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Introduction
Clinical translation of laboratory-engineered inductive bioma-
terials relies on advances in bioengineering and material sci-
ence (Khojasteh et al. 2013). Despite innovative progress, 
synthetic materials have not provided the crucial properties of 
an ideal material for bone and teeth regeneration (Beachy et al. 
2020). Inductive materials have been shown to create a rich 
bioinductive environment and stimulate osseous differentia-
tion of stem cells and teeth remineralization (Ten Cate 2001; 
Hosseini, Enderami, et al. 2019). In vivo, the bioinductivity of 
materials is confirmed upon implantation in nonosseous sites 
following ectopic bone formation along with remineralization 
of demineralized teeth (Amini et al. 2012). This review assesses 
the interaction between inductive biomaterials and cells.

Osteoinduction and Teeth 
Remineralization
Bone and teeth are the most mineralized tissues in human 
body. Bone regeneration requires various cell lineages, includ-
ing osteoblastic and osteoclastic lineages. The cross-talk 
between these cells regulates bone homeostasis (Botchwey  
et al. 2003; Harada and Rodan 2003). Different molecular and 
cellular signaling pathways induce differentiation of mesen-
chymal stem cells (MSCs) into preosteoblasts, osteoblasts, and 
osteocytes during osteogenesis (Fig. 1). Osteogenic differenti-
ation of MSCs is regulated through many different molecules, 
including growth factors, morphogens, cytokines, hormones, 
and transcription factors. These molecules activate various sig-
naling pathways (i.e., Wnt signaling [Hosseini, Soleimanifar, 
et al. 2019], Hedgehog signaling [Zhang et al. 2020], bone 

morphogenic protein [BMP] signaling [Wang et al. 2019] and 
Notch signaling [Zanotti and Canalis 2016]) to modulate 
osteogenesis and bone repair (Huang et al. 2014; Chen et al. 
2016). Pathways involved in osteogenesis are described in 
detail in Figure 2.

Osteoclastogenesis represents mononuclear hematopoietic 
stem cells (HSCs) differentiation to bone marrow–derived 
macrophages and further into osteoclasts. This process is regu-
lated by macrophage colony-stimulating factor, receptor acti-
vator of NF-kappaB ligand (RANKL), receptor activator of 
NF-kappaB (RANK), and osteoprotegerin (OPG). The cross-
talk between osteoclasts and osteoblasts is regulated by the 

1010436 JDRXXX10.1177/00220345211010436Journal of Dental ResearchShort Title
research-article2021

1Connecticut Convergence Institute for Translation in Regenerative 
Engineering, University of Connecticut Health, Farmington, CT, USA
2Raymond and Beverly Sackler Center for Biological, Physical and 
Engineering Sciences, University of Connecticut Health, Farmington, CT, 
USA
3Department of Orthopedic Surgery, University of Connecticut Health, 
Farmington, CT, USA
4Department of Skeletal Biology and Regeneration, UConn Health, 
Farmington, CT, USA
5Department of Biomedical Engineering, University of Connecticut, 
Storrs, CT, USA
6Department of Materials Science and Engineering, University of 
Connecticut, Storrs, CT, USA
7Department of Chemical and Biomolecular Engineering, University of 
Connecticut, Storrs, CT, USA

A supplemental appendix to this article is available online.

Corresponding Author:
C.T. Laurencin, UConn Health, 263 Farmington Avenue L7036, 
Farmington, CT 06030, USA. 
Email: laurencin@uchc.edu

Inductive Materials for Regenerative 
Engineering

F.S. Hosseini1,2,3,4, L.S. Nair1,2,3,5,6, and C.T. Laurencin1,2,3,5,6,7

Abstract
Regenerative engineering has pioneered several novel biomaterials to treat critical-sized bone injuries. However, despite significant 
improvement in synthetic materials research, some limitations still exist. The constraints correlated with the current grafting methods 
signify a treatment paradigm shift to osteoinductive regenerative engineering approaches. Because of their intrinsic potential, inductive 
biomaterials may represent alternative approaches to treating critical bone injuries. Osteoinductive scaffolds stimulate stem cell 
differentiation into the osteoblastic lineage, enhancing bone regeneration. Inductive biomaterials comprise polymers, calcium phosphate 
ceramics, metals, and graphene family materials. This review will assess the cellular behavior toward properties of inductive materials.

Keywords: biomaterials, osteoinductive, bone regeneration, stem cell, graphene, osteoblast differentiation 

https://us.sagepub.com/en-us/journals-permissions
https://journals.sagepub.com/home/jdr


1012	 Journal of Dental Research 100(10) 

immune and vascular systems. For instance, in response to 
inflammation, macrophages secrete interleukin (IL)–6 and tumor 
necrosis factor–alpha (TNF-α), which further stimulates the 
expression of RANKL by T cells. The soluble RANKL induces 
osteoclast precursor cells to express RANK and differentiate into 
osteoclasts. In contrast, endothelial cells secrete IL-13 and IL-4, 
which further induce stromal cells to expose OPG and suppress 
osteoclastogenesis (Jacome-Galarza et al. 2019).

The intrinsic osteoinductivity of bone allows for repair and 
regeneration via osteogenic proteins present in the extracellu-
lar matrix (osteonectin, bone sialoprotein, and BMP2). The 
mechanism of bone induction is not well known, yet the 
sequence of events may follow the natural regeneration pro-
cess (Kasir et al. 2017).

Similar to the calcified composition of bone, dentin is com-
posed of collagen-reinforced apatite fibrils comprising the 
same crystallographic orientation of minerals. The inductive 
factors secreted by epithelial cells derived from the neural crest 
cause the differentiation of dental papilla cells to odontoblasts. 
The odontoblasts secrete collagenous matrix, mostly com-
posed of type I collagen and noncollagenous proteins, such as 
dentin phosphoproteins, dentin sialoprotein, and dentin matrix 
protein 1. Mineralization initiates and proceeds by dentin 
phosphoprotein binding to collagen bundles and originates 
apatite crystal formation (Goldberg and Smith 2004).

Although demineralization and remineralization are bal-
anced during the entire life of the teeth, in pathological condi-
tions such as the production of acid-fermented carbohydrates 
by bacteria, demineralization outweighs remineralization. The 
degradation of collagen fibrils resulting from endogenous 

cysteine cathepsin and metalloproteinase leads to 
the progression of carious lesions and weakened 
mechanical properties of dentin (Tjäderhane et al. 
2013). Using bioinductive materials such as the 
polymer-induced liquid-precursor technique, the 
remineralized lesion reinstates the intrafibrillar 
mineral composition of healthy dentin, restoring the 
elastic modulus of the mineralized dentin (Burwell 
et al. 2012).

Cellular and Molecular 
Characteristics of 
Osteoinductive Materials

Calcium Ions

Calcium (Ca2+) ions stimulate bone mineralization 
by inducing osteoblastic differentiation markers 
such as Runt-related transcription factor–2, bone 
sialoprotein, osteocalcin, osteopontin, alkaline 
phosphatase (ALP), BMPs, and collagen-I (COL-I). 
The extracellular gradients of Ca2+ ions act as che-
motactic signals and induce bone marrow MSCs 
and preosteoblast migration in a dose-dependent 
manner; the higher the concentration, the greater the 
stem cell maturation and bone regeneration 

(González-Vázquez et al. 2014).
Ca2+ ions enter the cell via a calcium-sensing receptor 

(CaSR) and calcium channels. The increased concentration of 
Ca2+ inside the cell activates the Ca2+/calmodulin-dependent 
protein kinase type II subunit alpha pathway and induces MSC 
osteoblastic differentiation through the extracellular signal–
regulated kinase1/2 (ERK1/2) and cAMP response element-
binding protein pathways. The activation of ERK1/2 results in 
elevated bone synthesis. Moreover, calcium ions activate the 
phosphatidylinositol 3-kinase/protein kinase B (PI3K/Akt) 
pathway in osteoblasts, increasing the life span of the osteo-
blasts (Yan et al. 2017). The osteoinductive mechanism of Ca2+ 
ions investigated by microarray analysis revealed that activa-
tion of mitogen-activated protein kinase (MAPK)/ERK 
(MEK1/2) is required for Ca2+ efficacy. Subsequently, after 
Ca2+ enters into the cytoplasm, the ethanolamine kinase, pro-
tein kinase C, and ERK1/2 pathways are activated. Ca2+ then 
enters the nucleus initiating activator protein–1 and induces 
Fos gene expression, resulting in BMP-2 upregulation and 
elevated bone regeneration (Barradas et al. 2012).

The transcellular transport of Ca2+, as the only crucial ion of 
dentinogenesis, is controlled by calcium channels, Na+/Ca2+ 
channels, intracellular Ca2+-binding proteins, CaSRs, and 
ATPase channels, along with extracellular Ca2+ ions support 
mineralization front of predentin to mature mineralized dentin 
(Linde and Lundgren 2003). After exposure to increased levels 
of Ca2+ ions, the number of CaSRs increases on human dental 
pulp stem cells, causing odontoblastic differentiation. 
Furthermore, Ca2+ elevate ERK1/2 phosphorylation and dentin 
mineralization (Mizumachi et al. 2017).

Figure 1.  Cells and cytokines involved in bone homeostasis. (A) Endochondral 
ossification via osteoblast differentiation. (B) Intramembranous ossification via 
osteoblast differentiation. (C) Osteoclastogenesis of monocytes from hematopoietic 
stem cells (HSCs) to mature osteoclasts. MSC, mesenchymal stem cell.
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Phosphate Ions

Bone phosphate ions (PO4
3−) are combined with calcium ions 

as calcium phosphate (Ca-P) and trigger mineralization-associated 
genes in osteoblasts via protein kinase C–dependent and 
ERK1/2 pathways, increasing the expression of BMPs. 
Moreover, phosphate ions repress osteoclastogenesis through 
the inhibition of RANK ligand and its receptor, decreasing the 
bone resorption rate. ALP actively hydrolyzes inorganic pyro-
phosphate ions to inorganic phosphate ions, increasing the 
mineralization of collagen type I. Phosphate ions enter the cell 
by solute carrier family 20 member1, a phosphate transporter 
protein that acts as an autocrine signaling molecule and joins in 
adenosine triphosphate synthesis, elevating osteoblastogenesis 
(Shih et al. 2014). In summary, Ca-P ions stimulate MSCs to 
express BMP-2 along with other signaling molecules, resulting 
in osteogenesis and new bone formation.

The extracellular phosphate ions are a key regulator of dentin 
mineralization through increased BMP-2 expression at the level 
of both promoter activity and mRNA/protein expression in 
human dental pulp stem cells. The elevated BMP-2 expression is 
dependent on the cAMP/protein kinase A pathway. Moreover, a 
high phosphate ion level independent of cAMP pathway phos-
phorylates the ERK1/2 pathway, resulting in differentiated 
odontoblasts and excessive mineralization (Tada et al. 2011).

Inductive Biomaterial Properties 
Influencing the Cellular Response
The osteoinductivity of materials is supported by ectopic bone 
formation after implantation in nonosseous sites (e.g., intra-
muscularly or subcutaneously) without the addition of any 

osteogenic growth factor (Ameer 2020). In vivo, osteoinduc-
tive materials promote de novo ectopic bone formation by 
inducing stem cell differentiation to the osteoblast lineage 
(Appendix Fig. S1).

The chemical, structural, and physical properties of osteoin-
ductive material can influence cellular responses (Nelson et al. 
2018). Properties such as stiffness, geometry, pore size, grain 
size, roughness, degradation rate, concentration of released 
ions, and surface composition modify cellular behavior. Figure 
3 summarizes the effect of the characteristics of different mate-
rials on osteoinductivity. Porosity (i.e., pore shape, pore size, 
porosity, and interconnectivity) influences cell behavior during 
osteogenesis, as it resembles the structure of cancellous bone, 
and it promotes neovascularization (Butler et al. 2009). The 
optimal interconnected pore size differs in the range of 100 µm 
to 200 µm, whereas the desired diameter of the pores varies 
from 200 µm to 500 µm, leading to the ideal porosity range of 
40% to 80%. An appropriate portion of porosity facilitates the 
mass transport of oxygen and nutrients, cell adhesion, early 
neovascularization, and bone ingrowth into the scaffold (Deng 
et al. 2008). Table 1 shows current osteoinductive biomaterials 
and their advantages and disadvantages in bone regenerative 
engineering.

Polymers

Natural Polymers.  Polymers are macromolecules consisting 
of repeated subunits that are covalently connected. Natural 
polymer scaffolds such as fibrin, collagen, chitosan, hyal-
uronic acid, and starch have outstanding biodegradability 
and biocompatibility, resembling the original extracellular 
matrix components. Although bioactive natural polymers 

Figure 2.  Bone homeostasis regulatory pathways. (A) Bone morphogenic protein signaling pathway. (B) Wnt signaling pathway. (C) Notch signaling 
pathway. (D) Hedgehog signaling pathway.
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interact with the host’s tissue and offer osteoconductivity, 
their osteoinductivity has not yet been reported (Jiang et al. 
2015).

Natural polymers, such as collagen, which are precursors 
for dentin regeneration, provide nucleation sites for mineral 
deposition around them. Remineralization of dentin lesion via 
mineral replacement with COL-I establishes the normal prop-
erties of dentin. COL-I acts as a template for intrafibrillar min-
eralization. Using the polymer-induced liquid-precursor 

technique procedure, encapsulated liquid nano-poly 
anionic polymers facilitate dentin remineralization 
in a time-dependent manner. Applying the acidic 
polypeptides, the anionic polymer segregates Ca2+ 
ions and further sequesters phosphate ions, forming 
Ca-P prenucleation clusters and promote remineral-
ization. Ultimately, the mineral replacement gradu-
ally recovers the demineralized lesions’ mechanical 
properties (Burwell et al. 2012; Niu et al. 2014).

Synthetic Polymers.  The unique properties of syn-
thetic polymers, such as control of their molecular 
weight, biodegradability, and physical, chemical, 
and mechanical properties, enable manufacturing of 
the desired polymeric scaffold (Kumbar et al. 2006).

Poly(hydroxyethyl methacrylate) (pHEMA) is a 
bioinert polymer. Cross-linked pHEMA is fabri-
cated by polymerizing 2-hydroxyethyl methacrylate 
monomers using a crosslinker such as ethylene gly-
col dimethacrylate (Macková et al. 2017). Winter 
and Simpson (1969) showed the potential osteoin-

ductivity of pHEMA in a pig model. The pHEMA sponge sub-
cutaneously implanted was capable of ectopic bone formation. 
Filmon et al. (2002) used carboxymethylation to modify the 
neutral electrical surface of pHEMA. They showed that the 
addition of functionalized negative groups on the backbone of 
pHEMA represented a Ca2+ binding site. The mineral-nucleating 
potential of negatively charged pHEMA continuously gener-
ates an amorphous Ca-P layer that further induces bone miner-
alization (Filmon et al. 2002).

Figure 3.  Characteristics of osteoinductive materials influencing the cellular 
response.

Table 1.  Advantages and Disadvantages of Osteoinductive Grafting Material for Bone Regeneration.

Osteoinductive Material Example Advantages Disadvantages Reference

Polymers Synthetic Poly-HEMA Osteoinductive Weak mechanical strength Kumbar et al. 2006
  Bioactive Degradation products  
  Biodegradable Reduce pH  
  Biocompatible  
Ceramics Calcium phosphate HA Biocompatible Brittle Bezerra et al. 2017
  β-TCP Biodegradable Unpredictable degradation rate Davison et al. 2014
  BCP Bioactive Weak fracture strength Raucci et al. 2017
  Osteoinductive Filgueiras et al. 1993
  Osteoconductive  
  Bioglass Silicate  
  Borate/borosilicate  
Metal Titanium and its alloy Advanced mechanical 

properties
Corrosion Fujibayashi et al. 2004

  Biocompatible Toxicity  
  Osteoinductive Osteointegration  
GFMs Calcium phosphate graphene Osteoinductive No data on long-term safety Lee et al. 2007
  Graphene oxide Osteoconductive Unknown biological effect  
  Reduced graphene oxide Biocompatible  
  Biodegradable  
  High specific surface area  
  Thermally conductive  
  Flexible  
  High intrinsic strength  
  Hydrophilic  

BCP, biphasic calcium phosphate; β-TCP, beta tricalcium phosphate, HA, hydroxyapatite; HEMA, hydroxyethyl methacrylate.
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Ceramics

Calcium-Based Ceramics.  The bioinductivity and biocompati-
bility of calcium-based ceramics relies on dissolving ratios of 
structural calcium and phosphate ions in body fluids. The 
underlying cellular behavior toward different properties of 
ceramic surfaces is not well established. The long-term cellular 
fate is dependent on primary cell adhesion events, ceramic deg-
radation, and the release rate of Ca-P ions. The scaffolds’ sur-
face–cellular interaction initiates a cascade of biological 
responses, including adsorption of proteins, ligand-receptor 
coupling, and signal transduction (Kasir et al. 2017). Moreover, 
ceramic surfaces participate in ion solid-solution equilibrium 
and form an amorphous zone at the tissue–implant interface. 
Ion exchange in the amorphous zone leads to the deposition of 
hydroxyapatite (HA) crystals on the implant surface and osseo-
integration. Osseointegration stabilizes the ceramic through the 
bone and transfers the mechanical load from the surrounding 
bone to the implant (Laurencin et al. 1999).

The topology of ceramic surfaces, such as roughness (deter-
mined by pore and grain size), porosity, crystallinity, dissolv-
ability, phase composition, phase solubility, and surface energy, 
affects the rate of extracellular matrix protein adsorption, cell 
adhesion, proliferation, and new bone formation by osteoblasts 
(Sethuraman et al. 2007).

Ca-P degrades either by passive chemical dissolution or 
osteoclastic resorption. Surface topography and scaffold com-
positions modify cell-resorption degradation. The aqueous 
solubility (Ksp) of ceramics has an inverse relationship with 
the Ca-P ratio, crystal size, exterior area, purity, and stability. A 
higher solubility of Ca-P ceramic leads to increased osteoin-
ductivity due to increased ion concentration, which favorably 
influences pH and increases protein adsorption, cell adhesion, 
and osteogenesis. For example, high-soluble biphasic calcium 
phosphate (BCP) ceramic is more osteoinductive than HA with 
lower solubility (Yuan et al. 2006). Moreover, environmental 
conditions such as temperature, acid level, and fluid convec-
tion directly modify the BCP’s dissolution (Gustavsson et al. 
2012). Appendix Table S1 summarizes the Ca/P ratio and the 
solubility of various Ca-P ceramics.

Surface roughness plays a critical role in the fate of regener-
ated bone. The quality and quantity of ceramic cell adhesion 
depend on its surface roughness, positively influencing protein 
absorption (Dos Santos et al. 2008). Ceramic with greater  
surface roughness revealed higher ectopic bone formation. 
Moreover, increased roughness enhances osteoclast survival 
and tartrate-resistant acid phosphate (TRAP) activation, result-
ing in faster degradation (Zhang et al. 2015).

The bioactivity of Ca-P ceramic is influenced by porosity. 
Increased ceramic porosity elevates fluid body contact with the 
scaffold surface. Protein adsorption and dissolution rates are 
enhanced when pore sizes are between 20 µm and 500 µm, 
whereas ingrowth of the neovasculature and new bone miner-
alization occurs at 50 µm (Saiz et al. 2007). Ca-P exceeding 
100 µm pore size tends to be brittle, has reduced impact resis-
tance, and has weak tensile strength (Ambard and Mueninghoff 

2006). Ca-P ceramics representing various crystalline phases 
are discussed further.

Hydroxyapatite.  Hexagonal HA (Ca10[PO4]6[OH]2) is the 
primary inorganic compound of the Ca-P family and is a natu-
rally derived class of calcium apatite in human bones and teeth. 
Modified HA composes 50% of volume and 70% of human 
bone weight with a Ca/P ratio of 1.67, known as a bone min-
eral. HA is the most stable Ca-P under various physiological 
states of the body, such as pH, temperature, and body fluid 
combinations (Deng et al. 2012).

The surface characteristics of hexagonal HA, such as rough-
ness and pore size, influence cell behavior and osteogenesis. 
Surface topography provides a mineralizing nucleation site 
that directly affects cell response and collagen matrix forma-
tion and mineralization rate. Various sintering temperatures 
lead to different crystal sizes that influence pore size and sur-
face roughness. Osteoblasts on macro-pore surfaces (50 µm to 
700 µm) have stronger cell adhesion and proliferation, whereas 
micro-pore–sized HA (0.5 µm to 3 µm) upregulate early osteo-
blastic differentiation (Wang et al. 2013).

Particle size influences the cell pathways. The size of HA 
particles has been shown to elicit cellular internalization and 
subcellular distribution responses in human umbilical vein 
endothelial cells (HUVECs) in vitro. In a study by Qin et al., 
nano-HA (n-HA) particles were digested via clathrin- and 
caveolin-mediated endocytosis, whereas macropinocytosis 
remained the central pathway for micro-HA uptake. The n-HA 
resulted in downregulation of PI3K, suppressed the synthesis 
of nitric oxide, and reduced the angiogenic ability of HUVECs 
(Shi et al. 2017).

The surface wettability of HA plays a vital role in the cell 
response. The modified wettability of ceramic modulates pro-
tein adsorption, osteoblast differentiation, and proliferation. 
Moreover, HA polarization improves surface wettability and 
accelerates cell adhesion (Nakamura et al. 2016). Osteoblasts 
cultured on n-HA respond differently as compared with 
HUVECs. Li et al. (2018) showed that osteoblasts internalized 
and agglomerated HA nanocrystals into smaller particles that 
were further vacuolized by a multilayered membrane. 
Meanwhile, the internalization process altered the morphology 
of osteoblasts and showed a decrease in osteoblast gene expres-
sion (Li et al. 2018).

Topographical properties of n-HA induce various intracel-
lular signaling pathways with cell-surface connections and 
enable proper replacement of newly regenerated bone once 
ceramic is degraded. The n-HA revealed the antiapoptotic 
impact on preosteoblasts by decreasing the Bcl2-associated 
X/B-cell lymphoma-2 (Bax/Bcl2) ratio. Furthermore, increased 
focal adhesion kinase and steroid receptor coactivator signal-
ing transducers promote preosteoblasts. Bezerra and col-
leagues (2017) treated preosteoblasts with n-HA and showed 
elevated MAPK/ERK expression. The signal transduction 
pathway encouraged ALP activity and differentiation rate 
(Bezerra et al. 2017). Moreover, n-HA stimulated osteogenesis 
through the BMP/Smad signaling pathway. Bone marrow 
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mesenchymal stem cells on n-HA express a high level of Smad 
genes (Smad1, Smad4, and Smad5; Wang et al. 2019).

Tricalcium phosphate.  Tricalcium phosphate (TCP) 
(Ca3[PO4]2) is obtained either from the thermal conversion of 
Ca2+ deficient HA or as a result of heterogeneous solid-state 
reactions of acidic Ca-Ps with bases. Compared with HA, TCP 
is more porous, has a faster degradation rate, and has a lower 
compression yield strength (Bohner et al. 2020). TCP sintered 
by temperatures greater than 1,125 °C results in the formation 
of α-TCP with monoclinic space groups. Temperatures ranging 
from 900 °C to 1,100 °C result in β-TCP patterns with rhombo-
hedral space groups (Horch et al. 2006). As compared with α-
TCP, β-TCP is more biodegradable and promotes osteoblast and 
osteoclast adhesion, differentiation, and proliferation because 
of higher protein resorption. β-TCP’s high thermodynamic sol-
ubility and resorption rate provide excellent biodegradability 
and enable the proper replacement of newly regenerated bone 
once the ceramic is degraded (Eliaz and Metoki 2017). Struc-
tural topography can also be tailored to modify the osteoclast 
response on β-TCP. For instance, Davison et al. (2014) found 
that micro-structured β-TCP attenuated osteoclast survival and 
TRAP activation, whereas osteoclast cultured on sub-micro-
structured β-TCP resorbed the ceramic. Moreover, nanoporous 
β-TCP (0.1 nm to 0.5 nm) elevated osteoclast-mediated degra-
dation (Davison et al. 2014).

β-TCP has unique qualities to induce differentiation of bone 
marrow stromal cells toward the osteogenic lineage. Fielding 
et al. (2019) found that silicon (Si) and zinc (Zn) doped with 
porous β-TCP ceramic increased late-stage osteoblast marker 
gene expression. In addition, immune cell interaction with bio-
materials influenced osteogenic differentiation of osseous 
cells. β-TCP decreased macrophage-secreted proinflammatory 
cytokines, IL-6 and TNF-α, and increased osteogenic gene 
expression of Runt-related transcription factor–2 and bone sia-
loprotein (Sadowska et al. 2019). Conversely, researchers 
found that within 10 to 30 d, dental pulp stem cell adhesion was 
suppressed because of acidic pH resulting from α-TCP hydro-
lysis as well as initiation and growth of HA crystals (Safronova 
et al. 2020).

Biphasic calcium phosphate.  BCP is a 2-phase bioceramic 
consisting of low-soluble osteoconductive HA and high-soluble 
osteoinductive TCPs sintered at greater than 700 °C. Different 
ratios of β-TCP/HA can be mixed by sintering the precipitation 
of calcium-deficient apatite of varying Ca/P ratios. The β-TCP/
HA ratio can affect the chemical properties of BCP in vivo. 
For instance, the ceramic degradation rate relies on the β-TCP/
HA ratio; increasing β-TCP/HA elevates the solubility of BCP 
(Eliaz and Metoki 2017). Notably, ceramic solubility influ-
ences the osteoclast resorption pattern by the distribution and 
shape of resorbed lacunae. Compared with pure β-TCP, osteo-
clasts cultured on BCP 25/75 (25% HA/75% β-TCP) enter the 
resorption phase quicker and lacunae appear larger and more 
connected (Yamada et al. 1997).

Calcium and phosphate ions discharged from the degradation 
of ceramic can induce osteogenic differentiation. Calcium ion 

elevation affects osteoblasts via increased calcium binding pro-
tein expression, allowing differentiation of MSCs to osteoblasts. 
Furthermore, increased inorganic phosphate ions act as a signal-
ing molecule and excite the expression of genes such as osteo-
pontin (Khoshniat et al. 2011). Modifying the β-TCP/HA ratio 
can control the biological properties of BCP through the resorp-
tion rate and regulated release of calcium and phosphate ions.

BCP sintered at 1,160 °C contains incomplete sintered HA 
particles that quickly release after implantation. These mic-
roparticles induce local inflammation, negatively affecting 
cells and downregulating osteogenesis. Interestingly, osteo-
blasts and fibroblasts also internalize microparticles (Fellah  
et al. 2010). In addition to chemical characteristics, structural 
topography can modify the osteoclast response on β-TCP. 
Yokozeki et al. (1998) found that microstructured β-TCP atten-
uated osteoclast survival and TRAP activation. Osteoclasts 
cultured on sub-microstructured β-TCP resorbed the ceramic. 
Moreover, nanoporous β-TCP (0.1 nm to 0.5 nm) elevated 
osteoclast-mediated degradation (Yokozeki et al. 1998).

Bioactive Glasses

Bioglass is a bioactive ceramic composed of silicon, calcium, 
sodium, and phosphate with outstanding biocompatibility and 
osteoinductivity. Bioglass biodegradation releases ions that 
change to active carbonated HA and promote osteogenesis. 
The formation of chemical bonds between bioglass-produced 
HA layers and the surrounding native bone enables bone- 
material integration (Kaur et al. 2014). Briefly, the exchange 
between bioglass sodium ions and hydrogen ions leads to the 
formation of the SiO2 layer on the surface of the bioglass. The 
Ca2+ and PO4

3− ions then move toward the surface of SiO2 and 
initiate an amorphous Ca-P layer. Finally, the amorphous Ca-P 
crystallizes with extra Ca-P ions by incorporating carbonate 
ion, forming polycrystalline hydroxycarbonate apatite. The 
hydroxycarbonate apatite directly binds to collagen in native 
bone. The mechanical bond strength between bioglass and 
bone remains equal, sometimes more potent than the native 
bone (Filgueiras et al. 1993).

Metals

The superior mechanical properties of metals make them suit-
able candidates for load-bearing orthopedic treatments, but a 
mismatch of force yield between native bone and metal may 
eventually drive to shielded stress, resorbed bone, and loose 
implants. Porous metals resemble the mechanical and morpho-
logical properties of the trabecular bone and facilitate early 
implant fixation via tissue ingrowth. Highly porous tantalum, 
known as trabecular metal, is used in hip arthroplasty because 
of advanced clinical results. Although tantalum is not osteoin-
ductive, surface modification coating with tantalum oxide 
(Ta2O5) improves biocompatibility, anticorrosion, and osteoin-
ductivity (Wawrzynski et al. 2017).

Titanium is the most commonly used metal scaffold for bio-
medical purposes because of osteoinductivity, biocompatibility, 
lightness, outstanding resistance to corrosion, and adequate 
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strength. The surface area of titanium is covered 
with a thin layer of titanium oxide (TiO2), which 
promotes cell adhesion and osseointegration. The 
3-dimensional surface of the microporous structure, 
the interconnectivity of the macroporous block, and 
the concentration of phosphate and calcium ions 
play a significant role in titanium’s osteoinductivity and 
lamellar bone formation (Fujibayashi et al. 2004).

Graphene Family of Materials

Graphene is a carbon allotrope consisting of an indi-
vidual atomic thick 2-dimensional layer of tightly 
bonded carbon atoms in a honeycomb arrangement 
representing different molecular structural forms 
(Fig. 4). Graphene oxide (GO) is the most well-known form of 
graphene family of materials (GFMs) used for drug and gene 
delivery, biosensing, bioimaging, photodynamic therapy, and 
regenerative scaffolds. Enhanced biomineralization of GO 
relates to an oxygen functional group that adsorbs Ca2+, pro-
viding an apatite nucleation and growth site. The protein bind-
ing of GFMs facilitates excellent cellular adhesion and growth 
(Sydlik et al. 2015). Interestingly, a study by Wu et al. found 
high cellular attachment to GFMs in the absence of serum pro-
teins via van der Waals or hydrogen bonding interactions. One 
proposed protein adsorption mechanism is the chemical bond 
between noncovalent π-π of GFMs and proteins in osteogenic 
media, facilitating osteoblast differentiation (Lee et al. 2011). 
Recently, Arnold et al. (2019) functionalized GO with PO4

3− 
through an Arbuzov reaction producing osteoinductive phos-
phate graphene. The phosphate graphene in vivo induced 
ectopic bone formation when implanted subcutaneously in 
mice (Arnold et al. 2019). The osteoinduction’s mechanism of 
graphene might pass through the activation of the PI3K/Akt/
GSK-3β/β-catenin signaling pathway (Wu et al. 2018). In 
addition, GFM, as a biomaterial, is capable of precipitating 
apatite crystals on its surface and integrating with the sur-
rounding bone. Ca2+ ions adsorb to the oxygen functional 
groups of GO through electrostatic interaction and promote 
nucleation sites for HA crystallization (Raucci et al. 2017).

GFMs’ strong mechanical properties nominate them as 
superior scaffolds for strengthening the mechanical properties 
of brittle materials, such as bioglass (Wright et al. 2019). GO 
undergoes enzymatic and hydrolytic degradation through 
immune cell activity. Nevertheless, the long-term biodistribu-
tion and biosafety of GFMs remain a concern.

Conclusion and Future Perspectives
Despite regenerative therapeutic advancements, crucial tissue 
reconstruction challenges are still encountered when recon-
structing critical-size bone defects (Clegg et al. 2017). With the 
discovery of osteoinductive materials, comprehensive studies 
have revealed the innate potential of materials to induce stem 
cells’ osteogenic differentiation (Abdel-Fattah et al. 2007). 
However, more research is required to expand our knowledge 

of these scaffolds’ optimum biocompatible-inductive proper-
ties. Our current knowledge of cell behavior toward inductive 
materials has granted opportunities for improving engineered 
osteoinductive biomaterials to provide optimal conditions for 
bone regeneration. Uncertainties about the underlying cellular 
and molecular mechanisms of inductive materials still exist 
and magnify the importance of further research to explore the 
unknowns in this field.
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