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Abstract

:

Demineralized dentin matrix (DDM), derived from human teeth, is an excellent scaffold material with exciting bioactive properties to enhance bone and dental tissue engineering efficacy. In this article, first the nano-structure and bioactive components of the dentin matrix were reviewed. Then the preparation methods of DDM and the resulting properties were discussed. Next, the efficacy of DDM as a bone substitute with in vitro and in vivo properties were analyzed. In addition, the applications of DDM in tooth regeneration with promising results were described, and the drawbacks and future research needs were also discussed. With the extraction of growth factors from DDM and the nano-structural properties of DDM, previous studies also broadened the use of DDM as a bioactive carrier for growth factor delivery. In addition, due to its excellent physical and biological properties, DDM was also investigated for incorporation into other biomaterials design and fabrication, yielding great enhancements in hard tissue regeneration efficacy.
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1. Introduction


Over two million bone graft operations are performed worldwide every year, and this number is increasing dramatically due to an aging population [1]. Autogenous bone is the gold-standard for bone repair. However, autogenous bone is available in limited amounts, and is usually harvested from the iliac crest, which is accompanied by a second operation and associated surgical risks in the donor site [2]. Therefore, there is an urgent need for alternative strategies, such as tissue engineering. Tissue engineering involves the development of scaffolds to mimic the extracellular matrix to aid new bone formation [3]. The scaffold should be biocompatible, biodegradable and porous [2]. Various types of scaffolds have been developed, including artificial polymers, natural polymers, calcium phosphate-based ceramics, and self-assembling peptides [4]. However, they have limited osteoinduction and bioactivity [4]. The introduction of growth factors in the scaffolds increases the bioactivity; however, it is associated with protein diffusion and high cost drawbacks [5,6]. In addition, the cell-based scaffolds are associated with complex challenges such as cell survival and cell diffusion [7].



Calcium phosphate biomaterials have been used for bone and tooth repairs; however, none of these materials possesses bioactivity comparable to autogenous bone and teeth [1]. Therefore, there is an urgent need for better scaffold materials. This review focuses on demineralized dentin matrix (DDM), originating from extracted human teeth. Teeth and bone have similar histogenesis, both originating from the neural crest during embryonic development [8]. Dentin and bone also have similar components, both composing of an organic phase (90% type I collagen) and an intrafibrillar mineral phase (mostly apatite crystallites) [9]. The ratios of organic/inorganic components in human dentin and bone are both at approximately 2:1 [8]. Dentin was reported to have a bone-inducing function in 1967, and DDM was found to have better regenerative properties than undemineralized dentin matrix (UDM). Since then, several other studies were published on the use of DDM in tissue engineering [10,11,12,13,14,15,16,17,18,19,20,21,22,23]. However, to date, a literature search has revealed no review article on the application of DDM for teeth and bone regenerations.



Therefore, the objective of this article was to review the recent findings and cutting-edge research on the effects of DDM in promoting hard tissue repair and regeneration. First, we discussed the 3D hierarchical structures and components of DDM. Then, we described the preparation of DDM via various methods. Next, we summarized the investigations and major results in using DDM for bone and tooth regeneration. Finally, we offered insights into the application of DDM in the biomaterials development field, including the key challenges and potential solutions.




2. Demineralized Dentin Matrix (DDM) Microstructure


Dentin consists of about 65% (by weight) inorganic substances, mainly hydroxyapatite (HA), tricalcium phosphate (TCP), octacalcium phosphate, amorphous calcium phosphate and dicalcium phosphate dehydrate [8]. The minerals consist of intrafibrillar mineral which is secreted by odontoblasts in a well-orchestrated order. Dentin contains about 35% (by weight) organic matrix and water [24]. The organic matrix includes collagen and non-collagenous components. The diameter of dentin collagen is approximately 80–100 nm [25]. Dentin collagen fibrils contain laterally organized microfibrillar units [26,27], which may be self-organized in a twisted arrangement of bundles, each measuring about 20 nm in diameter [28]. The next grade of structure in dentin collagen relates to each individual collagen microfibril, with 5–6 nm in diameter. Laterally, individual microfibrils contain five stranded triple-helical collagen molecules [26]. Besides minerals, collagen and water, dentin also contains about 5% non-collagenous components. The non-collagenous proteins, proteoglycans and enzymes play an important role in the development of dentin [29]. The small integrin-binding ligand N-linked glycoprotein (SIBLING) family includes osteopontin (OPN), bone sialoprotein (BSP), dentin matrix protein 1 (DMP1), dentin sialophosphoprotein (DSPP) and matrix extracellular phosphoglycoprotein (MEPE) [30]. The SIBLING family has key non-collagenous components, and they participate in the process of mineralization in dentin development [30].



The components of DDM are similar to those of the dentin matrix; however, they have different organic/inorganic ratios. DDM in powder form has a mineral content of about 5%–10%, while DDM in block form has a mineral content of about 10%–30% [31]. The demineralization agents and time used to make DDM are different in different reports, and they affect the demineralization extent and mineral percentage in the resulting DDM.



Growth factors are present in DDM, while they are trapped and hidden in UDM. The demineralization process opens the dentin tubules and frees up the growth factors, which can stimulate tissue repair and regeneration. Previous studies demonstrated transforming growth factor β (TGF-β1), bone morphogenetic proteins (BMPs), vascular endothelial growth factor (VEGF), fibroblast growth factor-2 (FGF-2), platelet-derived growth factor (PDGF) and insulin-like growth factor-1 (IGF-1) in DDM [32,33,34,35,36]. The amount of growth factors was detected by enzyme-linked immunosorbent assay (ELISA). Results showed that TGF-β1 was the most abundant growth factor; BMP-2, FGF-2, VEGF, PDGF and IGF-1 demonstrated intermediate abundance; while BMP-4 and BMP-7 had the lowest concentrations, as shown in Table 1 [32]. DDM proposed osteogenic and dentingenic differentiation of bone mesenchymal stem cells (BMSCs), however, after fractionation of growth factors from DDM by heparin affinity chromatography, the osteogenic responses of BMSCs diminished, indicated that growth factors play significant role in the osteogenesis and dentingenesis of DDM. The growth factors are present at pg levels, have no toxicity issues and no potential for ectopic mineral deposit. These results demonstrated that DDM could deliver growth factors at physiological levels for bone regeneration [32].



Dentin contains micrometer-sized tubules [37]. The mineral surrounding the dentin tubules is highly mineralized and collagen-free, and is called peritubular dentin (PTD) (Figure 1A, black arrow). The mineral in the intertubular matrix is embedded in collagen-rich matrix (Figure 1A, white arrow), which is termed intertubular dentin (ITD) [37]. In making the DDM, the demineralization process mainly dissolves the mineral in PTD, producing opened and wider tubules and a meshwork protruding towards the tubule lumen (Figure 1B) [37]. Higher magnification images of demineralized dentin (Figure 1C) reveal a complex network of filaments protruding from tubule walls [37].




3. DDM Preparation


To prepare DDM, clinically extracted teeth were collected, and all the soft tissues and enamel were removed. Dentin was grinded into particles, cut into slices or blocks, or perforated to get macropores. The resulting dentin particles or blocks were demineralized. Hydrochloric acid (HCl) was most commonly used in demineralization. The demineralizing time ranged from 30 min to 24 h [38,39,40]. HNO3 was also used in demineralization [17,41,42]. Dentin matrix was demineralized by 0.34 N HNO3 for 30 mins, and the HNO3-DDM was grafted into critical-sized defect in the iliac crest of sheep. New bone formation was observed around DDM, and more bone volume was detected after 4 months than that at 2 months [41]. In another study, dentin matrix was treated with 2% HNO3 for 10 min, then transplanted into the tooth extraction pocket, and bone augmentation was observed [42]. Ethylene diamine tetra acetic acid (EDTA) was also used in demineralization [16,32,43,44]. The EDTA-demineralized dentin matrix is named treated dentin matrix (TDM) in some reports [32,44]. Gradient EDTA (17%, 5%) was employed to demineralize dentin matrix, and dentin tubules were exposed [43]. The EDTA concentration and demineralization time were also varied in different reports [16,32,43,44].



Besides the demineralized agent, the size of the particles is also related to the effect of demineralization. A previous study divided dentin particles into three groups: 200, 500, and 1000 μm [17]. To get 70% demineralization of the dentin matrix (partially demineralized dentin matrix, PDDM), the 200, 500, 1000 μm, respectively, took 5, 10, and 20 min of treatments [17]. The terms DDM and PDDM are interchangeable in almost all the reports, because DDM is always partially demineralized. The bone regeneration effect of dentin matrix was evaluated via implantation into the rat calvaria bone defects. The results showed that the completely demineralized dentin matrix (CDDM) was largely resorbed, the UDM was remained, and both the CDDM and UDM induced little bone formation (Figure 2A). In sharp contrast, PDDM induced much more new bone than other groups (Figure 2A). In addition, the newly-formed bone (n-Bone%) was quantitatively evaluated (Figure 2B). At 4 weeks, there was a significant difference of n-Bone % between the PDDM and the other groups in each particle size. At 8 weeks, there was a significant difference of the n-Bone % between the PDDM and the other groups in the 200 and 500 μm particle size groups [17]. Few osteoblasts attached to the surface of UDM, while many osteoblasts attached and spread on the surface of DDM. In addition, UDM had limited growth factor exposure, while PDDM released several bioactive proteins. The demineralization opened the dentin tubules which served as channels for the release of these bioactive proteins when implanted in bone defects. Although CDDM also had opened tubules, the bioactive proteins may have already been released from dentin matrix during the process of demineralization, and therefore were lost before implantation. It was possible that PDDM contained more growth factors than CDDM. Furthermore, the n-Bone% of the 1000 μm group showed more bone regeneration than the smaller sizes; this was true in all groups of UDD, PDDM and CDDM (Figure 3B). Smaller particles had more resorbability, and they may have been resorbed in vivo before the initiation of new bone formation. Regarding the optimal particle size of DDM, there was no agreement in the literature, which varied in defect sites and graft materials, warranting further and more systematic investigations [17,42,45].



Besides DDM particles, DDM blocks were also investigated [14,18,23,41,46]. In one study, DDM blocks with macropores were implanted into critical-sized iliac defects and new bone formation around the DDM had good union with the native bone [41]. Another study evaluated the characteristics of dentin blocks with different demineralization time (demineralized for 10 min, DDB10; for 60 min, DDB60), and assessed new bone formation after grafting the dentin blocks in rat calvaria defects. The DDB60 group resulted in significantly more new bone area than the DDB10 group at 8 weeks, but had higher resorption which reduced the total augmented area when compared with DDB10 [47]. The relationship between the demineralized degree and the new bone induction using DDM blocks was consistent with that using DDM particles [17].




4. Application of DDM in Bone Regeneration


Extensive studies have been conducted on DDM with its osteoinductivity and osteoconductivity in vitro and in vivo [17,18,48,49,50,51]. In animal studies, DDM enhanced the bone healing process of tooth sockets, and promoted new bone formation in rat calvaria defects, rabbit parietal defects, minipig crania defects, sheep iliac defects, and porcine sinus [17,18,41,47,48,49,52]. Besides bone, DDM was employed in osteochondral regeneration [20]. DDM was implanted in rabbit keens with articular cartilage defects, while the control group was left untreated. Samples were collected in pre-determined timepoints and examined histologically and radiographically. The DDM group had statistically more new bone formation inside the defect, compared with control group at week three. Hyaline-like cartilage appeared in the peripheral area of the defect at week six, while the control group had none. The sample surface was covered with hyaline-like cartilage with a similar thickness to that of normal cartilage at week nine. Besides animal experiments, clinical trials were also launched. The Korea Tooth Bank and Hospital Tooth Bank (HTB) established a system to store teeth, then process them into DDM as bone substitutes [8]. One clinical study examined the safety and efficacy of autogenous DDM prepared immediately after extraction, for clinical applications in bone regeneration related to dental implantation, including: (1) socket preservation, (2) maxillary sinus floor augmentation, and (3) alveolar ridge augmentation. Sixteen patients underwent dental implant placement using DDM transplantation. The results showed that: (1) in the socket preservation group, the height and width of the alveolar ridge were clinically preserved in all cases. (2) In the maxillary sinus floor augmentation group, the vertical height from the top of the alveolar crest to the sinus floor was increased after autogenous implantation, from 3.4 mm to 9.5 mm before surgery to 14.7 mm to 17.1 mm 3 months post-operation. The height of the augmentation area maintained for at least 1 year. (3) In the alveolar ridge augmentation group with implant placement, the autogenous DDM was replaced by bone-like tissue 3 months after dental implant placement. In all three groups, the graft sites healed without any notable complications. No implants were lost over 2 years of observation. This report showed that the clinical application of autogenous DDM was safe and efficient as a bone substitute in implant dentistry [42]. Another clinical study compared the efficacy of autogenous DDM and Bio-Oss (inorganic bovine bone) in alveolar bone augmentation and found that the autogenous DDM was as effective as Bio-Oss [53]. A long-term follow up of guided bone regeneration using DDM reported five cases which were followed for 3 to 6 months after DDM grafting. The results showed that the corticocancellous bone which formed after implantation was maintained for an average of 5 years [12]. The results of these clinical researches on DDM were consistent and promising. However, the number of cases was relatively small, and more randomized control trial clinical studies are needed.




5. Application of DDM in Tooth Regeneration


Besides bone regeneration, DDM has also been investigated for tooth regeneration applications [10,54,55,56]. The bioactive molecules in the dentin matrix participate in naturally regenerative dentin formation in cases of trauma and infection. Indeed, the bioactive molecules from DDM can influence the survival, apoptosis and differentiation of human dental pulp stem cells (hDPSCs) [54]. DDM extracts were found to promote hDPSC expansion, decrease apoptotic markers expression, stimulate cell survival markers expression, and promote mineral synthesis and osteogenic related genes expression [54]. DDM was also effective in inducing odontogenic differentiation in hDPSCs. The odontogenically-related genes includingDMP1 and DSPP were found to be upregulated [55]. Another study compared the osteogenic induction and odontogenic induction of DDM with HA/TCP on hDPSCs, and found that DDM and HA/TCP had similar efficiencies in bone formation in the dorsum of immunodeficiency mice, while DDM induced greater dentinogenic differentiation [57]. Therefore, DDM had biological effects on DPSCs and could orchestrate dental tissue repairs.



In addition, Ferracane et al. studied the dentin matrix using another approach [50]. Different pH of phosphoric acid and EDTA were employed to solubilize bioactive molecules from the powdered dentin matrix. They collected the demineralized solution and named it dentin matrix components (DMC). Two different pulp cell populations were treated with different concentrations of DMC (0.01, 0.1, 1.0 and 10.0 μg/mL). Their results showed that DMC could promote cell proliferation and mineralization, and the 10 μg/mL concentration had the greatest mineralization among all the tested groups [50].



Chen et al. developed a novel pulp capping agent using TDM [10]. The TDM powder and aqueous TDM extract were prepared, and then they were mixed to form the TDM paste as the pulp capping agent. Calcium hydroxide was used as control. The TDM paste showed more odontogenic gene expression in vitro than calcium hydroxide. In the pulp exposure model in swine, TDM showed better biocompatibility, thicker and more dense dentin bridge formation, and less angiectasis in the pulp under the dentin bridge, compared to calcium hydroxide (Figure 3) [10]. These results showed that the TDM paste could be a promising pulp capping agent. Another study used cryopreserved dentin matrix (CDM) as a scaffold material for dentin-pulp tissue regeneration. CDM was implanted into the dorsum of immunodeficient mice. The results showed that CDM combined with dental follicle cells could form dentin-pulp like tissues which were positive for DSPP, DMP-1, tubulin, and collagen-1. The dentin-pulp-like tissues included pre-dentin, dentinal tubules, collagen fibers, blood vessels and nerves [58]. In another study, DDM was combined with dental follicle cells and implanted in a mouse model for 8 weeks, where the TDM induced complete dentin tissues [16]. Therefore, TDM was an excellent biomaterial for dentin regeneration. Inspired by the fact that the EDTA-treated dentin matrix could release considerable bioactive molecules, the notion of DDM was introduced into revascularization treatments [59]. Two young patients with necrotic immature permanent teeth were chosen for the revascularization treatment. After appropriate disinfection of the root canal system, different concentrations of EDTA were used to treat root canal dentin walls. Then, bleeding was induced in root canals, and calcium-enriched mixture cement was placed over the blood clots. In all follow-up periods (6 and 12 months), both cases were asymptomatic, and the radiographic findings showed a continued root development [59]. The modification in revascularization through the DDM protocol appeared to be better than the traditional therapy. Therefore, the effect of DDM in tooth regeneration is promising and is a hotspot research area; however, more systematic experiments are needed to validate the efficacy and safety of DDM in tooth regeneration applications.




6. DDM as a Carrier to Deliver Growth Factors


Besides serving as a scaffold to support bone regeneration and as a nature reservoir of growth factors, DDM can also serve as a delivery vehicle for additional growth factors. The tubules in DDM provide a high specific surface area and are advantageous to increase the protein retain and reduce protein diffusional loss [60]. Indeed, DDM has been employed as a recombinant human BMP-2 (rhBMP-2) carrier involving in vitro, in vivo and clinical trials [61,62,63,64,65] In one study, the dentin matrix was demineralized, then DDM was mixed with BMP-2 solutions, and the BMP-2/DDM composite was grafted into the skin over the back region of immunodeficiency mice [62]. The results showed that the volume of induced bone increased at a BMP-2 dose-dependent manner. The time-dependent study of bone induction by the BMP-2 (5.0 μg) with DDM (70 mg) showed that the BMP-2 and DDM construct increased new bone formation between the DDM particles. The dry weight of the repair tissue, the ALP activity and calcium content in the BMP-2/DDM group were higher when compared with the DDM alone group (Figure 4) [62]. In another study, 5.0 ug of 0.2 mg/mL rhBMP-2 was placed onto 0.03 g of DDM, then the mixture was lyophilized and sterilized [63]. The DDM/rhMP-2 construct was transplanted into rectangular bone defects on the second and third premolars in beagles. DDM with rhBMP-2 showed 48% new bone formation 12 weeks after transplantation. Clinical studies were also launched in patients. The DDM/rhBMP-2 complex was grafted into patients, with surgeries including guided bone regeneration, sinus bone grafting, and ridge augmentation. At an average follow up of 10.5 months, favorable osseointegration was acquired in 35 out of 36 implanted sites [63]. In another case report, the DDM/rhBMP-2 construct was used for socket preservation, and the new bone amount was more in DDM/rhBMP-2 group than in DDM group [64]. In a prospective randomized controlled trial of DDM/rhBMP-2 in ridge preservation, DDM, DDM/rhBMP-2, and deproteinized bovine bone with collagen (DBBC), a conventional xenograft, were transplanted into the extraction pockets immediately after tooth extraction [66]. DDM was as beneficial for ridge preservation as DBBC. The DDM/rhBMP-2 showed appreciable volumetric stability and higher rates new bone formation compared to DDM alone and DBBC [66]. Compared to conventional BMP-2 carriers, the advantage of DDM as the carrier was that DDM was osteoconductive and osteoinductive, and could synergistically combine the properties of the scaffold with the delivered growth factors. However, further studies are needed to investigate the rhBMP-2 concentration and amount, the DDM particle size, the processing method of DDM, the loading method of rhBMP-2 into DDM, and the synergistic effects of rhBMP-2 with the DDM growth factors on tissue regeneration. In addition, besides BMP-2, the delivery of other growth factors via DDM to promote bone and dental tissue regeneration also needs to be investigated.




7. DDM Incorporation into Other Advanced Biomaterials


DDM alone showed promising effects in bone and tooth regeneration. In addition, the dentin matrix could also be incorporated into other biomaterials [40,43,67,68,69]. For example, TDM, aligned PLGA/Gelatin electrospun sheet (APES), and native dental pulp extracellular matrix (DPEM) were combined into DPEM/TDM construct and APES/TDM construct for dental pulp and periodontium regeneration. Both APES/TDM and DPEM/TDM prompted odontogenic differentiation of dental stem cells, while the groups without TDM did not (Figure 5). Then the combinations were implanted into tooth pockets in swine. After 12 weeks, new pulp/dentin complex-like tissues were formed on the DPEM/TDM surface, and cementum and periodontal ligament-like tissues were formed on the APES/TDM surface [69]. Therefore, the APES/TDM and DPEM/TDM complexes offered an inspiration for complex tissue or organ regeneration. In a 3D-bioprinting study, DDM was mixed with alginate hydrogels as a bioink, which was blended with cells and then bioprinted (Figure 6). The bioinks modified by the dentin matrix demonstrated good cytocompatibility and natural odontogenic capacity [70]. In another study, the TDM combined with Mg-based bioceramic scaffolds and dentinogenesis-related morphogens, were developed and applied to induce dentin-like tissue formation [67]. In another study, the root dentin matrix was demineralized by EDTA to obtain TDM roots, and then the TDM roots were combined with platelet rich fibrin (PRF). The combination of TDM/PRF were placed into the tooth extraction pockets in canines, which achieved functional regeneration of the cementum and the periodontal ligament fibers [68]. Therefore, the dentin matrix represents an important bioactive and nano-structured material that can be incorporated into the development of other advanced biomaterials to enhance tissue repair and regeneration.




8. Conclusions


This article represents the first comprehensive review on the application of DDM for bone and dental regeneration. (1) DDM demonstrated great potential for applications in bone regeneration; however, more randomized clinical studies are still needed. (2) The use of DDM in tooth regeneration was promising. Exciting results were obtained in dentin, pulp and periodontal regeneration via DDM. However, more experiments are needed to validate the efficacy and safety of DDM in tooth regeneration applications. (3) In addition, the use of DDM as a growth factor carrier was recognized to further enhance tissue regeneration efficacy. (4) Furthermore, the incorporation of DDM into other biomaterials was highly beneficial by utilizing the excellent properties of DDM with its inherent growth factors and nano-minerals to promote bone and dental regeneration.
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Figure 1. The nano-structure of dentin and DDM in scanning electron microscopy. (A) Dentin had micrometer-sized tubules. PTD was highly mineralized and collagen-free (black arrow). The mineral in ITD was embedded in collagen-rich matrix (white arrow). Scale bar = 1 μm (larger figure). Scale bar = 2 μm (inset). (B). Demineralization mainly dissolved the mineral in PTD, with opened and wider tubules, and a meshwork protruding towards the tubule lumen. Scale bar = 2 μm. (C) Higher magnification of demineralized dentin showing a complex network of filaments protruding from tubule walls. Scale bar = 2 μm. (From Berttasoni [37] in Micron, with permission.) 
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Figure 2. The dentin matrix-induced bone formation depended on the degree of demineralization and particle size. (A) Micro-CT analysis. New bone formation was enhanced in all particle sizes in PDDM groups, more than in CDDM groups. The results of 1000 μm PDDM were especially noteworthy. In contrast, in UDD groups, much less new bone formed, and defects were occupied by dentin particles. (B) Newly formed bone (n-Bone%) were quantitatively evaluated. At 4 weeks, there is significant difference of n-Bone% between the PDDM and other groups in each particle size. At 8 weeks, there is a significant difference of the n-Bone% between the PDDM and the other groups in the 200 and 500 μm samples. (From Takamitsu [17] in PLOS ONE, with permission.) 
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