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Abstract

Strategies for bone tissue regeneration have been continuously evolving for the last 25 years since 

the introduction of the “tissue engineering” concept. The convergence of the life, physical, and 

engineering sciences has brought in several advanced technologies available to tissue engineers 

and scientists. This resulted in the creation of a new multidisciplinary field termed as “regenerative 

engineering”. In this article, the role of biomaterials in bone regenerative engineering is 

systematically reviewed to elucidate the new design criteria for the next generation of biomaterials 

for bone regenerative engineering. We highlight the exemplary design of biomaterials harnessing 

various materials characteristics towards successful bone defect repair and regeneration. In 

particular, we concentrate our attention on the attempts of incorporating advanced materials 

science, stem cell technologies, and developmental biology into biomaterials design to engineer 

and develop the next generation bone grafts.
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The role of biomaterials for bone regenerative engineering has been redefined at the convergence 

of advanced materials science, stem cell science and developmental biology. The novel design of 

materials leveraging new tool box in these fields for bone regeneration are reviwed.

1. Introduction

Bone and its related diseases still remain a significant clinical challenge worldwide as they 

account for half of all chronic conditions in people over the age of 50[1,2]. Among these 

problems, large bone defects caused by trauma, fracture nonunion, bone tumor resection, 

spinal deformities, and infection present a severe threat to the health of this age group[3]. 

Unfortunately, no satisfactory solutions for bone grafts are available currently due to the 

unmet regenerative potential of bone defects and the limited effectiveness of treatment 

options. Autograft is regarded as the gold standard in clinic but it is largely limited by its 

availability and significant donor site morbidity[4,5]. Allografts as another alternative, also 

suffer from issues such as immune rejection, disease transmission and high failure rate[6]. In 

response to the urgent needs for novel bone defect treatment, bone regenerative engineering 

has offered a promising approach to effectively regenerate bone and circumvent the 

limitations associated with conventional treatments[7]. By combining a biocompatible 

scaffold, cells and morphogenetic signaling molecules together in a 3D complex system, 

functional bone grafts can be created in an engineering setup and utilized to treat various 

bone related diseases and injuries[8,9]. Illustrative applications of bone regenerative 

engineering towards addressing bone grafts shortages include filling of large voids caused by 

nonunion fractures, bridging of gaps in spinal fusion, and stabilizing of vertebral 

compression fractures[10–16].

While major advances have been made in tissue engineering by numerous scientists and 

engineers since the first use of the term “tissue engineering” in 1987[9], we have also 

witnessed the rise of a few other exciting fields including advanced biomaterials science, 

stem cell science, developmental biology, and their convergence with tissue engineering in 

the last decade. The integration of these fields with tissue engineering has brought the birth 
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of a new multidisciplinary paradigm termed as “regenerative engineering”, which is defined 

by Laurencin as “the integration of materials science and tissue engineering with stem and 

developmental cell biology and regenerative medicine toward the regeneration of complex 

tissues, organs, or organ systems”[17]. Advances in materials science, especially the 

development of nanotechnology has added extremely valuable and exquisite tools to 

manipulate cell behaviors towards tissue formation for tissue engineers[18,19]. A great 

example is the application of electrospinning techniques for nanofiber fabrication, which has 

been later used in a variety of regenerative engineering fields such as bone, skin, ligament 

and neural regeneration[20,21]. The breakthrough in stem cells research including the 

discovery of embryonic stem cells in 1990s and induced pluripotent stem cells (iPS cells) in 

2006 has opened enormous opportunities for tissue regeneration as they have almost 

completely addressed the issue of cell source for regenerative engineering and regenerative 

medicine[22–24]. Besides, the knowledge gained in developmental biology has brought us 

with deeper understanding of important phenomena such as limb development, which can be 

leveraged and incorporated into the development of new regenerative approaches[25,26]. 

Regenerative engineering strategies can significantly benefit from learning and establishing 

some of the morphogenetic events that are keys in developing or forming the tissue in the 

first place. Thus, we speculate that implementation of the concept of regenerative 

engineering in bone regeneration would catalyze the further success of bone regenerative 

engineering and finally translate these technologies from bench side to the patients’ bed side.

Considering the new role of biomaterials at the convergence of the life, physical, and 

engineering sciences, this review article focuses on the recent development on design and 

application of biomaterial that integrate the concept of regenerative engineering. We firstly 

provide a brief overview of biomaterial evolution in the last quarter of century. Then, we 

discuss the roles of biomaterials on different aspects of bone regeneration and how they 

could influence the design of biomaterials for bone regenerative engineering. Finally, we 

highlight the exemplary design of biomaterials harnessing various materials characteristics 

towards successful bone healing. In particular, we concentrate our attention on the attempts 

of incorporating advanced materials science, stem cell technologies, and developmental 

biology aspects into biomaterials design for the next generation of bone grafts.

2. Evolution of biomaterials for bone regenerative engineering

Historically, the need for basic research concerning implantable biomaterials was initiated 

when physicians first attempted to leave non-biologic materials imbedded in the body 

following surgery[27]. Numerous archeological findings show that attempts to replace 

missing teeth with materials like corals, ivory, metals, human and animal bones and even 

wood, date back to the early stages of humanity [
28]. Later on, biomaterials with desirable 

properties such as biocompatibility, biodegradability, and osteoconductivity have been 

designed and developed to better serve as bone grafts[29]. Clinically used bone grafts can 

also be classified on the basis of their origin into biological (autografts, allografts and 

xenografts) or synthetic materials. A piece of bone taken from the patient's own body and 

implanted into another location of the same patient is termed as autograft. They possess 

optimal osteogenic, osteoconductive and osteoinductive properties and cause no 

immunogenic reaction, therefore are considered as the gold standard for bone repair. 
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However, the key limitation with the use of autografts is donor site morbidity, in which the 

remaining tissue at the harvest site is damaged by removal of the graft[
4,30]. On the other 

hand, allografts are tissues harvested from one individual and implanted into another 

individual of the same species. They also have their own limitations, such as potential 

pathogenic transmissions and host immune response[31]. Xenografts are cells, tissues and 

organs harvested from one species to another, which have been severely restricted by 

immunogenic barriers between species[32]. The limitations associated with the biological 

bone replacement materials led to the use of synthetic alternatives for bone repair, 

replacement and augmentation, resulting in the inception of a multidisciplinary field of 

“Biomaterials” in the early 1960s[33]. Here, we briefly review the history of biomaterials 

development for bone regeneration as this field has kept on dynamically evolving due to its 

highly multidisciplinary background and urgent needs from the aging society (Fig. 1).

2.1 First generation biomaterials in bone regeneration[34]

In 1960s, the first generation of biomaterials was developed with an aim to “achieve a 

suitable combination of physical properties to match those of the replaced tissue with a 

minimal toxic response to the host”[35]. Generally termed as “bioinert” i.e. biologically inert, 

once placed in the human body, these materials exhibited minimal interaction with its 

surrounding tissue. Hence, they did not stimulate bone formation but resulted in formation 

of fibrous tissue[36]. Broadly, the first generation biomaterials can be categorized into the 

following types: metals (e.g., titanium or titanium alloys, stainless steel, cobalt-chromium 

alloys), synthetic polymers (e.g., poly methyl methacrylate, Teflon-type), and ceramics (e.g., 

alumina, zirconia, carbon)[37–39].

The first successful substitutive joint prosthesis developed by Charnley in late 1950s was 

made of stainless steel [
40]. Stainless steel is resistant to corrosion due to high chromium 

content. However, the rather poor wear resistance of stainless steel led to the introduction of 

cobalt-chromium alloys[41]. These materials exhibited excellent corrosion and wear 

resistance. However, their elastic modulus was an order of magnitude higher (220-230 GPa) 

than that of the human cortical bone (20-30 GPa) [
39]. In this case, the implant would take 

most of the load due to its high modulus resulting in stress shielding of the adjacent bone. 

The lack of mechanical stimuli induced bone resorption with eventual failure and loosening 

of the implant[
42]. This could be explained by Wolff's law which states that “every change in 

the form and function of the bone or of their function time is followed by certain definite 

changes in their internal architecture, and equally definite alteration in their external 

conformation, in accordance with mathematical laws”[43]. Hence, when using materials with 

significantly high elastic modulus than the native bone, the adjacent bone experienced lower 

load or stress (i.e., stress shielding) and responded by decreasing bone mass, which 

eventually led to loosening of and thus failure of the implant[
44].

Titanium and its alloys, originally used in aeronautics, generated great interest in 

orthopedics due to their excellent corrosion resistance, moderate elastic modulus (~110 GPa) 

and a low density (approx. 4700 kg/m3) [
45]. Branemark introduced the concept of 

osseointegration for implants in 1940s, which is the formation of direct bonding between a 

load-bearing implant and host bone tissue without soft tissue formation [
46]. He showed that 
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titanium implants could become permanently incorporated within bone such that the implant 

and the bone could not be separated without fracture[47,48]. Osseointegration gradually 

became one of the most important requirements for bone implants[46,49]. For instance, 

various surface treatment strategies such as plasma-spraying, acid-etching, and anodization 

have been used to improve the osseointegration of titanium based implants[50]. It was found 

that rough surface generated by acid-etching significantly accelerated the integration of 

titanium implants after implantation[51]. This greatly improved the long-term behavior of 

implantable devices, decreasing the risk of implant loosening and failure.

Charnley introduced self-polymerizing poly methyl methacrylate (PMMA) bone cement for 

anchorage of femoral head prosthesis to femur shaft [
40]. Due to its inert nature, though 

PMMA could provide an excellent primary fixation to the prosthesis, it could not promote a 

biological secondary fixation. Moreover, it was associated with other disadvantages such as 

highly exothermic polymerization reaction, tendency of residual monomer to enter the blood 

stream leading to fat embolism, shrinkage of the cement during polymerization, to name a 

few. Ultrahigh molecular weight polyethylene (UHMWPE) was another polymer used for 

arthroplasties due to its unique properties of high abrasion resistance, low friction, 

unparalleled toughness, ease of fabrication, and satisfactory biocompatibility[52]. The main 

problem associated with the use of these polymers is oxidative degradation caused by the 

combination of the irradiation used for sterilization and oxygen which leads to a decrease in 

wear resistance and mechanical properties[52]. The particles produced by the wear can 

further lead to an inflammatory reaction in the surrounding tissues [
53]. Silicone based 

implants were first introduced by Swanson in mid 1960s for replacement of arthritic or 

destroyed joints [
54]. They were proven to effectively reduce pain and slightly improve the 

range of motion in arthritic patients. Certain non-resorbable composite materials were also 

designed, e.g. carbon reinforced composites with polymers like polyethylene, polysulfone 

for improved stability and lower rigidity in comparison to metallic biomaterials[55].

2.2 Second generation biomaterials in bone regeneration

The second generation biomaterials included synthetic and naturally-derived biodegradable 

polymers (e.g. collagen, polyesters), calcium phosphates (synthetic or derived from natural 

materials such as corals, algae, bovine bone), calcium carbonate (natural or synthetic), 

calcium sulfates, and bioactive glasses (silica or non-silica based)[56–58]. Many biomaterials 

derived from nature possess excellent biocompatibility and biodegradability as they are 

essential components of tissues. Naturally derived polymers like collagen and hyaluronic 

acid can provide an innate biological informational guidance to cells leading to improved 

cell attachment as well as better chemotactic responses, when compared to certain synthetic 

polymers [
59,60]. However, they suffer from some drawbacks such as immunogenic response, 

batch-to-batch variation due to complex purification processes, restrictions with respect to 

the design of devices with specific biomechanical properties and variable rate of in vivo 

degradation (especially in case of enzymatically degradable polymers) [
61,62]. Synthetic 

polymers on the other hand, provide the flexibility to tailor mechanical properties and 

degradation kinetics to suit various applications, and can be fabricated into various shapes 

with desired characteristics [
63]. Some of the most extensively studied synthetic 
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biodegradable polymers include polylactide (PLA), polyglycolide (PGA), polycaprolactone 

(PCL), polyhydroxybutyrate (PHB), polyorthoesters, and their copolymers[64,65].

The first artificial bioactive material “Bioglass” was invented by Larry Hench in 1969. It was 

composed of 46.1 mol % SiO2, 24.4 mol % Na2O, 26.9 mol % CaO and 2.6 mol % P2O5, 

later termed 45S5 and Bioglass®. Bioglass® was the first artificial osseointegrative material 

designed to form direct chemical bonding with bone [
66]. The concept started to spread out 

in the mid 1980s when the use of “bioactive materials” in a number of dental and orthopedic 

applications was implemented aiming to produce bioactive components that could elicit 

favorable biological response in the physiological environment [
67]. Also, the demand of 

materials with specific physical, chemical, biological, biomechanical, and degradation 

properties led to the use of “biodegradable” materials. The concept of bioresorbable/

bioabsorbable/biodegradable materials was introduced by Kulkarni et al. [
68] in the 1960s. 

Bioresorbable materials exhibited clinical relevance via controlled chemical breakdown, 

therefore were extensively used as biomaterials later on. The term “bioactive material” refers 

to a material, which upon being placed within the human body interacts with the 

surrounding tissue that forms a bond between the tissues and material by eliciting a specific 

biological response at the material interface[67]. For instance, bioactive materials for bone 

healing could lead to formation of a biologically active carbonated apatite (CHAp) layer on 

the implant which is chemically and crystallographically comparable to the natural bone 

apatite [
69].

The first application of calcium phosphates for bone repair was reported in 1920 by Albee 

and Morrison [
70]. Calcium phosphate ceramics such as hydroxyapatite (HA), tricalcium 

phosphate (TCP) and octacalcium phosphate (OCP) differ in their chemical formula as well 

as the Ca/P ratio. TCP has a Ca/P ratio of 1.5 and is marked by a high dissolution rate that 

accelerates material resorption. Pure HA has a Ca/P ratio of 1.67 and is highly stable [
71]. 

The biological apatites, such as bone mineral, dentine, tooth enamel possess numerous 

substitutions with hydrogenophosphate (HPO4)2-, and carbonate (CO3
2-) etc., which 

provides them special biological, functional and chemical features. They may further contain 

various trace elements such as fluoride, silicon etc.[
72]. The compositional resemblance of 

calcium phosphate bioceramics to the bone mineral provide them superior properties for the 

stimulation of bone formation and bone bonding [
72].

2.3 Third generation biomaterials in bone regeneration

Third generation biomaterials are designed to incorporate instructive cues into the materials 

to induce favorable cellular response such as improved cell survival, directed cell 

differentiation, and specific lineage commitment [
73,74]. Some of these approaches involve 

the use of soluble factors (growth factors, cytokines, hormones and chemicals), insoluble 

factors (extracellular matrix molecules, immobilized adhesion ligands, biomaterial 

mechanical and structural properties) or use of external stimuli (mechanical loading, 

compressive stress, shear stress, cyclic stretch, use of conducting polymers)[75]. The 

development of materials to activate specific genes and molecular tailoring of biomaterials 

to elicit desired cellular responses are some of the strategies utilized for development of 

third generation materials[76]. Materials with appropriate physical characteristics such as 
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high porosity and interconnectivity have been designed and engineered to facilitate material/

cell interactions, nutrient/oxygen infiltration and vascularization[77–79]. For example, 

Nukavarapu et al., developed optimally porous and mechanically compatible scaffolds for 

bone regenerative engineering [
80]. In a later study, it was demonstrated that theses matrices 

control oxygen-tension inside the pore structure so that the matrix can support osteogenic 

and vasculogenic cell survival even deep inside the matrix pore structure, resulting in large-

area bone regeneration [
81,82]. The instructive role of biomaterials can also be introduced by 

supplementation of osteogenic components such as bone marrow aspirate (BMA) or by 

addition of osteinductive components such as bone morphogenetic proteins, rhBMP-2, 

rhBMP-7 (e.g. INFUSE® bone graft, OP-1 implant and putty), to actively recruit progenitor 

cells from surrounding tissue, guide stem cell homing and enhance cellular differentiation at 

the defect sites[83,84].

The application of nanotechnology to the field of regenerative engineering has offered the 

means to control the biochemical and mechanical microenvironment for successful cell 

delivery and tissue regeneration [
85][86–88]. Nanomaterials are materials that are composed of 

feature size between 1-100 nm, which is comparable to the feature size of living tissue. 

Webster et al have highlighted the potential superiority of nanomaterials for bone 

regeneration as they mimic the nanostructured hierarchal self-assembly of native bone[89,90]. 

The major applications of nanotechnology in bone regeneration include, a) incorporation of 

nanomaterials to obtain composites with superior mechanical, biological or electrical 

properties; b) surface modification at nano-level for improving cell adhesion and functions; 

c) generation of degradable alternatives (e.g. nanoceramics); d) Change in and use of 

nanotopographical features to improve osteoblast functions; and e) Use of nano drug 

delivery to promote healing and functional recovery [
91–97]. An example where the excellent 

properties of nanomaterials were harnessed for bone tissue engineering is the use of 

nanocrystalline calcium phosphates which demonstrate faster degradation and enhanced 

bone cell functions compared to micron grain size calcium phosphate [
98]. In another set of 

studies, Stupp et al. has successfully used self-assembled amphilphile nanofiber for bone 

regeneration application[99,100]. They found that the efficacy of BMP-2 was amplified by up 

to one order of magnitude after combining BMP-2 on supramolecular nanofiber via a 

heparin binding domain, indicating the great potential of nanotechnology in bone 

regenerative engineering [
101]. As one of the three essential components of regenerative 

engineering, nanotechnology shall revolutionarily shift the paradigm of biomaterials for 

bone regeneration and holds the promise for the future generation of bone substitute grafts.

3. The role of biomaterials in regenerative engineering of bone

3.1 Osteoconduction

Osteoconductivity, the ability of biomaterials to support new bone formation on their 

surfaces, serves as one of the most important prerequisites of biomaterials used for bone 

regeneration[102,103]. Osteoconductive materials allow the migration, proliferation, 

differentiation, and extracellular matrix (ECM) deposition of osteoprogenitor cells within 

the bone defects, which are the key steps toward new bone formation[77,104]. Specifically, 

the formation of a thin carbonated hydroxyapatite (cHAp) layer on these materials adsorbs 
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proteins, which facilitate bone forming cell attachment and subsequent activities related to 

bone matrix deposition[28]. The apposition of bone mineral initiated by the osteoconductivity 

of the materials leads to integration of newly formed bone tissue into surrounding bone 

tissue or conjunction of an implant with host bone, thus it is of critical importance in term of 

achieving functional bone regeneration[30].

The osteoconductivity of biomaterials during bone healing highly depends on their 

physicochemical characteristics. Important features of biomaterials’ osteoconductivity 

include appropriate chemical composition, surface property, architectural geometry, etc.[
28]. 

Calcium phosphate (CaP) based ceramics such as hydroxyapatite (HA), tricalcium 

phosphate (TCP) possess excellent osteoconductivity due to their similarity to natural bone 

mineral[
105,106]. Bioglass also represents another type of osteoconductive material that is 

capable of forming direct bonding with bone[107]. Besides, type I collagen is also generally 

considered as osteoconductive material as its composition and structure is conducive for 

mineral deposition through binding of noncollagenous matrix proteins, which initiate and 

control mineralization[99].

Osteoconductivity can also be introduced into non-biological materials such as metal, 

ceramics and synthetic polymers via various strategies such as coating and composite. For 

example, although titanium is generally considered as not osteoconductive, bone conduction 

was observed after the formation of a tatania layer on its surface via appropriate surface 

treatment[
108]. Direct bone bonding was also realized by applying a hydroxyapatite coating 

on these metal implant surface[57,109,110]. For synthetic polymers such as poly (lactic acid)

(PLA), poly(lactide-co-glycolide) (PLGA), and poly (ε-caprolactone) (PCL), introduction of 

osteoconductivity into these materials were realized by either forming into composite with 

CaP ceramics or formation of CaP coating on their surfaces[79,111–114].

3.2 Osteoinduction

The property of biomaterials to directly induce bone formation at an ectopic site is termed as 

osteoinductivity. This pivotal property of biomaterials has been identified since the 

publication of seminal work by Urist in 1965, in which they showed that consistent bone 

formation was observed in rabbit muscles after implantation of decalcified bone[115]. 

Although the exact mechanism of osteoinduction still remains largely unknown, researchers 

have made tremendous progress toward unveiling the role of osteoinductive materials during 

bone regeneration in the past few decades[116]. Biomaterials with osteoinductivity have 

demonstrated influence on ectopic bone formation at multiple levels: i) at tissue level, they 

tend to actively facilitate nutrition, oxygen, and waste exchange between the material and 

tissue; they also encourage vascularization within the materials, which is essential for new 

tissue growth[117,118]; ii) at cellular level, the formation of biological carbonated apatite 

layer can trigger the differentiation of stem cells/osteoprogenitor cells toward osteogenic 

linage[119–121]. The released calcium and phosphate ion can also serve as strong cell 

chemotaxis for migration and directed growth of multiple cell types at the implantation 

sites[122,123]; iii) at molecular level, osteoinductive materials may be able to concentrate 

osteogenic protein such as BMP-2 and BMP-7 due to their high affinity to these bodily 

present osteoinductive proteins. The enrichment of local growth factors may promote a 
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series of cellular activities on biomaterials surface[124,125]. On the other hand, the released 

calcium and phosphate ions may help reach supersaturation level in the void of implants and 

accelerate mineralization in the context of bone formation[126,127].

To date, calcium phosphate based bioceramics are the most widely used osteoinductive 

materials. Osteoinduction has been demonstrated on a diverse of CaP materials including 

hydroxyapatite (HA)[128,129], tricalcium phosphate (TCP)[130], biphasic calcium 

phosphate[131], and coralline hydroxyapatite[132]. The chemical composition of these CaP 

materials--presence of calcium and phosphate--is the principle element of their 

osteoinductive property. However, other materials including poly (hydroxyethyl 

methacrylate) (Poly-HEMA)[133], alumina ceramic[134], Bioglass[107], and titanium[69] 

which do not contain CaP are also found to be osteoinductive under certain circumstances. 

For example, bone formation was observed in the soft tissue of young pigs using Poly-

HEMA sponge[133]. Later, it was discovered that a calcification process analogous to CaP 

ceramics also took place on these materials prior to bone formation, which again corroborate 

the importance of chemical composition to osteoinductivity of materials[135].

Another essential characteristic of osteoinductive materials is porous macrostructure as bone 

induction was never observed on a flat surface[110]. Instead, bone formation was always 

detected inside the pores within the implants, where calcium and phosphate ions were 

trapped and precipitated after reaching supersaturation[136]. Recent reports have also shown 

that microstructure is closely associated with osteoinductivity of biomaterials. Significantly 

different levels of bone induction were observed on implants with varying roughness and 

porosity[137,138]. For example, only titanium implants with micropore structure after 

appropriate surface treatment induced bone formation, while no bone induction was found 

on untreated titanium[139].

3.3 Vascularization

Vascularization is a key process during bone regeneration as blood vessel formation is 

required for any tissue with size beyond 200 μm which is the diffusion limit of oxygen in 

vivo[140]. Functional bone tissue formation must be closely associated with development of a 

vascular system, which properly integrates with the host blood supply[141]. The newly 

formed vessels ensure the supply of nutrients such as glucose, oxygen to the surrounding 

cells, as well as the removal of metabolic byproducts, such as carbon dioxide, lactate, and 

urea[142,143]. Besides, vascular network also plays an important key role in recruiting 

progenitor cells to the defect sites to participate in the tissue regeneration process[144]. 

Although blood vessels tend to invade into the bone defects after injuries or trauma in 

response to the local hypoxia microenvironment, this spontaneous process is usually too 

slow and cannot match the rapid tissue healing rate, which would cause nutrient deficiencies 

and severe hypoxia and finally lead to failure of bone healing[145].

In light of the critical needs for accelerated establishment of a functional vascular network 

during bone regeneration, biomaterials capable of promoting a variety of aspects of vessel 

network formation have been developed and widely implemented in bone regenerative 

engineering. As the most heavily used biomaterials formulations, scaffolds and hydrogels 

can easily serve as temporal matrix to mediate progenitor cells and pericytes migration and 
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provide mechanical support for capillary sprout[
146–150]. The impact of scaffolds on tissue 

engineered constructs can also be realized by tuning the architecture of scaffolds during 

fabrication. Choi et al. found that inverse opal scaffolds with smaller pore size favored 

vascular network formation in vivo[151]. More recently, new technologies such as 3D 

printing have been introduced to fabricate more perfusable engineered tissue constructs. The 

seminal work by Chen et al. employed 3D printing technology to generate cylindrical 

networks that could be populated with endothelial cells. They demonstrated that these 

artificial vascular systems were able to sustain the metabolic function of primary 

hepatocytes[152]. The chemical composition of biomaterials also greatly affects 

vascularization as it directly interacts with endothelial cells during vessel formation[153,154]. 

While most materials used for bone regenerative engineering such as collagen, PCL, PLGA, 

and silk were found to be compatible with endothelial cells, some materials were identified 

to be proangiogenic during tissue healing[155]. For example, hydrogel made of dextran has 

shown to be able to remarkably promote neovascularization and accelerate skin 

regeneration[147]. A silicate bioceramic, Akermanite successfully induced angiogenesis 

during bone regeneration by providing a suitable Si ion concentration to stimulate human 

aortic endothelial cell proliferation and gene expression[156]. Biomaterials such as fibrin, 

heparan sulfate, and hydroxyapatite can also regulate vascularization via their high affinity 

to angiogenic cytokines such as vascular endothelial growth factor (VEGF), endothelial 

growth factor (EGF), and basic fibroblast growth factor (bFGF)[84,153,157,158]. These 

biomaterials can efficiently sequester endogenous growth factors at the defect site and 

improve bone formation through enhanced vascular network development[
159]. Hubbell et al. 

has worked on the utilization of fibronectin-based hydrogel to sequester growth factors and 

largely amplified their efficacy. By incorporating a recombinant fragment of fibronectin into 

the hydrogel, greatly enhanced regenerative effects of growth factors via potent synergistic 

signaling was observed[160]. Another important type of materials possessing this property is 

heparin based glycosaminoglycans, which are abundant in extracellular matrix components 

secreted by a number of cell types in human body[158]. Growth factor activity can be 

localized within these natural ECMs. Inspired by the interaction between growth factors and 

ECMs, synthetic biomaterials that can non-covalently interact with growth factors have been 

developed by modifying materials with heparin proteoglycans binding peptides. For 

instance, Hudalla et al. functionalized a 2D self-assembled monolayers (SAMs) with a 

heparin-binding peptide HEPpep(KRTGQYKL). They found that HEPpep grafted SAMs 

promoted the spread of human umbilical vein endothelial cells (HUVEC) with medium 

supplemented with FGF-2, which indicated that HEPpep functionalized surface could 

sequester serum-borne heparin amplify growth factor activity[161]. Similar growth factor 

sequestering approach leveraging growth factor receptors has also been explored for 

controlled angiogenesis factor capturing and release[162,163].

3.4 Cell-biomaterial interactions

At cellular level, the impact of biomaterials on bone regeneration is mainly through the 

interaction between surrounding cells and biomaterials. Among these interactions, cell 

adhesion plays a central role in determining the cellular behaviors on the biomaterials 

surface[36]. Integrins, the heterodimeric receptor in the cell membrane, serve as linkers 

between cells and substrates through their binding to adhesive proteins adsorbed on 
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biomaterials surface[164]. Integrin mediated cell adhesion is closely related to a series of 

intracellular signaling pathways, thus it is a critical determinant of subsequent cell activities 

including cell morphology, mobility, proliferation and differentiation[165]. Upon binding of 

integrin receptors on adhesive protein, integrin clusters interact with the actin cytoskeleton 

to form focal adhesions[166], therefore the cell morphology is dictated to integrin mediated 

cell adhesion. Cell morphology on substrates plays an important role in determining the fate 

of these cells as evidenced by many studies using a variety of cell types including 

chondrocytes, osteoblasts, mesenchymal stem cells, and progenitor cells[167]. Furthermore, 

formation of focal adhesions can also combine with growth factor receptors on cell 

membrane to activate multiple intracellular pathways such as mitogen-activated protein 

kinase/extracellular signal-regulated kinase (MARK/ERK) pathway and c-Jun NH(2)-

terminal kinase (JNK) pathway, which regulate transcription factor activity and determine 

cell cycle progression[168,169].

In general, the majority of these interactions take place at the biomaterials surface, thus the 

surface characteristics such as chemical composition, hydrophilicity, and topography of the 

biomaterials are the key factors to control the cellular behaviors on corresponding 

materials[36]. More importantly, since the materials are immediately coated with a layer of 

proteins from the environment once implanted, thus controlling the adsorption of protein at 

the interface of cell/biomaterials provides a feasible way to achieve desirable cell 

responses[170]. A series of surface modification strategies have been developed based on this 

mechanism and largely expanded to integrin-adhesive molecules interactions. Many ECM 

macromolecules such as collagens, laminins, fibronectin, and vitronectin have been 

immobilized on various biomaterials surface to modulate the cellular performance on these 

surfaces[171]. For example, collagen and its derivatives have been extensively used in many 

bone substitutes such as HEALOS® and INFUSE bone graft to facilitate material-cell 

interactions upon implantation[13,31]. The immobilization of full protein molecules on 

biomaterials surface was then simplified into short peptide sequences encoding small 

functional domains on the ECM proteins. One of the most well studied cell adhesive 

peptides, arginine–glycine–aspartic acid (RGD) originally derived from fibronectin, has 

been widely used as adhesive motif to enhance cellular attachment[
172]. By combining with 

bioinert substance such as poly (ethylene glycol) (PEG), RGD has been extensively 

incorporated in fully synthetic biological systems to offer precise control over material 

properties for selective cell behavior studies[173,174].

Besides adsorbed protein-mediated biomaterials-cell interactions, there are also other 

materials surface characteristics remarkably affect their bone forming capability by 

regulating cellular behaviors during bone regeneration. The influence of chemical 

composition on bone formation has been readily demonstrated by the application of calcium 

phosphate coating on various orthopedic devices and bone regenerative engineering 

scaffolds[175,176]. Surface energy can also contribute to new bone formation by affecting 

osteoblast response on materials surface. Olivares-Navarrete et al. found that increase in 

surface energy has led to improved osteoblast differentiation on titanium surface[177]. 

Topography of biomaterials is also found to be able to affect bone formation. This was first 

confirmed by showing osteoblast alignment on grooved titanium surface without changing 

their composition[178]. More recent studies have focused on micro and nano-fabrication 
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methods to create multi-scale physical features to induce bone formation. Webster et al., 

have shown that nanoscale features (below 100 nm) could be identified by osteoblasts and 

exert different cell activities[98,179].

Another factor influencing cell-biomaterials interactions is the mechanical properties of the 

biomaterials. Cells sense and respond to stiffness of ECM through mechanotransduction via 

various mechanisms such as mechanosensitive ion channels, forced unfolding of proteins, 

and remodeling of focal adhesion sites[180]. In particular, the change in matrix stiffness plays 

an important role during stem cell fate determination and act as a critical regulator in driving 

cellular behavior. For instance, MSCs differentiated into neural cells on matrix with stiffness 

of brain whereas they appeared osteogenic when they are exposed to matrix with stiffness of 

bone[181].

3.5 Integration with host tissue

The integration of newly formed bone tissue with surrounding natural environment is one of 

the prerequisites for functional bone regeneration. During this process, biomaterials can not 

only serve as a scaffold for cell infiltration and tissue deposition, but also provide inductive 

signals to facilitate tissue connection with the corresponding host networks including 

vasculature and nerve system[182]. As the first step of tissue integration, scaffolds made of 

various biomaterials support adhesion of cells on their surface. The porous structure of 

scaffolds supports sufficient nutrient and oxygen diffusion, which allows the cells to migrate 

and populate within the scaffolds[183]. In the next stage, the infiltrated endothelial cells and 

pericytes start to reorganize and form into capillaries, which is crucial to maintain the 

viability of newly formed tissues. Biomaterials with appropriate chemical composition and 

microstructure are capable of supporting vascular formation and stabilization[184]. 

Meanwhile, large amount of tissue matrix including collagen and mineral may start to 

deposit by osteoblasts along the structure of the scaffolds. Finally, these newly formed ECM 

is bridged to the natural ECM via a remodeling process mainly mediated by osteoclasts[185]. 

Scaffold degradation matching the remodeling process is another key for the integration of 

newly formed bone with host bone tissue[186]. Overall, biomaterials play an indispensable 

role for bone tissue integration through their impact on multiple stages of bone formation.

A variety of strategies have been developed to enhance the integration of biomaterials into 

host bone tissue during bone regenerative engineering. Design of scaffold porosity and pore 

architecture facilitating more efficient nutrient and oxygen transport have shown to be a 

feasible approach to improve tissue integration[150]. Another way to promote tissue 

integration is to design the chemical composition of biomaterials via modification of 

intrinsic chemical structure or change of surface properties of materials through techniques 

such as grafting, coating and patterning[187,188]. Introduction of cell adhesive molecules has 

been widely explored and have shown promising outcomes towards improved tissue 

integration[189]. Besides, the incorporation of biological components into scaffolds enabling 

cell-mediated remodeling also represents an intriguing approach to achieve satisfactory bone 

integration. This approach has been demonstrated by Hubbell's group via the incorporation 

of a series of cell cleavable peptide sequences into hydrogels[190,191]. The results have 
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shown that the degradation of hydrogel in response to invading cells resulted in better bone 

formation while also accomplishing its integration with surrounding native bone[186].

4. Design of biomaterials for bone regenerative engineering

4.1 Bioceramic composites

Due to the multifold requirements of the scaffold design for bone regenerative engineering, 

composite materials have been widely used to combine the advantages of two or more 

materials together to meet these needs[192–194]. One important type of composite materials 

in bone regenerative engineering is inorganic-organic composites, which combine the 

ductility of a polymer phase with the stiffness and strength of an inorganic components to 

generate advanced biomaterials with improved mechanical properties and desirable 

degradation profiles[195]. Besides, the addition of polymers into the composites also allows 

for better manipulation and control over the composite structure and uniformity[196]. 

Bioceramics such as hydroxyapatite, bioactive glass (e.g. Bioglass®), alumina, TiO2 and 

calcium phosphates have been extensively used for bone regenerative engineering since they 

can significantly improve the mechanical properties of these composites, as well as enhance 

the bioactivity of the biomaterials[197][196]. For example, addition of hydroxyapatite into 

biodegradable polymers such as poly (L- lactic acid) (PLA), poly(D,L-lactic-co-glycolic 

acid) (PLGA), and poly (ε- caprolactone) (PCL) led to the formation of composite materials 

possessing both excellent mechanical properties and bioactivity[198–201]. More importantly, 

multiple studies have shown that incorporation of nano-hydroxyapatite into porous 3D 

PLGA scaffolds substantially enhanced preosteoblast growth, differentiation and 

mineralization [
79][202–204].

Calcium phosphate based bioceramics are the most popularly used additives used for bone 

regenerative engineering scaffold fabrication due their resemblance to bone mineral. They 

are capable of stimulating formation, precipitation, and deposition of CaP and forming a 

direct bond between implants and native bone[205–207]. Multiple studies by Laurencin et al. 

have clearly demonstrated the tremendous potential of calcium phosphate/polymer 

composites in the treatment of critical size bone defects. They firstly fabricated 3D 

composites of PLGA (50:50) and HA using a solvent leaching/particle leaching method[208]. 

The composite biomaterials were able to maintain porous structure with an average pore 

diameter of 100 μm during a 6-week degradation study. Long term osteoblast culture in vitro 

showed that the PLGA-HA scaffolds supported cell proliferation, differentiation, and 

mineral formation. Taking advantage of the degradability of PLGA and the strong 

mechanical properties of HA together, the composite scaffold showed great promise as a 

synthetic matrix for bone regeneration[209–211]. They then successfully incorporated HA into 

PLGA microspheres and formed the composite microsphere scaffolds via a sintering 

approach to generate load-bearing scaffolds with excellent mechanical properties, 

interconnected porosity, and favorable bioactivity[79,212,213]. HA was also combined with 

poly-phosphazenes, another family of biodegradable polymer with tunable physical and 

biological properties, to make electrospun fiber scaffolds or microspheres. The advantage of 

nanofiber scaffolds is due to their flexibility, excellent biocompatibility, and specific surface 

area for cells to grow on. For example, Bhattacharyya et al. electrospun poly[bis(ethyl 
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alanato)phosphazene] (PNEA) as well as n-HA-PNEA composite nanofiber matrices as 

scaffolds for bone tissue regeneration applications. The uniform presence of n-HA crystal 

particles within the nanofibers was confirmed by calcium mapping[214][215]. Such poly-

phosphazene nanofiber structures closely mimic ECM architecture, and exhibited excellent 

osteoconductivity and osteointegrativity[209,215–217]. In another study done by Nukavarapu 

et al., polyphosphazenes substituted with ethyl phenylalanine side-group was chosen as a 

candidate material for forming three-dimensional (3-D) porous composite microspheres with 

100 nm sized hydroxyapatite (nHAp). The scaffolds showed compressive moduli between 

46 to 81 MPa with mean pore diameters in the range of 86–145 μm. The three-dimensional 

polyphosphazene-nHAp composite microsphere scaffolds showed good osteoblast cell 

adhesion, proliferation and alkaline phosphatase expression (Fig. 2). [
211] In the above-cited 

examples, polyphosphazene-based biomaterials were employed because of the reason that 

these polymers provide neutral by-products upon degradation, unlike acidic degradation 

products in the case of polyester based polymers. Later on, polyphosphazenes were blended 

with PGA, PLA and PLGA polymers and produced a series of novel biomaterials with the 

mitigated acidic by-products problem and tunable physical and biological properties for 

bone regenerative engineering[217–221]

Bioactive glasses, another important class of bioceramics, have also been employed to form 

polymer-ceramic composites owing to the superior biocompatibility and bioactivity 

demonstrated since the invention of bioactive glass in 1970s by Hench[222][223]. 

Incorporation of Bioglass® particles into polymeric matrix can introduce both 

osteoconductivity and osteoinductivity to the formed composites, which has made this 

combination an attractive approach to improve the performance of bone grafts[224]. It was 

reported that ionic components such as Si+, Na+, and Ca2+ released into body fluid can react 

and deposit a thin layer of physiologic CaP layer, which can facilitate protein adsorption and 

osteoblast attachment[
225,226]. These favorable properties of Bioglass composites can lead to 

deposition of new bone and bonding between native bone and implants[227]. In an illustrative 

example, Blaker et al. showed that the Bioglass® filled PLA foams accelerated the 

formation of carbonated hydroxyapatite on foam surface and stimulated osteoblast migration 

into the composite foam (Fig. 3)[228]. More importantly, incorporation of Bioglass into 

polymeric matrix has led to the successful launch of commercially available bone substitute 

grafts Vitoss® in 2008, which is one of the best-selling synthetic bone substitutes[227]. 

Applications of Vitoss® for bone disorder treatment include bone void fillers, treatment for 

surgically caused osseous defects, and spine fusion[229]. In particular, when combined with 

fresh bone marrow aspirates, Vitoss® can precisely mimic iliac crest bone graft which is 

considered as the gold standard for bone grafts[230,231]. These recent developments of 

Bioglass composites have shown tremendous potential of synthetic biomaterials for bone 

regenerative engineering.

Recent efforts are also towards developing composite biomaterials with human cortical bone 

compatible mechanical properties. The development of such advanced biomaterials is 

critical because bone regenerative engineering of critical-sized defects is not feasible without 

the availability of biodegradable and yet mechanically compatible scaffolds, screws, rods 

and plates. In other words, an all-biodegradable strategy for regenerative engineering of 

bone is only viable with the development of advanced and mechanically superior 
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biomaterials and scaffolds [28]. To realize this, biodegradable polymer, PLGA was 

combined with functionalized carbon nanotubes to form a mechanically superior composite 

biomaterials and scaffolds. The composite scaffolds further demonstrated enhanced 

biomineralization ability, biocompatibility in vitro and in vivo [
232]. The authors chose 

functionalized carbon nanotubes over the un-modified CNTs due to the fact that CNTs with 

hydrophilic functional groups, such as OH, COOH, NH2, and SH are water dispersible, 

therefore have potential to be cleared from the body upon the implant degradation[233,234].

4.2 Introducing electrical stimulus

There is a growing interest in using electrical stimulus as one of the ways to stimulate tissue 

repair and regeneration. In regenerative engineering, this is mainly realized by invoking 

conducting polymers as biomaterials or part of a biomaterial to provide the needed electrical 

stimulus. Conducting polymers (CPs) were first produced in the mid-1970s, and their 

biomedical application expanded greatly in the 1980s after they were found to be compatible 

with many biological tissues. So far, conducting polymers have been widely used for 

numerous applications such as neural probes,[
235] neural prostheses [

236][237] and controlled 

release applications.[
238][239][240][241][242]. Major conductive polymer such as polypyrrole 

(PPy)[243][244] polyaniline (PANi) [
245][243] polythiophene [

246] and their 

derivatives[247][248][249][250] possess physicochemical properties that are desired for 

regenerative engineering applications including conductivity, reversible oxidation, redox 

stability, biocompatibility, hydrophobicity [
251][252]. The primary approach to incorporate 

conducting polymer into biomaterials is through mixing[252][253]. This process is influenced 

by factors such as polaron length, chain length, charge transfer to adjacent molecules and 

conjugation length[254]. In one study by Hsiao et al., the conducting polymer polyaniline 

(PANI) was incorporated into PLGA electrospun fibers to form aligned composite 

nanofibers. The resultant composite nanofibers were transformed into a conductive form 

carrying positive charges and capable of attracting negatively charged adhesive proteins such 

as fibronectin and laminin, and promoting cell adhesion. [
255] Although the vast majority of 

regenerative engineering applications using conducting polymers focused on neural tissue, 

cardiovascular tissue and muscle tissue, their potential in bone regenerative engineering has 

been demonstrated with various conducting polymers recently. Bone healing can be greatly 

accelerated under electrical stimuli, thus creation of conducting scaffolds, which can locally 

provide electrical signals is highly desirable[256]. Attempts of incorporating conducting 

polymers into bone repairing biomaterials have been vigorously explored and encouraging 

results have been obtained.

Polypyrrole (PPy) is by far the most studied conductive polymer and has numerous 

applications in drug delivery, nerve regeneration, biosensing, as well as coatings for neural 

probe, nerve guidance channel[
241,257–262]. For flexibility, PPy has been deposited onto 

polyester and polyethylene terephthalate (PET) fabrics[263][264]. For bone regenerative 

engineering applications, in a study done by Sajesh et al., Chitosan/ Polypyrrole–alginate 

scaffold was developed. PPy scaffold seeded with MG-63 cells supported cell attachment 

and proliferation. In vitro mineralization of the scaffold suggested the bioactivity of the 

scaffold by forming the apatite layer. It is suggested that the scaffold can be employed for 

bone regenerative engineering by combing with the bone forming cells. Also, by combining 
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electrical stimulation with a bioreactor system, the role of conducting substrate in bone 

regeneration can be studied[265]. In another study, heparin was covalently immobilized onto 

electrically conductive polypyrrole (PPy) film through poly(ethylene glycol) methacrylate 

(PEGMA) graft copolymerization and subsequent cyanuric chloride activation. The 

PEGMA-graft-copolymerized PPY surfaces with immobilized heparin have good bioactivity 

indicated by low level of protein adsorption, high ratio of albumin to fibrinogen adsorption, 

and low thrombus formation and PPy film retained significant electrical conductivity after 

surface modification. [
266]

In recent years, Poly (3,4-ethylenedioxythiophene) (PEDOT) captured a considerable 

amount of attention owing to its good electrical, chemical and environmental stability[267] 

and better conductivity and thermal stability than PPy[267]. For instance, Shahini et al., 

successfully incorporated PEDOT into 3D gelatin/bioactive glass scaffolds to form 

conducting tissue scaffolds. Their results showed that increasing PEDOT in their system not 

only stabilized the microstructure of the scaffolds, but also enhanced cellular performance of 

mesenchymal stem cells via local electrical stimulation (Fig. 4). In particular, they observed 

that the cell viability of mesenchymal stem cells on scaffolds with more PEDOT amount was 

higher and these cells grown on PEDOT composite scaffolds displayed normal cell 

morphology visualized by both fluorescence staining and SEM[268]. Besides, PEDOT has 

also been extensively studied in drug delivery applications, which could be further utilized 

for bone regenerative engineering. For instance, PEDOT coated electrospun nanofibers were 

incorporated with dexamethasone. It was reported that the drugs can be released from the 

nanofibers in a controlled fashion via electrical stimulation, which provides a valuable tool 

to achieve in situ real time drug release[239]. Collectively, conducting polymers can be used 

to stimulate various cells and tissues in order to obtain desired effects; therefore they have 

tremendous potential in the field of bone regenerative engineering.

4.3 Harnessing mechanical signaling

There is growing recognition that mechanical properties of biomaterials can regulate 

biological response, therefore trigger a powerful set of new design parameters for bone 

regeneration[181,269]. Thus, manipulation of matrix stiffness has become an enabling 

approach in exploring new biomaterials for bone regenerative engineering. Elastomeric 

polymer networks, such as hydrogels have been extensively explored to accommodate these 

applications as their stiffness can be simply controlled by changing their crosslink density. 

The elastic modulus of hydrogel can be modulated between 1 kPa to 500 kPa, which covers 

the modulus range of all types of tissues in the human body[269]. The most commonly used 

materials for synthetic hydrogels is polyethylene glycol (PEG) due to their tunable stiffness 

and precise control over cue presentation via chemical modification. In the work by Anseth 

et al., a facile strategy was developed to create photodegradable PEG hydrogels with tunable 

physical, chemical and biological properties, which provided a vibrant platform to answer 

fundamental questions about materials regulation of cell function[270]. They further 

demonstrated that cell phenotype could be directed by in situ modulation of the dynamic cell 

microenvironment composed of photodegradable hydrogels. The investigation further 

revealed that myofibroblasts were de-activated by simply tuning the elastic modulus of the 

cell substrates[271]. Other polymers such as poly (acrylamide) (PAAm) and alginate have 
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also been used to study the role of stiffness in stem cell fate determination and their 

applications in various fields including bone regenerative engineering[272,273]. Most recently, 

Sun et al. demonstrated stem cell-mediated bone regeneration could be controlled by 

tailoring the mechanical properties of collagen scaffolds (Fig. 5-A). Their investigation 

showed that collagen scaffolds with distinct elasticity significantly influenced cellular 

performance in vitro. 1-Ethyl-3-[3-dimethylaminopropyl] carbodiimide hydrochloride 

(EDC) treated scaffolds substantially increased osteogenic differentiation of cells in vitro 

(Fig. 5-B&C). Transplantation data in vivo showed that EDC treated group increased both 

chondrogenesis and trabecular bone formation via micro-computed tomography and 

histological analysis (Fig. 5-D). They also concluded that the enhanced bone formation in 

high mechanical strength scaffolds was achieved by promoting endochondral 

ossification[274]. Mechanical properties of biomaterials can also control osteogenic 

differentiation of stem cells by combining with chemical cues such as fibronectin and 

growth factors. Nii et al. found that adipose-derived stem cells showed strongest oteogenic 

differentiation on gels with intermediate stiffness (~55 kPa) and low fibronectin 

concentration (10 μg/mL)[275]. Besides, Tan et al. observed that combination of hydrogel 

stiffness and growth factor (e.g. BMP-2) had synergetic effect on cell osteogenic 

differentiation[276]. These examples collectively demonstrate that mechanical signaling can 

be used as an important approach to control bone regeneration.

Substrate stiffness has been increasingly recognized as a key player in stem cell 

differentiation toward different lineages including osteogenic lineage. Huebsch et al. found 

that mesenchymal stem cells predominantly committed to osoteoblasts at substrate stiffness 

of 11-30 kPa (Fig. 6-A). Unlike 2D culture, cell fate was not correlated with morphology but 

manipulated by traction-mediated integrin binding and adhesive ligand reorganization[273]. 

Similar impact of substrate stiffness on stem cell fate was also elegantly demonstrated by Fu 

et al using micromolded elastomeric micropost arrays instead of hydrogels. They first 

observed that cell morphology was closely associated with traction force, which was 

controlled by the height of the microposts (Fig. 6-B). Then, strong correlation was also 

identified between cell traction forces and ultimate cell differentiation status (Fig. 6-C), 

indicating that cell function could be effectively regulated by mechanical properties of the 

materials[277]. The molecular mechanisms behind these observations were elucidated in a 

recent study by Swift et al. where they revealed via proteomics analysis that, the 

nucleoskeletal protein lamin-A was the pivotal regulator in response to the change of tissue 

elasticity. Matrix stiffness directly influenced lamin-A levels, which then contributed to 

lineage determination via the vitamin A/retinoic acid (RA) pathway[278]. Another important 

finding regarding the influence of mechanical signals on stem cell fate was the identification 

of stem cell mechanical memory, which is the previous mechanical environment on their fate 

determination. Yang et al. discovered that hMSC osteogenic differentiation was achieved by 

increasing the mechanical dosing on stiff TCPS (E~3 GPa) during a previous culture period. 

They also found that the mechanical information from the past physical environment was 

stored in the Yes-associated protein (YAP) and transcriptional coactivator with PDZ- binding 

domain (TAZ) as well as the pre-osteogenic transcription factor RUNX2 genes[279]. This 

study implicates that substrate mechanical stiffness can be harnessed to prime stem cells to 

drive cells toward the desired lineage, thus stiffness of biomaterials may serve as a promoter 
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towards osteogenesis via the activation of YAP and other related mechanotransduction 

pathways.

4.4 Incorporation of Inducerons

Another emerging field growing rapidly is to incorporate simple signaling molecules in 

biomaterials design and development for bone regeneration[280–282]. Laurencin has 

described these molecules as Inducerons. Unlike conventional osteoinductive factors such as 

BMP-2 which directly induce bone formation, these small molecules are capable of 

influencing cell behaviors via stimulating autocrine and paracrine secretion of related growth 

factors[282]. An illustrative example is calcium and phosphate ions serving as important 

regulators during bone metabolism[119]. While the profound impact of these ions on various 

aspects of bone formation such as osteoprogenitor cell homing, osteoblast migration, 

proliferation and mineralization has been reported. Laurencin et al., have recently 

demonstrated that the release of calcium and phosphate ions from CaP ceramics could 

directly induce the production of endogenous BMP-2. In this example, neo-bone formation 

was observed in 3D PLGA/HA composite scaffold where HA was incorporated into PLGA 

microspheres via in situ precipitation (Fig. 7-A). Enhanced osteogenic differentiation of 

human adipose-derived MSCs was also achieved on these composite scaffolds in vitro by 

showing increased osteocalcin secretion and cell-based mineralization (Fig. 7-B). 

Meanwhile, significant amounts of BMP-2 were detected with MSCs seeded on PLGA/HA 

scaffolds during 21 days of culture while no detectable BMP-2 was secreted by MSCs on 

PLGA scaffolds (Fig. 7-C). More interestingly, it was found that the addition of supra-

physiological dosage of rhBMP-2 loaded into PLGA/HA scaffolds was unable to increase 

the production of cell-secreted BMP-2, which indicates that the presence of low crystalline 

HA in the scaffold was the key driving force of BMP-2 production by MSCs (Fig. 7-D). 

Since BMP-2 production by MSCs on the scaffolds was parallel to the release of calcium ion 

during culture period, they theorized that the gradual release of calcium and phosphate ions 

should serve as signaling molecule, which is termed by Laurencin as an induceron[283].

Indeed, a series of molecules capable of inducing relevant growth factor production have 

been identified in the past and can all be categorized as inducerons. For example, 

bisphosphonates have been used for osteoporosis treatment in clinical practice[284]. It was 

also found that some formulation of bisphosphonates such as zoledronate could substantially 

enhance BMSC osteogenic differentiation by up-regulating BMP-2 mRNA expression, 

which is aligned with the effect of calcium ions[285]. Redox can be regarded as another type 

of induceron due to their capability of regulating VEGF signaling pathways[286]. For 

instance, hydrogen peroxide (H2O2) is able to induce VEGF-A production at micromolar 

concentrations (0.1-10 μM) and increase the tube formation of endothelial cells during 

angiogenesis[287]. Other inducerons include nitric oxide (NO), hydrogen sulfide (H2S), 

which can effectively influence cell differentiation via inductive growth factor 

production[288,289]. Compared with the recombinant growth factors (BMP-2 or BMP-7), 

these inducerons are inexpensive, stable, and lack side effects (within their dosage range), 

Therefore they might represent a paradigm shift in the field of bone regenerative 

engineering.

Yu et al. Page 18

Adv Healthc Mater. Author manuscript; available in PMC 2016 June 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



5. Concluding remarks and future directions

As a key component of bone regenerative engineering, biomaterials play a pivotal role 

towards the design of ideal bone grafts. Although the approaches for bone regeneration are 

slowly changing as new biomaterials and novel strategies are being developed, this field can 

make giant steps due to an understanding of the importance of convergence with 

nanotechnology, stem cell science, and developmental biology, and perhaps other fields. As 

such, the function of biomaterials during bone regeneration has largely expanded from 

simply serving as templates to multifunctional systems, to actively regulate various aspects 

of bone regeneration. Materials used for bone regenerative engineering not only should 

possess basic properties including biocompatibility, osteoconductivity, and osteoinductivity, 

but also positively regulate their interactions with cells and integration with host tissues. We 

highlighted examples of novel biomaterials design, leveraging the advances in the 

converging fields to promote the development of next generation of biomaterials for bone 

regenerative engineering.
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Fig 1. 
Evolution of biomaterials from 1st generation to 3rd generation with improving functionality
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Fig 2. 
Macro, micro and nano structure of PNEPhA-20 nHAp composite microsphere scaffolds. (a) 

Optical image showing cylindrical (10 mm length & 4.5 mm diameter) and disk (2 mm thick 

& 8 mm diameter) shaped scaffolds fabricated using the dynamic solvent sintering method. 

Cylindrical scaffolds were used for mechanical testing, and disk shaped scaffolds for 

porosity and in vitro cell studies. (b) SEM showing the microstructure of the scaffolds where 

the adjacent microspheres are fused via the dynamic solvent sintering method. (c) High 

magnification scanning electron micrograph showing nano HAp particle dispersion on a 

microsphere surface. The circled regions show nHAp mono (solid line) and poly (dotted 

line) dispersion. Cytoskeletal actin distribution of primary rat osteoblast cells grown on 

composite microsphere matrix for (d) 2, (e) 6 and (f) 12 days. The circled region shows 

higher initial cell proliferation at the microsphere adjoining areas. DAPI (nuclei stain) 

emission is not included because of its interference with polymer PNEPhA blue 

emission[211]. Figures reproduced with permission
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Fig 3. 
SEM micrographs showing surfaces of BioglassI-coated PDLLA foams after degradation in 

contact with SBF for: (a) 7 days and (b) 28 days. The micrographs reveal formation of HA 

crystals and development of a surface HA layer[228]. Figures reproduced with permission
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Fig 4. 
Effect of incorporation of PEDOT on bone tissue engineering scaffolds: (A) Cytoplasmic 

content of human mesenchymal stem cells on the 0 P, 0.1 P, and 0.3 P scaffolds in 

comparison to tissue culture plastic (control sample) shows that the number of viable cells 

increases by increasing the poly(3,4-ethylenedioxythiophene) poly(4-styrene sulfonate) 

concentration in the composition of scaffolds. The values are mean ± standard deviation 

(number of samples =3). (B) Scanning electron microscopy and (C) confocal fluorescent 

microscopy images of a cell on the 0.3 P scaffold. (D) Scanning electron microscopy and (E) 

confocal fluorescent image of cell distribution on the 0.3 P scaffold. Enhanced cell 

attachment is observed for the conductive scaffolds[268]. Figures reproduced with permission
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Fig 5. 
Influence of scaffold mechanical properties on stem cell-mediated bone regeneration: A) 

The elastic modulus of the scaffolds was significantly increased after EDC-treatment. EDC-

treated scaffold were able to resistant deformation due to gravitational force. B) Total 

calciumwas increased by EDC-treatment in osteoblasts (n ¼ 3). **p < 0.01. C) 

Chondrogenic and osteogenic protein levels on different scaffolds were detected by Western 

blot analysis. The experiments were repeated at least 2 times, and the representative data are 

shown. D) Histologic analysis of new bone formation. EDC scaffolds significantly enhanced 

the bone volume fraction (BVF). Moreover, the adipocyte numbers in the EDC group were 

significantly lower than in the CON group (n ¼ 7 or 9). Data are expressed as means ? SD. 

*p < 0.01; **p < 0.001 Figures reproduced with permission
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Fig 6. 
Stiffness of biomaterials influence the behavior of stem cells such as adhesion and cell fate 

commitment: A) mMSC grown on alginate matrices with different stiffness and 

immunofluorescence stained for OCN (green) and nuclear (DAPI, blue)[273] B) hMSC 

plated on PDMS micropost arrays with varying rigidity controlled by indicated heights and 

imaged with scanning electron microscope (SEM). Scale bar, 30 μm C) ALP and Lip 

staining on hMSCs after 14 d culture in bipotential differentiation medium on micropost 

arrays of indicated rigidities. Scale bar, 300 μm[277]. Figures reproduced with permission
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Fig 7. 
Simple signaling molecules for inductive bone regenerative engineering: A) New bone 

formation visualized by von Kossa staining on scaffolds with different composition 

microspheres B) OCN expression by MSCs after seeded on various PLGA/HA scaffolds: the 

presence of HA in scaffolds contributed to the majority of OCN production. C) BMP-2 

secreted from MSCs grown on PLGA/HA scaffolds for various time: significant BMP-2 

expression was only observed in HA containing groups. D) Mineralization assessed by 

Alizarin Red staining after seeding MSCs on various scaffolds: cell mediated mineralization 

was only observed on HA containing groups[283]. Figures reproduced with permission
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