writing/
robocasting (DIW)

Continuous filament
fabrication (CFF)

Continuous liquid interface
production (CLIP)

Stereoithography (SLA)

Powder bed and inkjethead 3D
printing (3DP)

Electron beam additive
manufacturing (EBM)

Selective laser sintering (SLS)

Operation

Material is heated until molten and is extruded through a
printing head using either pressurized extrusion and screw
based extrusion or a combination of both. The extruded
material solidifies on contact with the base plate or previous
layer, forming a filament commonly called strut.
Apolymericink or abinderis extruced to manufacture scaffolds
wiith a high resolution. Objects manufactured are inftialy soft
and fragile thus accompanying support materials are often
printed simultaneously. Drying, de-binding and sintering are
required post printing for optimized mechanical characteristics
Feilden et al. (2017).

Identical fabrication method to FDM but uses a polymeric
filament which is locally molten in the printing head. The
extrusion s generated by the utiization of rollers on the flament,
thereby applying extrusion forces Tekinalp et al. (2014).
Comprised of a bath with a transparent windowpane
containing a photopolymer resin. An ultraviolet beam of light
cures the resin layer-by-layer as the object is extruded vertically
at a constant slow velocity. A nonpermeable oxygen
membrane between the windowpane and resin bath allows the
laser process to be continuous Tumbleston et al. (2015).
Comprised of a bath with a transparent windowpane
containing a photopolymer resin. An ultraviolet beam of light
cures the resin layer-by-layer as the object is extruded vertically
at a constant siow veloity. After each layer is cured, a blade
component filed with resin is swept across the windowpane,
providing new resin required to cure the next layer of printing
Lipson et al. (2004).

Aninkjet head deposits a liquid fusing substance which binds
particles within the powder bed. Once a single layer has been
completed, a new layer of powder is added on top of the
completed layer and the process is then repeated teratively
layer-by-layer until the component is completed Shirazi et al.
(2015).

An electron beam melts metal particles together within a bed of
metallic powder inside a vacuumed environment. Once asingle
layer has been completed, anew layer of powder is added and
the process repeated iteratively until a fully dense metalic
object is formed Murr et . (2012).

A high-powered pulsating carbon dioxide laser fires onto a bed
of powdered material which is preheated to siightly below
melting point, subsequently binding the particles together. Like
other powder bed technologies, SLS requires a fresh layer of
powdered material to cover the completed cross-section
iteratively unti the 3D object is formed Williams et al. (2005).

Compatible printing materials

Thermoplastic polymers, rubber, eutectic metals,
clay (modeling and metal) Chua et al. (2010).

Ceramics, ceramic and metal matrix composites,
sol-gel, polymers Xu et al. (2006).

Polymer and Carbon based composites, nylon and
Keviar Tekinalp et . (2014).

Photopolymer Tumbleston et al. (2015).

Photopolymer Lipson et al. (2004).

Plaster, metalic alloy and ceramic powders Shirazi
etal (2015).

Metalic alloy powders Murr et . (2012).

Metal and ceramic powders, thermoplastic B.
Williams et al. (2005).
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Gene

OCN

OCN

OPN

OPN

RUNX2
RUNX2
p62/SQSTM1
p62/SQSTM1
ATGS

ATGS

ATG7

ATG7
GAPDH
GAPDH

Forward primer
Reverse primer
Forward primer
Reverse primer
Forward primer
Reverse primer
Forward primer
Reverse primer
Forward primer
Reverse primer
Forward primer
Reverse primer
Forward primer
Reverse primer

Primer sequence(5'-3')

TGAGGACCCTCTCTCTGCTC
GGGCTCCAAGTCCATTGTT
ATCTGAGTCCTTCACTG
GGGATACTGTTCATCAGAAA
GCACCCAGCCCATAATAGA
TTGGAGCAAGGAGAACCC
ACCCATCCACAGAGGCTGAT
GCCTTCATCCGAGAAACCCA
ACGTGTGGTTTGGACGGATT
AAGGCCGTTCAGTTGTGGTC
TGGAGCATGCCTACGATGAC
TTTGGGGTCCATACATCCGC
CAGGGCTGCCTTCTCTTGT
TCCCGTTGATGACCAGCTTC
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BMP

rhBMP-

BMP-2

BMP-2

BMP-2

BMP-2

BMP-7

BMP-2

rhBMP-

BMP-2

BMP-2

BMP-6

rhBMP-

BMP-2

BMP-2

BMP-2

BMP-2

Material(s)

TiBAI4V

TiBAI4V

TNTs

HA

NHA

TCP

HA

HA
p-TCP
NHA
Collagen
PLA

SF

NHA

TiBAI4V
CHI

CHI
PEEK

PEEK

PLA

PLGA

PLGA
HA

Modified

3D printing porous structure, pore size:400-600 ym,
porosity:60-80%

Porous structure, pore size:600 um, prepared by a
combination of MAO, calcium-phosphorus co-precipitation
and electrodeposition BMP-2 coating technology (MAO-
Ca/P-BMP2)

Through layer-by-layer assembly technique, the sodium
alginate and gentamicin and CHI were constructed on BMP
2 loaded TNTS substrate

Cormbination of autologous BMSCs and ABG

NHA coating

Carried BMP-7 and bisphosphonates
Composite scaffold, ratio: 15% HA: 85% p-TCP
Composite scaffold

Composite scaffold

SF microspheres stromal cell-derived factor-1 (SDF-1) is
bound to the scaffold

Layer-by-layer assembly technology, construct a bioactive
multiayer structure of gelatin/CHI containing BMP-2 and
fibronectin on the surface of TIGAY

CHI scaffolds and BMP-6 transfected rat BMSCs

Pedicle screw and PEEK cage

Coated BMP-2 loaded phosphorylated gelatin on PEEK

Scaffold surface-modified with DA and BMP-2

DA and BMP-2 coatings

Modified the surface of the scaffold with DA

Function(s)

Improved the degree of bone-scaffold bonding

Bone induction and bone conduction capabilities,
enhances the growth of cells, enables the formation of
blood vessels in the implant and has a better osteogenic
effect

Enhanced antibacterial ability and bone formation ability

Enhanced stability and bone regeneration characteristics

Providing a rich active site for cell attachment, which is
more conducive to the stable combination of bone and
implant

Improved bone defects, promoted bone healing

Improve bone conduction and bone integration

Positive effect on human MSCs implantation, proferation
and osteogenic differentiation

Continuously and slowy release growth factors and
significantly promote the osteogenc differentiation of
BMSCs

Beneficial to osteogenic differentiation and integration of
implant and bone

Promote bone formation and cartilage formation
Spinal fusion

Promote cell adhesion and prolferation, effectively
promote osteogenic differentiation and improve biological
activity

Bone regeneration occurred in the skull defects of rats;
the fibrous bone tended to connect to form continuous
bone tissue

Significantly promoted in vivo bone formation in critical-
sized calvarial bone defects

Significant promoting effect on cell adhesion and
prolfferation. Akaline phosphatase activity, calcium
deposition and osteogeness are highly expressed

References
Zhang T. et al. (2020)

Teng et al. (2019)

Tao et al. (2019)

Teotia et al. (2017),
Dilogo et al. (2019)
Deng et al. (2017)

Bosemark et al. (2015)
Ishack et al. (2017)

Wu S. et al. (2018)

Shen et al. (2016)

Hu et al. (2012)

Kayabasi et al. (2013)

Meisel et al. (2008)

Wu J. et al. 2018)

Zhang X. et al. (2019)

Ko et al. (2013)

Zhao X. et al. (2017)





OPS/images/fbioe-10-810880/fbioe-10-810880-t005.jpg
Disease

CPT or persistent tibial nonunion in
children and adolescents

Refractory upper limb bone nonurion
Refractory humeral nonunion
Criical-sized defect

Pediatric spinal deformity
Neuromuscular spinal deformity
Degenerative lumbar disease

Adult L5-S1 vertebral deformity
Vertebral disease

Bone defects caused by maxilofacial
tumors or osteomyelitis

Severe maxilary sinus atrophy
Medication-related osteonecrosis of
the jaws

Unilateral cleft lip and palate

Therapies

rhBMP-2

thBMP-7 and ABG
thBMP-7, HA, and ABG

thBMP-2, HA, and autologous BMSCs

hBMP-2

th-BMP-2, segmental spinal instrumentation system
thBMP-2 carried by collagen sponge

thBMP-2, multi-level spinal and fusion pelvic fixation
thBMP-2, laminectomy with bilateral facetectomy, single
TLIF cage, unilateral pedicle screw fixation

thBMP-2 carried by collagen sponge

rhBMP-2 was added to the implant
hBMP-2 combined with L-PRF

rhBMP-7

Total
number
of patients

10

41
12

13
B8l
17
61
573

14

10
30

Number of
effective
patients

9

39
”
6
1
10
17
59
524

14

10
30

Effective

rate
(%)

90.0

95.1
100
100
84.6
90.9
100
97
91.4

100

100
100

100

References
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BMP(s) Related GENE(s) Biological function(s) References

BMP-2  Runx2, Sox5, Sox9, Acan, and  Increases the expression level of Runx2, Promote chondrogenesis Wang T. et al. (2019)
Col2at

BMP-4  Sox9, type Il collagen, and type X Plays a guiding role in cartlage formation. Reguiation development of Shum et al. (2008), Hatakeyama et al
collagen vertebral cartilage, pedicie of vertebral arch and proximal rib (2004), El-Magd et al. (2013)

BMP-5  Type I collagen, type Il collagen,  Promote cartiage formation Guenther et al. (2008), Sneling et al. (2010)
and type X collagen

BMP-6  Type Il collagen and type X Affects cartilage development Ye et al. (2019)
collagen

BMP-7  Colta2, Col2a1, Col10al, Promote cartilage formation Muller et al. (2019)

mmp13, Runx2, and Acan
BMP-9  Type Il collagen, Sox9, Acan, and  Effectively activate Smad pathway, promote chondrocyte differentiation and ~ Wang et al. (2014), van Caam et al. (2015),
ALK-1 osteogenic differentiation Ren et al. (2016)





OPS/images/fbioe-10-810880/fbioe-10-810880-t002.jpg
BMP(s) Related GENE(s) Biological function(s) Reference(s)

BMP-2  Runx2, DS, osteopontin (OPN), Promote the formation of mineraiized nodle and Sojo et al. (2005), Bessa et al. (2008), Seo et al. (2014),
osteocalcin (OCN), and type | collagen  osteogenic differentiation. Bone healing and fimb Teotia et al. (2017), Ball et al. (2019), Chen et al. (2019)

development

BMP-4  Sox, Acan, and type Il collagen Activating or promoting the release of other BMPs. Bone  Fiedler et al. (2002), Jang et al. (2016)
development, reconstruction and fracture healing

BMP-5  Col2al and Sox9 Promote fracture and soft tissue healing Guenther et al. (2015)

BVMP-6  Col1a2, Runx2, and OPN Significant osteogenic effect. Promote the healing of Fischerauer et al. (2013); Pelled et al. (2016); Grgurevic
vertebral defect and segmental defect et al. (2019); Toprak et . (2021)

BVP-7  Runx2, ALP, OPN, and OCN Induces the maturation of osteoblasts, and promotes the  Bosemark et al. (2015), Caterini et al. (2016), Singh et al
healing of fractures (2016), Kim et al. (2018), Yan et al. (2018)

BMP-9  ALP, Runx2, and type | collagen The strongest ability to induce osteogenic differentiation Luu et al. (2007), Wang X. et al. (2017), Zhang L. et al.

(2019), Zhu et al. (2021)
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BMP(s)

BMP-12
BMP-12
BMP-13
BMP-14

Related GENE(s)

Type | colagen and SCX
Type Al collagen, tenascin-C, and SCX
Type Il collagen, fioronectin

Sclerotic and sirtuint

Function(s)

Induced MSCs to differentiate into tendon cells

Promoted window defect regeneration

Improve rotator cuff tendon healing and reduce the incidence of rotator cuff
Activate JNK and Smad pathways, induce the tendon differentiation of BMSCs

References
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Xuetal. (2018)
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Wang et al. (2018)
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AM technique Process Compatible materials Advantages Disadvantages

Fused deposition modeling Extrusion-based PLA PCL B-TCP High mechanical strength. No excess Thermal processing. Low
(FDM) material inside scaffold. printing resolution (> 100 pm).
Stereolithography apparatus Laser-assisted HA CA Cell and bioink carrier potential. Internal  Limited material diversity.
(SLA) resolution.

Selective laser sintering (SLS) Laser-assisted PCL PLA HA No support structure necessary Thermal processing
Three-dimensional printing Binder jetting PCL No heat or support structure necessary. Low mechanical strength.
(3DP)

Melt electrospinning Fiber-based PCL Tunable fiber thickness (<20 pm). High  Limited material diversity.

architectural control.

PLA, polylactic acid; PCL, polycaprolactone; TCR tricalcium phosphate; HA, hydroxyapatite; CA, ceramic acrylate.
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Material Added biologic AM method Model; tissue Notable Key outcomes Illustration

components types design
features
PCL + B-TCP Human Fused deposition Rat; periodontal Biphasic The mixed-methods
osteoblasts + human modeling + complex scaffold with approach created well
PDLCs electrospinning bone and PDL  integrated but distinct

compartments  compartments.
combined with  Presence of cell sheets
use of cell facilitated periodontal
sheets. fiber attachment and
cementum-like tissue.

PCL + B-TCP dECM from porcine Extrusion-based Rabbit; calvaria Composite Bone dECM imparted
bone + MC3T3 polymer- high quantities of
preosteoblast cells ceramic BMP-2 and BMP-7 and

material enhanced MC3T3

immersed in differentiation in vitro.

bone dECM Bone volume fraction

solution. and bone mineral
density was highest in
PCL/B-TCP/dECM
group in vivo.

PCL + CS powder dECM from MG64 cells Extrusion-based Rat; calvaria dECM coating  CS/PCL/dECM

was applied to  improved cellular

the scaffold to  adhesion, proliferation,

improve and differentiation of

biocompatibility human MSCs,

and cellular expression of

response. osteogenic genes
increased and

pro-inflammatory genes Wu et al., 2019

Kim et al., 2018

decreased.
a-TCP 3D inkjet printing Human; maxilla, Unsintered Satisfactory bone union 0
powder + hardening mandible, and calcium occurred in 18 of 21 /
liquid (5% sodium frontal bone phosphate was remaining sites at
chondroitin sulfate, selected to 1 year. Bone union was 5
12% disodium promote missing in the other
succinate, 83% distilled replacement three sites. Some host
water). rate by native  sites experienced
bone in large resorption and no
alloplastic scaffolds underwent Kanno et al., 2016
grafts. complete replacement.
Poly-¢ -caprolactone + SDF-1 4+ BMP-7 Extrusion-based Rat; mandibular 3D Orthotopic implantation A
hydroxyapatite incisor microstrands showed tissue ingrowth
with and scaffold interface

interconnecting  with fibrous tissue
microchannels. reminiscent of PDL and
newly formed bone.

PCL Human 3D printing and Rat; periodontal Controlled pore Novel scaffold
PDLCs + AdCMV-BMP-7 indirect mold complex orientation and  architecture directed
casting distinct tissue  spatial bone growth
compartments  and enhanced bone
with volume fraction and
fiber-guiding tissue mineral density
channels. outcomes in vivo

compared to control

with random porous ~ Park et al., 2012

architecture.
PCL powder + 4% rhPDGF-BB Selective laser Human; periodontal Internal port for  Initial 3 mm gain of
hydroxyapatite sintering complex growth factory  clinical attachment and
delivery and partial root coverage
fiber guiding was achieved without
pegs for inflammatory reaction
periodontal at 12 months. Scaffold
ligament PDL  exposure occurred at
orientation. 13 months due to slow Rasperini et al., 2015

degradation rate of
PCL and ultimately
necessitated removal.

PLGA/PCL + AdPDGF-BB + AdBMP- Photolithography Rat; periodontal Micropatterned Micropatterning
amorphous PCL 7 4+ human and indirect mold complex pillars and promoted PDL
PDLCs casting chemical vapor maturation similar to
deposition to the width of native PDL.
immobilize Gene delivery groups
adenoviral gene showed increased
vectors for expression of collagen .
PDGF-BB and Il and periostin, as well / g ﬂ)&
BMP-7 as greater bone fill Pilipchuk et al., 2018
expression. maintenance. Minimal
cementum formation
observed.

PCL, polycaprolactone; TCR tricalcium phosphate;, PDLCs, periodontal ligament cells; dECM, decellularized extracellular matrix; BME, bone morphogenetic protein; CS,
calcium silicate; MSCs, mesenchymal stem cells; 3D, three-dimensional; SDF, stromal-derived factor; rhPDGF-BB, recombinant human platelet derived growth factor-BB;
PLGA, poly lactic-co glycolic acid.
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Bioink

GelMA

GelMA

Dentin-derived
ECM + Alginate

Fibrinogen + Gelatin +
Hyaluronic
acid + Glycerol

ECM bioink (2%
octapeptide) + AMP

Gelatin-

alginate + cellulose
nanofibrils + bioactive
glass

GelMA + silicate
nanoplatelets

Agarose + collagen |

Bioprinting method Tissue types

Microextrusion-based Periodontal complex

Microextrusion-based

Pulp-dentin complex

Extrusion-based Pulp-dentin complex

Custom-made syringe Whole tooth

bioprinting

Microvalve bioprinting

tissue
Extrusion-based Bone
Extrusion-based Bone
direct-writing bioprinting
Inkjet Bone

Craniomaxillofacial bone

Cells/growth factors
encapsulated

PDLCs

hDPSCs + BMP-
mimetic
peptide

Odontoblast-like cell
line

(OD21) + acid-soluble
dentin molecules

hDPSCs

hDPSCs

(i) Human
osteoblast-like cells
(Saos-2). (i) hBMSCs

HUVECs + hBMSCs +
VEGF

hBMSCs

Key outcomes

The optimized printing
conditions supported a
high level of PDLCs
viability and facilitated
cellular proliferation
within the construct
over 14 days.

BMP-GelMA bioink
formulation provided
proper printability and
dental specific
microenvironment to
support hDPSCs high
viability, proliferation,
and differentiation.

Dentin-derived ECM
hybrid cell-laden
hydrogel bioink showed
high printability and cell
survival. This hybrid
hydrogel embedded
with acid-soluble dentin
molecules can enhance
odontogenic
differentiation.

A dentin pulp complex
with patient-specific
shape was successfully
produced by
co-printing the bio-inks
with polycaprolactone.
After culturing for

15 days, localized
differentiation of
hDPSCs in the outer
region of the construct
was achieved with
localized mineralization.

The cell-laden
bioprinted constructs
modified with AMP
exhibited a high level of
mineralization and
osteogenic gene
expression in vitro and
the ECM/1.0AMP
composition displayed
excellent bone
regeneration capability
in vivo.

The addition of
bioactive glass and
cellulose nanofibrils to
gelatin-alginate system
enhanced their
printability and
osteogenic activity but
resulted in the death of
Saos-2 cells due to
increased viscosity.

Two GelMA hydrogels
containing different
concentrations of VEGF
were optimized and
bioprinted into
well-defined 3D
architectures, which
resulted in the
formation of a
perfusable lumen,
maturation of vascular
vessels, and induced
osteogenic
differentiation.

Increased solids
concentrations of
collagen in the
3D-bioprinted hydrogel
blend enhanced cell
spreading, that
ultimately contribute to
enhanced and directed
MSC osteogenic
differentiation.

lllustration

Day 14

200pm
Raveendran et al., 2019

Park J. H. et al., 2020

Athirasala et al., 2018

Han et al., 2019

tgpim . Lo
Dubey et al., 2020

Ojansivu et al., 2019

B\/mbaa et a.‘ 2017

Duarte Campos et al.,
2016

GelMA, gelatin methacryloyl; PDLCs, periodontal ligament cells; hDPSCs, human dental pulp stem cells; ECM, extracellular matrix; AME, amorphous magnesium
phosphate; hBMSCs, human bone marrow-derived mesenchymal stem cells; HUVECs, human umbilical vein endothelial cells; VEGF, vascular endothelial growth factor;

3D, three-dimensional.
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Tissue engineering Cells Scaffolds Growth Applications References
factors
Tooth tissue DPSCs PLLA BVP Obtain the mineralized crown Cai et al. (2013); lohara et al. (2013);
engineering IPSC PLGA-PEG; alginate FGF Achieve pulp tissue regeneration Shiehzadeh et al. (2014); Baba et al.
DFCs Collagen-hydroxyapatite  IGF Form biological root (2015); Tian et al. (2015); Wang et al.
PDLSCs;SCAP CGF Achieve functional whole-tooth (2016a); Athirasala et al. (2018); Xu et al.
restoration (2019a); Nosrat et al. (2019); Oyanagi
etal. (2019)
Periodontal tissue PDLSCs PCL CGF Promote periodontal ligament, Dan et al. (2014); Fu et al. (2014); Zang
engineering SHED PRF IGF cementum, and alveolar bone et al. (2016); Duruel et al. (2017);
SCAP PLGA BVP regeneration; effectively repair Khodakaram-Taft et al. (2017);
HA/TCP; aiginate; periodontal defects Panduwawala et al. (2017); Yang et al
chitosan/ABB (2018); Aghamohamadii et al. (2020)
Dental implant tissue ~ DPSCs; HA PRF Change the alveolar bone and soft  Wang et al. (2017); Simion et al. (2012);
engineering UCMSCs Collagen TGF-p tissue environment; achieve good Funato et al. (2013); Hao et al. (2014);
PDLSCs Bioceramic PDGF osseointegration and soft tissue Yun et al. (2014); Wang et al. (2017);
augmentation Iwasaki et al. (2019); Schom et al. (2021)
Cleft palate repair iPSCs PR BMP Closure of oronasal fistula; effectively Lipska et al. (2011); Kagami et al. (2014);
tissue engineering ©BSCs PU; fiorin CTGF quide palatal soft and hard tissue Tar et al. (2018); Von den Hoff et al
BMSCs Aginate EGF regeneration (2019); Schreurs et al. (2020); Teté et al
Collagen FGF (2020); Adhikari et al. (2021)
Polyesters; TGF-p
polyisocyanopeptide
hydrogel
Oral and maxilofacial  ESCs; skin POL EGF Promote the epithelial regeneration of  Lubkowska et al. (2012); Peramo et al.
skin or mucosal tissue  keratinocytes oral wounds; reconstruct oral skin and  (2012); Bayar et al. (2016); Nikoloudaki
engineering Oralmucosal  SPS FGF mucosa; improve aesthetics et al. (2020); Oliva et al. (2020); Toma
epithelial cels  PLGA; collagen PDGF etal. (2021)
Tissue-engineered 3D VEGF
cultures
Oral and maxilofacial ~ ADSCs: Fibrin HGF Repair alveolar bone defect, maxilary  Khodakaram-Taft et al. (2018); Redondo
bone tissue BMSCs; BioMax VEGF bone defect, and mandibular defect; et al. (2018); Shahnaseri et al. (2020);
engineering ABMSCs HA/TCP-p SDF-1 revascularization around maxilofacial  Zhang et al. (2020); Liu et al. (2021)
Nanoporous HA TGFp1 bone

Abbreviations: ABMSCs, alveolar bone-derived mesenchymal stem cells; ADSCs, adipose-derived stromal cells; BMSCs, bone marrow stromal stem cells; CBSCs, cord blood stem cells;
DFCs, dental follcle cells; DPSCs, dental pulp stem cells; ESCs, embryonic stem cels; iPSCs, induced pluripotent stem cels; PDLSCs, periodontal ligament stem cells; SHED, stem cell
from extoliated deciduous teeth; UCMSCs, human umbilical cord mesenchymal stem cells; PEG, polyethylene glycol: PLLA, poly(L-lactide) acid; PLGA, poly(actic-coglycolic acio); PCL,
polycaprolactone; HA, hydroxyapatite; PP, polypropylene; PU, polyurethanes; SPS, synthetic polymeric scaffolds; TCP, tricalcium phosphate; ABB, anorganic bovine bone; PRF, the
patient-denived firin scaffold; EGF, epidermal growth factor; BMP, bone morphogenetic protein; IGF, insuiin-ike growth factor; TGF-f, transforming growth factor-f; VEGF, vascular
endothelial growth factor: PDGF, platelet-derived growth factor: FGF, fibroblast growth factor: HGF, hepatocyte growth factor: SDF-1, stromal cell-derived factor.
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Cell

DPSCs

SHED

PDLSCs

SCAP

DFCs

GMSCs

ABMSCs

TGSCs

BMSCs

ADSCs

NSCs

iPSCs

Sources

Pulp tissue

Exfoliated deciduous teeth

Periodontal ligament tissue

Apical papila

Dental foliicle tissue

Gingival tissue

Alveolar bone

Tooth germ

Bone marrow tissue

Adipose tissue

Primary tissues, somatic cels, and pluripotent
stem cells
The early mammalian embryo

SCAP, DPSCs, and SHED, gingival and
periodontal ligament fibroblasts, and buccal
mucosa fibroblasts

Functions

(1) Multidirectional differentiation potential; (2) play a
paracrine effect on nerve cells and endothelial cells; (3)
promote pulp regeneration; (4) expression of tendon
markers under mechanical load

(1) Extensive proliferation and differentiation abilty; (2)
enhance osteogenesis ability and repair bone defect; (3)
inhibit the proliferation of T lymphocytes; (4) enhance
peripheral nerve regeneration

(1) Immunomodulatory effect on peripheral blood
mononuclear cels of the same and heterogeneous
species; (2) multidirectional differentiation potential and
promotion of periodontal tissue regeneration; (3)
treatment of periodontal bone defects

(1) High proliferation rate and mineralization potential; (2)
renewable dentin paste complex; (3) secrete TGF-B3; (4)
capable of cloning and multine differentiation; (5)
express mesenchymal stem cell markers; (6) possesses
the abilty of cartilage differentiation and the potential to
promote cartilage tissue regeneration

(1) High proliferation potential; (2) excellent bone
formation, fat formation and cartilage formation abilty; (3)
inhibit lymphocyte proliferation and apoptosis; (4)
promote regeneration of dentin tissue; (5) express
embryo, mesenchymal, and neural stem cell markers
(1) Exhibit clonogenicity, seff-renewal, and multipotent
differentiation capacities; (2) immunomodulatory and
anti-inflammatory component of the immune system in
vivo; (3) promote tissue regeneration; (4) derived
exosomes can promote wound healing and nerve
regeneration; (5) regulate lipid metabolism and
inflammation

(1) Proliferation and differentiation abilty; (2) improve the
phagocytic activity of THP-1 macrophages; (3) inhibit the
activation and proliferation of T lymphocytes; (4) excellent
osteogenic differentiation ability and bone defect
reconstruction abiity

(1) Affect the formation of new blood vessels, bone, fat
and neurogenesis; (2) odontogenesis and osteogenesis
(1) The potential for seff-renewal and multicirectional
differentiation; (2) possesses fat-forming abilty, bone-
forming abity and angiogenesis abilty; (3) promote
wound healing; (4) secrete TGF-p and weaken the
immune response in ischemic brain; (§) promote
myocardial healing and improve heart function

(1) Good proiferation ability and cartiage differentiation
potential; (2) promote fat formation; (3) osteogenic
capacity; (4) paracrine function promotes blood vessel
formation; (5) reduce the production of active oxygen
and inflammation and improve skin photoaging

(1) Seif-renewal and multdirectional differentiation abilty;
(2) potential to promote nerve regeneration

(1) Produce functional anterior pituitary gland; (2)
excellent osteogenesis and angiogenesis abilty; (3)
rebuild epithelial tissue; (4) augment cardiomyocyte-
driven heart regeneration

(1) Excellent osteogenesis and angiogeness abilty; (2)
promote the formation of cementum, alveolar bone, and
periodontal ligament to help PDL regeneration; (3) anti-
inflammatory effects

References

Chen et al. (2016b); Lambrichts et al. (2017)

Alaisi et al. (2013); Alipour et al. (2014); Behnia et al,
(2014); Sugimura-Wakayama et al. (2015)

Kim et al. (2010); Chen et al. (2016a); Panduwawala
etal. (2017)

Bakopoulou etal. (2011); Somoza et al. (2017); Yang
etal. (2018); Yang et al. (2020); Shen et al. (2021)

Tian et al. (2015); Yildirim et al. (2016); Lima et al.
(2017)

Zhang et al. (2009); Ansari et al. (2016); Shi et al.
(2017); Rao et al. (2019); Liu et al. (20208)

Liu et al. (2020b); Cao et al. (2020)

Yalvac et al. (2010); Tash et al. (2014); Ercal et al.
(017)

Nakamura et al. (2013); Yoo et al. (2013);
Selvasandran et al. (2018); Li et l. (2019b); Xu et al
(2019b)

Yoon et al. (2011); Yao et al. (2012); Minaila et al.
(2014); Zhu et al. (2019); Xu et al. (2020)

Bonaguidi et al. (2011); Ng et al. (2019)
Ozone et al. (2016); Chen et al. (2018); Bargehr et al
(2019); Zhao et al. (2019)

Duan et al. (2011); Yang et al. (2014); Chen et al.
(2018)

Abbreviations: DPSCs, dental pulp stem cells; SHED, stem cells from exfoliated deciduous teeth; PDLSCs, periodontal igament stem cells; SCAP, stem cells from apical papila; DFCs,
dental follcle cells; GMSCs, gingival mesenchymal stem cells; ABMSCs, alveolar bone-derived mesenchymal stem cells; TGSCs, tooth germ stem cells; BMSCs, bone marrow stromal
stem cells: ADSCs, adipose-derived stromal cells: NSCs, neural stem cells; ESCs, embryonic stem cells: iPSCs, induced pluripotent stem cels.
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Type Scaffolds

Naturally, derived
polymeric scaffolds

Coliagen

Aginate

Chitosan

Hyaluronic acid

Bioceramic
Synthetic scaffolds PEG

PLLA

PLGA

PCL

Composite scaffolds Collagen and

chitosan

HA-PLGA

PEG-PLGA

Advantages

Favorable biocompatibility
Major protein of connective
tissue

Low antigenicity

Excellent biocompatibilty

Low cost

Low immunogenicity
Favorable bioactivity

Low cytotoxicity

Sterilizable; enhance bone and
cartilage formation

Participate in various biological
processes

Turn over quickly

Bioactivity

Excellent biocompatibility
Non-immunogenic

Stable; high porosity
Favorable biocompativility
Low cytotoxicity

Great hydrophilicity

Great mechanical strength
Non-toxic biodegradable
Favorable biocompatibility
Non-toxic biodegradable
Allow to control the degradation
rate

Excellent thermal stability
Good mechanical properties
Good flexibility

Reinforce the structure
Increase pore size

Reduce the brittleness of the
ceramics

Better cell adhesion
Accelerate periapical bone
repair

Biodegrade to carbon dioxide
and water

Disadvantages

Poor mechanical properties
Unmanageable biodegradation rate

Not conducive to cell adhesion
Low cell adhesion

Slow degradation rate
Inferior mechanical strength

Low mechanical strength
Complex structure

Low biodegradability
Inherent brittleness

Low cell reactivity
Inert bioactity
Non-biodegradabilty

Rapid degradation

Poor toughness

Inferior cell affinity

Poor hydrophilicity

Swelling reaction of polymer

Inferior cell affinity
Poor hydrophilicity

Chitosan is insoluble in water and most
orgaric solvents

Poor potentialty in cell adhesion/migration
and profferation

Low degradation rates which cause exists
longer time in celular environment

Celular responses are ot sufficient.
Prohibitive cost

Premix with autologous SCAP

References

Chattopadhyay and Raines (2014); Chang
etal. (2016)

Lambricht et al. (2014); Liao et al. (2017)

Bhardwaj and Kundu (2012); Muzzareli et al.
(2015); Vishwanath et al. (2016)

Latailade et al. (2010); Ferroni et al. (2015);
Chang et al. (2017)

Chang et al., (2017); Yu et al. (2017)

Zhu and Marchant (2011); Singh et al. (2013)

Amiadian et al. (2016)

Gentile et al. (2014); Zhao et al. (2016b);

Meartins et al. (2018)

Siddiqui et al. (2018)

Fu etal. (2017); Lauritano et al. (2020); Wang

et al. (2020)

Namini et al. (2018); Brassolatti et al. (2021)

Shiehzadeh et al. (2014); Raddall et al.
(2019)

Abbreviations: PEG, polvethylene glvcol: PLLA, polvil-actide) acid: PLGA. poviactic-coalveolic acid): PCL. polycaprolacions: HA, hydroxyapalite.
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Inducibility Growth
factors
Pro- EGF
epithelialization
Pro- BVP
osteanagenesis
IGF
TGF-p
Pro- VEGF
angiogenesis
PDGF
FGF
Pro-neurogenic  NGF

Features

Induce stem cells to differentiate into
epidermal cells

Promote the fibroblast proiferation
Induce mineralization

Bone and cartilage regeneration
Belong to TGF-p family

Initiate cell growth

Induce cell proliferation

Combined with BMP2 can
synergistically promote osteogenic
differentiation

Regulate extracellular matrix
synthesis

Induce fundamental cell processes
such as prolferation, chemotaxis and
apoptosis

The maior factor for angiogenesis
Regulate endothelial cell secretion
and proliferation

Induce VSMGs prolfferation and
migration

Promote osteogenic differentiation
Induce MSCs chemotaxis and
prolferation

Stimulate profferation of fioroblasts
and capilary endothelial cells
Promote angiogenesis and wound
healing

Regulate the growth and
development of neurons

Fadiltate axonal regrowth

Oral applications

Promote the early healing of acute oral soft tissue
wounds

Induce the differentiation of SHED into
odontoblasts

IGF-1 family participate in the process of pulpal
differentiation

Stimulate odontoblast to secrete matrix

Promote osteogenic differentiation of DPSCs

Enhance proliferation and osteogenic
differentiation of DPSCs in vitro

A combination of collagen membrane and bone
graft material mixed with riPDGF-BB achieved
alveolar ridge augmentation

A collagen matrix infused with rPDGF-BB
increased the soft tissue volume in esthetic peri-
implant sites

bFGF contributed to pulp cells prolferation and
dentin matrix formation

Induce the differentiation of immortalized dental
papilla cells into odontoblasts in vitro

References

Xing et dl. (2013); Ben Amara et al. (2019)
Casagrande et l. (2010); Kim et al. (2012b);
Agrawal and Sinha (2017)

Caviedes-Bucheli et al. (2009); Kim et al.
(2012a); Magnucki et al. (2013)

Wang et al. (2017); Weiss and Attisano
(2013); Wang et al. (2017); Niwa et al. (2018)

D' Alimonte et al. (2011); Shibuya (2013)

Simion et al. (2012); Funato et al. (2013); Jin

et al. (2014); Tan et al. (2015); Zhao et al.
(2016a)

2Zhao et al. (2014); Baba et al. (2015)

Avany et al. (2009)

Abbreviations: EGF, epidermal growth factor; BMP, bone morphogenetic protein; IGF, insulin-like growth factor; TGF-f, transforming growth factor-f; VEGF, vascular endothelial growth
facior: PDGF, platelet-darived growih facior: VSMCs, vascular smooth muscle cells: bFGF. basic fbroblast growth facior: NGF, nerve growth facior.
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Test Ctr-Sc

Whole Newly Scaffold BCP
mineralized formed bone residuals  scaffold
structure (S) (B) (Sc)

Specific surface 6 19 17 13

[mm~T]

Specific volume 93.3 536 39.8 519

%]

Mean thickness 318 107 116 147

[wm]

Mean number 3 5 3 3

fmm="]

Mean spacing 23 a3 176 146

[wm]

Comparisons are made with the BCP scaffold before in-vivo tests (Ctr-Sc).
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Test Peri-dentalt Unloaded sitet
Pd-Ctr UnL-Ctr
SS/BV [mm~") 60 12.0(2.1) 21.0(0.1)
SV/TV %) 933 57.8(0.5) 42.2(5.4)
S.Th [um) 318 166 (40) 104 (16)
SNr fmm-1) 30 33(0.7) 4.0(0.0)
S.5p [um] 23 120 (22) 141 (10)
Tb.0A 0553 0590 (0.048) 0.752 (0.010)
Tb.Conn.D [mm-~3] 8 56(10) 60 (56)

Pd-Ctr and UnL-Ctr data were extracted (lezZi et al., 2020). Mean (std.dev.) are indicated

Hezzi et al. (2012).
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Test Peri-dental®

Pd-Ctr
Lac.Th [um] 5906 52413
LacV [umd] 637 + 152 409 + 180
Lac.Nr [x 10° mm™3] 250+£05 31.4£106

Unloaded!
ctr

56+0.7
371 +£133
256+69

Pd-Ctr and UnL-Ctr data were extracted (lezzi et al,, 2020). Mean = std.dev. are indicated.

tlezzi et al. (2020).
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References Seed cells Growth  Scaffolds Technique Animal models Results
factors
Lietal. (2017) BMSCs ECM New freeze-drying Rabbits Reduced the angular deformity and
technique length discrepancy, observed
neogenetic GPs
Gultekin et al. (2020) BMSCs or Cell sheets Rabbits Prevented endochondral
Chondrocytes ossification, promoted bone growth
Lee et al. (2016) Chondrocytes Cell synthesized Cell culture Rabbits Minimized the deformity of rabbits
ECM
Tomaszewski et al. Chondrocytes A cartilago-fibrinous Rabbits Satisfactory graft integration and
(2016) construct fair restitution of GP architecture
Sundararaj et al. (2015) IGF-1 PLGA The salt leaching Rabbits Observed neogenetic cartilage
technique
Clark et al. (2015) BMSCs IGF-1 PLGA The salt leaching Rabbits Increased chondrocyte density and
technique inhibited bone bridge formation
Azarpira et al. (2015) BMSCs Chitosan The freeze-drying Albino rabbits  Less angular deformity with more
technique MSCs concentration
Erickson et al. (2020) Alginate/chitosan Rats 50:50 of irradiated alginate and
hydrogels chitosan produced the most
cartilage tissue
Erickson et al. (2017) A chitosan microgel Rats Neogenetic cartilage was observed
Lee D.etal (2019) Chondrocytes Allogeneic Rabbits Prevent limb deformity
decalcified bone
matrix
Sananta et al. (2020) Adipose-derived cells Bone wax Rat Prevented bone bridge formation
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