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Abstract With combinatorial approaches getting stronger to design materials with 
better functionalities and compatibility for restoring bone tissue, it is becoming 
important to understand the progress and evolution of existing and newly designed 
materials. For being clinically usable, they should have features that address the 
biomechanical, biochemical, and medical requirements.

Their various characteristics determine the cascade of events that take place at 
the site of bone healing. They should be selected based on the specific purpose with 
maximum benefit to the patient in long run. The current efforts in this domain are to 
render the orthopedic procedures minimally invasive and maximally effective.

This chapter encompasses the journey of classes of biomaterials used for their 
osteoinductive and osteoconductive properties and discusses the challenges for 
bringing them closer to fulfil the requisites.
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 Introduction

With an increased pace of life and increasing life expectancy, every year the number 
of bone graft procedures are increasing [1]. For bone repair, substitution, and aug-
mentation, autografts have continued to be the gold standard till date, followed by 
allografts. Both of these grafts, in spite of having osteogenicity or osteoinductivity, 
have many shortcomings. Autografts incur high costs, are limited in their availabil-
ity and cause additional trauma to the patient due to donor site morbidity. Allografts 
pose issues of potential viral transmission and immunogenicity apart from their 
limited supply and high cost. Their high cost and limited availability necessitate 

S. Agrawal · R. Srivastava (*) 
Department of Biosciences and Bioengineering, Indian Institute of Technology Bombay, 
Bombay, Maharashtra, India
e-mail: rsrivasta@iitb.ac.in

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-34471-9_15&domain=pdf
https://doi.org/10.1007/978-3-030-34471-9_15
mailto:rsrivasta@iitb.ac.in


356

innovation in artificial novel biomaterials for bone substitution, repair, and 
augmentation.

To overcome this challenge of substituting bone tissue, researchers must have 
insight to reproduce the highly hierarchical composite microstructure of bone, 
which has not been possible yet. Any type of bone tissue engineering biomaterial 
should be mechanically and biologically compatible, osteoconductive, osteoinduc-
tive and allow integration with physicochemical characteristics irrespective of its 
source of origin [2]. With evolving technology in recent times, bone regenerative 
engineering is gradually becoming the solution for the new age with a bottom-up 
approach that incorporates stem cells, biomaterials, and growth factors as required, 
to regenerate bone tissue as compared to the conventional top-down approach com-
monly known as bone tissue engineering [3]. The three most commonly used terms 
pertaining to biologically relevant properties of biomaterials which are sometimes 
interchangeably used in regenerative medicine are as follows.

Osteoinduction is the regular phenomenon which induces osteogenesis during 
the bone healing process. The immature and pluripotent stem cells are stimulated to 
become preosteoblastic cells. Urist identified osteoinduction as the “the mechanism 
of cellular differentiation towards bone tissue due to the physicochemical effect or 
contact with another tissue” [4]. Osteoinduction is the major driving force in any 
bone healing situation as depicted in Fig. 1.

Osteoconduction is that attribute of a material that permits new bone to grow on 
the surface. So, any surface that allows bone growth either above it or inside it is an 
osteoconductive surface. In 1987, Wilson-Hench suggested that the process where 
the bone is aligned with a material’s surface or contour is regarded as osteoconduc-
tion [5]. This property is indispensable for the success of bone implants. Few metals 
such as Ag, Cu as well as bone cement show little or negligible osteoconduction due 
to their poor biocompatibility [6].

Osseointegration can be realized as the apposition or interface of connecting 
bone and the implant. It is explained as “the direct attachment of an implant by the 
formation of bony tissue around the implant” (Dorland’s illustrated medical diction-
ary). It can be realized as the “direct functional and structural bridge between an 
implant and bone” as bone deposition increases temporally.

 Mechanism of Osteoinduction by Biomaterials

The real modus operandi of osteoinduction by biomaterials is still under explora-
tion. The real question is whether there are any similarities between the mechanisms 
of osteoinduction by bone morphogenetic proteins (BMPs) and biomaterials. One 
of the possibilities is that after implantation, endogenous BMPs accumulate on the 
biomaterial surface and consequently induce bone formation [7–9] but there is no 
conclusive evidence for this hypothesis. Yuan and co-workers, suggested the role of 
BMPs in biomaterial-led-osteoinduction but their presence was not indispensable. 
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A statistically lower number of animals under this pilot study makes this conclu-
sions unreliable [7, 10]. There are some key contrasts in the osteoinduction mecha-
nism by BMPs and biomaterials, such as: (a) BMPs generally induce bone through 
the endochondral pathway [11] while biomaterial-induced bone is always intra-
membranous [12, 13] ; (b) in smaller organisms like rats, bone is formed with much 
ease as in the case of BMPs as compared to biomaterials [14–19]; and (c) with 
biomaterials, bone formation happens inside the pores of biomaterials and not on 
the edge, while bone formation via BMPs happens on the external surface of the 
carrier, including the soft tissues that are located away from the implant surface 
[10, 20].

Although major aspects of the osteoinduction process by biomaterials are 
still unclear and under exploration, many studies in this field have proved its struc-

Fig. 1 Principles of 
osteoinductive materials. 
Principle 1: Osteoinductive 
materials recruit MSCs to 
bone graft surfaces by 
growth factor release. 
Principle 2: The material 
promotes MSC 
differentiation into 
osteoblasts. Principle 3: 
Osteoblasts forms ectopic 
bone in vivo [6]
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ture (at the macro, micro, and nano-levels) along with its chemical components play 
the most crucial role in rendering a material osteoinductive. The physicochemical 
and structural characteristics of osteoinductive biomaterials determine the course 
and output of bone formation both directly and indirectly (Fig. 2). As their inherent 
mechanical properties vary a lot, it is quite complicated to fit it with human body 
requirements (Table 1). Properties like ultrastructure and surface topography can 
modulate the dynamics of interactions with BMPs, growth factors, and other endog-
enous proteins which initiate bone formation or result in implant failure if events 
like stress shielding or infection takes place [21].

Fig. 2 Schematic summarizing hypothesized mechanisms of osteoinduction, bone formation, and 
implant failure. (Figure adapted and redrawn from Barradas et al. [21])

Table 1 Mechanical properties of bone and biomaterials [23, 24]

Material
Density  
(g/cm3)

Elastic modulus 
(GPa)

Compressive strength 
(MPa)

Tensile strength 
(MPa)

Cortical bone ~2 17–24 130–180 50–151
Cancellous bone ~1 0.1–45 4–12 10–20
Hydroxyapatite 
(HA)

3.1 73–117 600 0.7

Magnesium 1.74–2.0 41–45 65–100 15–40
Stainless steel 8.1–8.9 185–205 170–310 50–200
Titanium alloy 4.4–4.5 110–117 758–1117 55–115
PCL 1.145 0.21–0.34 6.6–10.6 20.7–34.5
PLLA 1.210–1.430 2.4–4.2 18–93 55.2–82.7
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 Identification of Osteoinductive Materials [6]

To identify and select suitable osteoinductive biomaterials out of a plethora of mate-
rials, there is a specific sequence of biological activity characteristics which is as 
follows:

• Recruitment of mesenchymal-type osteoprogenitor cells;
• Transformation of mesenchymal stem cells (MSCs) into a mature, bone-forming 

lineage; and
• Induction of new bone formation when implanted intramuscularly.

 Classes of Orthopedic Biomaterials

There are various classes of biomaterials that have been employed as osteoinductive 
and osteoconductive materials as listed in Table 2 [22].

 Metals

Metals are the very first category of materials to be used as implants in ancient times 
as per reports from Egyptian era. Aluminum, lead, gold, and silver were among the 
first metals to be used while titanium and its alloys are the most widely used metal-
lic biomaterials in modern times. Owing to their good biocompatibility, strength, 
non-toxicity, and corrosion resistance, metal alloys are used for replacing joints and 
fixing fractures but many times, due to their non-biodegradability, these implants 
need removal. Metallic biomaterials are not bioactive per se. They are generally 
applied in load-bearing implants which require high strength, sufficient biocompat-
ibility, and low in vivo corrosion rates. Metallic implants also tend to loosen due to 
stress shielding-led-bone resorption, weak interfacial bonding with bone, and 
absence of a supporting structure for new tissue.

In recent times, there have been efforts to design and develop metal implants that 
can mimic the traits and microstructure of the trabecular bone for expanding the 
scope of the use of metals. Hence, these special materials are termed as open-cell 
porous metals, metallic scaffolds, metallic foams, or cellular metals with three 
dimensionally (3D) interconnected pores. The total porosity is 50–75% with pore 
sizes in the range 200–500 μm [23]. Another method to make multipurpose and 
bioactive metals consist of: (1) applying a surface coating over the implant with 
bioactive ceramics or (2) chemically modifying the surface of the metal to bring 
about the in vivo build-up of a bioactive ceramic, or (3) to trigger the adhesion of 
proteins and cells toward tissue–material interactions [24]. The major metals used 
as orthopedic biomaterials are discussed below.
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 Magnesium (Mg)

The physical characteristics of magnesium are attractive, like high strength-to-mass 
ratios and an elasticity coefficient that matches with natural bone more as compared 
to other conventional metals. Apart from resemblance to human bone, they also 
have functional roles as natural ion content in human physiology and their biodeg-
radation dynamics once inside the body [23]. Though they have been used for mak-

Table 2 Classes of biomaterials used for orthopedic applications [22]

Type of material Advantages Disadvantages

Metals Biocompatibility, non-toxicity and 
corrosion resistance

Not biodegradable

Bioceramics

Bioactive glasses Improve differentiation and osteogenesis Low strength and brittleness
Hydroxyapatite Bioactivity, biocompatibility, 

osteoconductivity, non-toxicity, and 
non-inflammatory

Brittle, very slow degradation

Tricalcium 
phosphate

Supports in vivo osteogenic 
differentiation

Slow degradation, incompressible 
nature

Natural polymers

Collagen Enzymatic biodegradability Complexity of structure
Gelatin Biocompatible, biodegradable Poor mechanical properties
Chitosan Support cell attachment, differentiation 

and migration, non-toxicity, non- 
allergenicity, mucoadhesivity, 
biocompatibility, biodegradability, and 
osteoconductivity

Poor mechanical strength

Hyaluronic acid Biocompatibility, biodegradability, 
viscoelasticity, enzymatic 
biodegradability

Very rapid degradation and water 
solubility

Alginate Biocompatibility, easy gelling, easy 
chemical modification

Nondegradable in mammals, 
sterilization causes degradation

Agarose Wide range of gelling and melting 
temperatures, no need of cross-linking 
agents, little inflammatory response 
in vivo

Poor cell attachment

Synthetic polymers

Poly (α-hydroxy 
acids)

Degradation products can be excluded 
from the body

Degradation by bulk erosion, 
relatively poor mechanical 
properties, hydrophobicity of 
polymer surface, acidic 
degradation byproducts

Poly 
(ε-caprolactone)

Biodegradable, non-toxic, a low 
processing temperature

Hydrophobicity, slow degradation

Polyurethanes Excellent mechanical properties, good 
biocompatibility

Toxicity of degradation products 
(from aromatic diisocyanate 
component)
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ing short-term biodegradable implants with load-bearing purposes, their high 
corrosion rates and low bioactivity are some major challenging problems, which 
need to be resolved before tapping into their full potential in clinical applications. 
Various reports suggest the need to develop Mg alloys with modifiable in  vivo 
decomposition rates and mechanical attributes similar to those of bone [25].

Endeavors to limit the corrosion dynamics of Mg have involved many approaches 
such as purification, alloying, and surface modification. Pure Mg also shows signifi-
cantly reduced corrosion rates but owing to its low yield strength, it does not find 
widespread usage in orthopedics and other load-bearing applications. Surface modi-
fication is one of the very important strategies that reduces and controls the degrada-
tion behavior along with improving its surface biocompatibility. As compared to 
adjusting its bulk structure and composition, tuning the surface properties is a much 
simpler approach to adjust surface corrosion resistance. This helps in preserving 
favorable bulk attributes and is easily implemented on Mg alloys [25].

In one of the landmark studies with Mg alloys, Lee et al. systematically investi-
gated the bone induction mechanism by using a Mg-5wt%Ca-1wt%Zn screw in an 
extensive clinical  investigation. They employed this biodegradable implant and 
observed changes in elemental composition and crystallinity at the material inter-
face. Controlled degradation of this alloy was followed by the growth of a biologi-
cally similar calcification matrix at the degrading surface which aids in initiating 
bone generation. This phenomenon facilitated faster healing with entirely replaced 
new bone at the place of the biodegradable implant within 1 year of implantation, as 
shown in an elaborated clinical study [26].

Despite alloying which is one of the major approaches for metals to tune their 
properties, its larger electronegative potential (−2.4 V) makes it harder to lower the 
degradation rate, only with the approach of alloying. Rather, the addition of a 
ceramic phase has proven to be a successful solution for optimizing Mg’s attributes, 
such as mechanical properties and corrosion resistance. Witte et al. carried out some 
initial studies with Mg/hydroxyapatite (HA) composites. They reinforced 20% HA 
particles to Mg alloy AZ91D matrix and developed a metal matrix composite 
(MMC). The mechanical, corrosive, and compatibility properties of the composite 
were studied in  vitro. It was revealed that adding HA particles lowered the pH, 
enhanced the resistance for corrosion in various fluids, and enhanced the cell viabil-
ity for a variety of cell lines when compared with the AZ91D matrix [27].

It’s important to be cautious while designing and fabricating such composites as 
these steps may have several hazards involved. One of the possible reactions is that 
of Mg with calcium phosphate which forms Mg phosphide that forms phosphine (a 
toxic gas) upon reaction with water. The possibility of this reaction increases with 
molten Mg and for amalgamations of HA due to hydroxyl groups in HA [28].

There are many commercially available Mg implants available today with vari-
ous brand names. Cortical bone screws and pins from MAGNEZIX® are shown in 
Fig. 3. Various forms of Mg such as porous, fine grained, composite, and glassy 
structures, have been employed for implant fabrication purposes.
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 Steel

The first line of effective substitutive joint prosthesis came very late in the 1950s 
and it was a cemented prosthesis with a stainless steel stem developed by Charnley 
[29]. Stainless steel materials show resistance to a variety of harsh chemical agents 
due to their high chromium content (~12%). They also induce the synthesis of a firm 
coating of Cr2O3 which has self-HA healing and corrosion resistance properties. 
Austenitic stainless steel is the preferred form of steel among the available versions 
for implant manufacturing. To behave austenitically at ambient temperature, stain-
less steel requires austenite stabilizers like Ni or Mn. AISI 316L grade of stainless 
steel is generally employed for clinical applications and it consists of 17–20 wt% Cr, 
12–14 wt% Ni, 0.03 wt% C, and 2–3 wt% Mo as well as traces of N, Mn, P, Si, 
and S [24].

One of the major problems found with medical-grade steel alloys is the release 
of nickel ions which pose negative effects for various organs [30]. Nickel is expen-
sive as well as causes serious allergies to the human skin. These issues have com-
pelled advances in creating better nickel-free stainless steels. Nitrogen has been 
found as one of the great substitutes for nickel for austenite stabilizing and strength-
ening. Also, there have been developments in bio-composites, such as those made 
up of nickel-free stainless steels and HA [31–33].

As per ASTM standards, two of such nitrogen-containing medical-grade stain-
less steels have been listed without the presence of nickel: ASTM ID: F2229 and 
ASTM ID: F2581. A number of research studies have been conducted on these 
alloys in the recent years, and showed better biocompatibility, osteointegration, and 
corrosion behavior compared to traditional steel compositions [30, 34–37].

Popkov et al. studied the impact of nanostructured calcium-phosphate coatings 
on steel and Ti. They implanted these in the tibial bone marrow of dogs. Stainless 
steel and Ti wires were administered for the first and second group, and stainless 

Fig. 3 Commercially 
available MAGNEZIX® 
cortical screw (CS), 
cortical bone screw (CBS), 
and pin (Image courtesy 
www.magnezix.de)
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steel and Ti wires of the same diameter coated with HA were implanted for the third 
and fourth groups. It was found that the HA coated wire implants provided better 
bioactivity and osteointegration and the nanostructure of HA played a major role in 
bone formation. These wires may find applications in various orthopedic conditions 
like fractures, osteogenesis imperfecta, and rectification of bone deformities [38].

Various modifications and coatings over existing steel have been yielding great 
results. UNS S31254 grade steel is one such version with a higher nitrogen content 
and lower cost (close to Ti) and has been further improved by HA coating using 
pulsed laser deposition (PLD). In one of such research studies with this technology, 
HA columns were successfully coated on a UNS S31254 substrate. Surface rough-
ness of the coating is a desirable property for increased cell growth and proliferation 
and was found to be increased by atomic force microscopy (AFM) and scanning 
electron microscopy (SEM). This material had superior antibacterial properties and 
bioactivity as well as better adhesive strength as compared to the standard. This 
research paves the way to an alternate route of improving the physiological behavior 
of conventional metals. The favorable outcomes of this study emphasize the obvious 
requirements for an improved orthopedic implant material [39].

 Titanium

Pure Ti shows relatively poor strength despite having excellent biocompatibility. 
When it is alloyed, the strength quotient goes up, but the toxicity level also goes up. 
The superior compatibility of Ti implants is accredited to its surface events (Fig. 4) 
and the stable 3–10 nm layer of oxide that is spontaneously formed on its exposure 
to oxygen [40, 41]. This layer creates direct contact with bone while blocking the 
development of a fibrous capsule outside the implant. At the beginning of Ti(O2) 

Fig. 4 Schematic representation of events consecutively taking place at the titanium surface after 
implantation into living bone tissue. Water binds to the surface, followed by the incorporation of 
hydrated ions, adsorption and desorption of proteins, eventually leading to cell attachment. After 
differentiation, mature osteoblasts produce the extracellular matrix (ECM) [42]
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implantation, its non-physiological surface gets exposure of the physiological 
 conditions and it becomes important to create a biomimicking coating onto the Ti 
surface. This helps in a gradual transformation between the Ti surface and the 
adjoining bone tissue and results in better bone cell adhesion, growth, and differen-
tiation [42].

Apart from the above-mentioned surface changes, immobilization of proteins, 
enzymes, peptides, and other biological molecules on implants have been the latest 
interest in this domain [43–46]. As compared to the conventional method of inor-
ganic calcium phosphate coatings, the newer approach for surface modification 
employs purely organic components of bone. The organic and natural mimicking 
coatings include: (1) extracellular matrix (ECM) proteins or peptide sequences from 
laminin, fibronectin, or heparin binding domain [47, 48]; (2) cell signalling agents 
(TGF, BMPs, FGF, IGF, PDGF, etc.) to trigger new bone formation [20, 49, 50], (3) 
DNA [46, 51, 52] , and (4) enzymes [53].

There have been studies on both organic and inorganic phases over the implant. 
Xia et al. applied HA and collagen (which constitute the bone) over implant sur-
faces to enrich the biological reactions at the tissue and implant interface. They 
successfully prepared a homogenous collagen/apatite coating using a biomimetic 
technique. These composite layers showed a homogeneous porous structure with 
fibrous collagen and crystalline apatite. The in vitro studies showed better osteo-
blast proliferation over a composite coating with higher collagen content than with 
the pure apatite coating. This kind of organic/inorganic bone mimicking molecular 
cocktail has a wide scope to be applied on implant surfaces and improve the osteo-
integration between the implant and adjacent bone [54].

There are certain other surface modification routes as well to simply deposit pure 
and firm HA over Ti alloy surfaces not including the mediation of organic mole-
cules. The zwitterionic polymer-modified surfaces are nonreactive to biological 
moieties viz. proteins/cells and have the potential to induce mineralized cluster 
growth. In one such experiment by Nishida et al., a monolayer of poly(ethylene 
glycol) methacrylate phosphate (Phosmer PE) was self-assembled on a Ti alloy sur-
face [55] with a zwitterionic monomer (carboxymethyl betaine, CMB). This 
poly(CMB) -modified Ti alloy plate suppressed the adsorption of proteins and 
attachment of cells, and triggered deposition of around two times calcium (Ca2+) as 
compared to the unaltered Ti alloy plate. In another experiment, the enzyme alkaline 
phosphatase (ALP), which plays the most crucial role in bone and cartilage miner-
alization process, was utilized to coat the Ti surface. It is believed to raise the con-
centration levels of inorganic phosphate as well as to lower the levels of extracellular 
pyrophosphate which impedes the process of mineralization. These coatings has-
tened mineralization over the Ti implant surface [53].

In one of the experiments to study surface topography effects, Yu et al. created 
two periodic microscale functionalized zones on Ti (MZT), i.e., nanoneedle zones 
and plain (buffer) zones. It was designed to relay spatially controlled topographical 
signals for better bone regeneration. The alternating buffer zones with no nanonee-
dle arrays were intercalated as the tips of the nanoneedles were too sharp to act as a 
contact area for the cells to effectively proliferate. In this way, the MZT displayed 
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zone-wise apatite deposition and protein adsorption in N-zone and cell  differentiation, 
mechanotransduction, and proliferation in the B and B-N zones. Enhanced osteo-
blast differentiation and nodule deposition was also observed with MZT. The con-
stitution of the bone nodules on untreated Ti and MZT were also found to be 
different and the process of bone formation was enhanced by the MZT implant [56].

 Tantalum

Ta is a transition metal and has recently emerged as a useful biomaterial for ortho-
pedic applications due to its mechanical properties. This material has caught special 
attention due to properties such as greater volumetric porosity, friction coefficient, 
and modulus of elasticity that matches with natural compact and spongy bone. It has 
been successful in several orthopedic applications owing to its exceptional biocom-
patibility and favorable characteristics. It also possesses similarity with cancellous 
bone and is safe for in vivo use as verified by its clinical use in orthopedic sur-
gery [57].

Despite its biocompatibility, inertness, and resistance to corrosion, the use of 
solid Ta in orthopedic implant devices has been restricted due difficulty in its 
manipulation. This issue led to the advent of designing porous Ta implants. As the 
technology of making implants with interconnected porosity has been here for a 
while, porous Ta trabecular metal (PTTM) also entered in the orthopedic domain in 
early 1990s [58]. “PTTM is commercially available as Trabecular Metal Material 
(Zimmer, Trabecular Metal Technology, Inc., Parsippany, NJ, USA) with an open- 
cell porous structure having 3D dodecahedron repeats similar to trabecular bone 
and the striking similarity can be seen” (Fig. 5). An initial foam-like vitreous carbon 
general scaffold is fabricated for these open-cell dodecahedron repeats and in due 
course it becomes the inner framework of the PTTM implant [59].

The pore dimension of PTTM is in the range of 300–600 μm with a porosity of 
75–85%. For materials used in dental applications, like Ti and Ti alloys (with an 
elastic modulus of 106–115 GPa), PTTM is much more suitable due to its relevant 
properties. Porous Ta is also resistant to corrosion and is biocompatible. It can 

Fig. 5 Scanning electron micrograph of human trabecular bone (a), porous tantalum fabricated by 
the CVD/CVI (b) or PM (c) method [60]
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extensively augment the proliferation and differentiation of primary osteoblasts 
extracted from aged patients than those on traditional solid Ti [60].

In one of the studies on novel porous Ta implant by Lu et al., its osteocompatibil-
ity and efficacy to achieve lumbar interbody fusion (LIF) was evaluated in a rabbit 
anterior lumbar fusion model. The fusion was accomplished 12 months postopera-
tively as confirmed both radiographically and histologically in the porous Ta group 
similar to autologous bone implanted at intervertebral spaces. Implant degradation, 
wear debris, and osteolysis were found to be nil and no significant local inflamma-
tion response was found inside or outside the implant. Even the composites and 
degradation products of the Ta implant were non-toxic and biocompatible [61].

In an attempt to compare orthopedic implant grade porous Ta (i.e., trabecular 
metal), the responses of human osteoblast cultures from two groups of females were 
examined (less than 45 years and more than 60 years) on a titanium fiber mesh 
(TFM) and tissue culture plastic. In relationship to the cells from older patients, the 
cell attachment, growth, and mineralization were better in cells derived from the 
patients of lower age as expected. Among all the three substrates, cell adhesion was 
not much different on porous Ta than TFM or tissue culture plastic but cell prolifera-
tion on porous Ta was found to be highly stimulated. The findings from this study 
substantiated that porous Ta can find many more clinical applications in degenera-
tive skeletal conditions than titanium [62].

Another study by Lee et  al., compared Trabecular Metal™ Dental Implants 
(TM) and Tapered Screw-Vent® Dental Implants (TSV) for the potential of neo- 
osteogenesis and trabecular bone microarchitecture in fresh canine extraction sock-
ets. It was revealed that there was more new bone in the TM implant than in the TSV 
at various healing time points. Histologically, trabecular metal implants exhibit 
higher amounts of bone with newly woven bone earlier than in the TSV implants [63].

NiTi Alloy: Apart from many of these traditionally used metals, a special alloy 
with a shape memory effect was identified by Buehler and Wang in 1967 [64] made 
up of Ni and Ti called as a NiTi alloy. The shape memory effect is a property that 
brings a material back to the old shape on rising its ambient temperature after it gets 
“plastically” deformed. Due to their elastic modulus and elastic recoverable strain, 
their use in load-bearing applications have been found to be more adequate than other 
metals. They exert compressive stress after the material has recovered from the pre-
strain of heating and this makes them suitable as spinal correctors, staples for oste-
otomies, internal fixators for long bone shafts, fracture repair, vertebral spacers and 
anchoring of prostheses, etc. [65, 66]. Despite these advantages, NiTi alloys show 
problems of allergy and toxicity due to Ni ion release. The toxicity of Ni and its pos-
sible carcinogenicity constraints the use of NiTi alloys in many parts of the world [24].

 Ceramics

Ceramics have a very old history of usage as biomaterials and they have evolved 
many generations from first, second, third to modern generation bioactive ceramics 
(Fig. 6). They possess high hardness, high melting temperatures, low conduction of 
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electricity and heat along with biocompatibility, resistance to compression and cor-
rosion. Their surface properties are also favorable such as high wetting degrees and 
surface tensions that facilitate the adhesion of proteins, cells, and other biological 
moieties. As biomaterials, they are suitable specially for the generation of hard tis-
sue engineering, owing to their chemical and physical properties. However, these 
biomaterials have some disadvantages, such as brittleness and low strength [67, 68].

From bio-inert ceramics such as alumina, zirconia to bioactive bioglasses, meso-
porous silica and organic-inorganic composites, bioceramics have come a long way. 
The major categories of ceramics utilized for bone tissue engineering are as follows.

 Hydroxyapatite

Hydroxyapatite (HA) is a natural kind of calcium phosphate and is the largest depot 
of inorganic constituent of human bones. This is the reason why it is most widely 
used in bone regeneration [69]. The word apatite stems from the Greek word 

Fig. 6 Historical evolution of ceramics from routine objects to bioceramics. (a) Changing forms 
and factors of ceramics and (b) timeline of bioceramics [186]
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`απαταω’ (“to deceive”), as it was not easy to be distinguished from other naturally 
occurring compounds such as aquamarine, amethyst, etc. The general formula for 
apatite is Ca5(PO4)X, where X can be any mono- and/or divalent anion such as fluo-
ride, hydroxide, or carbonate. They are noticeably similar to the mineral phase of 
human bones and denture and thus are the molecules of choice for bone tissue engi-
neering [70]. HA is very stable calcium phosphate and doesn’t easily dissolve under 
in vivo conditions specified by temperature, pH, body fluids, etc. [71, 72] The HA 
surface acts as a site for nucleation of bone minerals [73, 74] and one of its best 
features is that it doesn’t induce inflammatory reactions when used in clinical appli-
cations. Among apatites, carbonate apatite is the most abundant bioceramic phase of 
the human system. They can also be modified easily by ionic substitutions such as 
Ca2+ions with Ba2+, Sr2+or Pb2+, etc. [42]. Although HA has a natural occurrence and 
can be procured, due to its non-uniform and sometimes defective structures, HA for 
clinical applications and research needs to be synthesized in aqueous solution sys-
tems. HA possesses osteoconductive properties but not osteoinductive properties 
and the ionic substitution sometimes helps to overcome this drawback. The exam-
ples include fluoride ions for anionic substitution and Mg as cationic substitution 
which resulted in increased stability and favorable biological effects, respectively 
[74, 75].

Research has shown the potential and biocompatibility of HA with in vivo bone 
regeneration studies. This material enhances the differentiation and proliferation of 
MSCs by improving the attachment of osteoblasts [76, 77]. As it is quite brittle and 
hard, it is not usable for load bearing. It has been used for biomaterial surface coat-
ings and as graft materials and also for bone regenerative applications in many 
forms, such as granules, cements, and pastes [78–80]. They have shown to improve 
many relevant aspects, such as osteoblast activity, implant contact area, and cellular 
responses of bone implants. Indirectly, they improve all the aspects of biomaterial 
performance [81, 82]. The HA coating methods can vary from spraying, sputtering, 
pulsed laser deposition or sol-gel techniques, etc. Their tunability and spectrum of 
usage can be further enhanced by combination with other flexible biomaterials like 
gels. Controlling their pore size and distribution, mechanical properties, biological 
activity, and user-friendliness can render them much more useful for bone regenera-
tive applications [83–86].

 Tricalcium Phosphate

Tricalcium phosphate (TCP; Ca3(PO4)2) is among the most widely used calcium 
phosphates. It has two phases (viz. α and β). α-TCP has monoclinic crystal strucures 
while β-TCP displays rhombohedron structures [87, 88]. β-TCP displays more sta-
bility as it takes more time than α-TCP to degrade. All of these reasons make β-TCP 
more applicable for bone regeneration. Its resorption rate is better and thus is more 
widely employed to enhance the biocompatibility of other materials [89, 90]. β-TCP 
also helps the proliferation of osteoblasts and bone marrow stromal cells [91, 92]. 
The excellent biomineralization and cell adhesion activities are attributed to its 
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nanoporous structure. Due to such favorable properties, β-TCP has actively been 
examined and used for bone regeneration purposes, such as in bone cements and for 
bone replacement [93, 94].

For blending the best properties of TCP and HA in one place, special materials 
have come into existence which are termed as biphasic materials and were first for-
mulated in 1986. These are made in such a manner that their constituents do not 
become separated owing to homogeneous and intimate submicron level mixing. 
These biphasic ceramic blends exist as a mixture of HA (with more stability) and 
β-TCP (with more solubility) [95]. Their bioactivity, bioresorbability, and osteoin-
ductivity have been under evaluation for use in orthopedics and dentistry [96–98]. 
Such biphasic mixtures have shown promising results for the osteogenic differentia-
tion of MSCs, increased cell adhesion, and enhanced mechanical properties [99, 
100]. A biodegradable blend of β-TCP matrix and HA nanofibers was designed by 
Ramay et al. They constructed these microporous nanocomposite scaffolds using 
gel-polymer methods. Apart from cues to enhance cell growth and neovasculariza-
tion, they also possessed enhanced mechanical properties which made them apt for 
use in load-bearing applications for bone tissue engineering [101].

 Whitlockite

Whitlockite (WH) is a CaP containing ceramic with Mg content and is represented 
as Ca9Mg(HPO4) (PO4)6. After HA, it is the second highest concentration of mineral 
in the human skeleton, with a Ca/P ratio of 1.43 and crystal structure with a rhom-
bohedral space group [102, 103]. It has a negatively charged surface and shows 
good stability at low pH [104, 105]. It has higher solubility under physiological 
conditions which leads to the continuous release of ions. As compared to HA, it has 
a higher compressive strength but because of its difficult synthesis, its research and 
development has not progressed well [106, 107].

WH is formed in the presence of Mg ions and calcium phosphate under acidic 
solutions even at low temperatures. The same phenomenon happens in vivo when 
old bone is resorbed by osteoclasts under acidic conditions [108–110]. Jang et al. 
designed an easy process for the formation of a stable, high-purity WH without 
toxic by-products. WH has shown to induce elevated expression levels of osteo-
genic genes than other ceramics [105, 107]. WH with a composite hydrogel pro-
moted better growth and osteogenic activity than HA as shown in a bone regeneration 
study in rat calvaria [106]. The property of WH to continuously release Mg and 
PO4

-3 seems to be the causal mechanism for osteogenic differentiation and bone 
growth as the Mg ions also decrease osteoclast activity [111].

Another form of calcium phosphate (viz. octacalcium phosphate (OCP)) that has 
a natural presence in human teeth is also considered important during the early 
phases of bone mineralization [112–115]. It has a very high biocompatibility and 
has been widely researched for bone implantation and coatings [116–120]. Even the 
amorphous form of calcium phosphate (ACP) transiently releases calcium and 
phosphate ions locally and has been utilized in several clinical applications 
[121–123].
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The utilization of WH and HAP at a bone-like ratio (1:3) has recently been 
shown to exhibit remarkable osteogenic activity [124]. Such findings pave a hopeful 
way that understanding the generation and function of WH within local bone can 
guide in designing better calcium phosphate based materials. Because of certain 
mechanical disadvantages in clinical applications, research is being focused on 
employing calcium phosphate in combination with other materials [125].

In one comparative study with commercially available biomaterials, Ishikawa 
et al. studied three artificial bone substitutes with different ceramic constitutions 
viz. HA (Neobone®), carbonate apatite (CO3Ap; Cytrans®), and β-tricalcium 
 phosphate (β-TCP; Cerasorb®) [126]. The difference in their ultrastructure can be 
seen in Fig. 7. Their physicochemical responses along with their tissue responses to 

Fig. 7 Typical scanning electron microscopy images of Neobone® (HAp) (a–c), Cytrans® (CO3Ap) 
(d–f), and Cerasorb® (β-TCP) (g–i). Both Neobone® and Cerasorb® displayed a porous structure, 
where Cerasorb® had much smaller pores compared to Neobone®. By contrast, Cytrans® was 
dense, and had no pores in the granules. Higher magnification showed that both Neobone® and 
Cerasorb® had smooth surfaces typical for sintering [126]
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bone were studied in hybrid dogs. As per SEM investigations, Neobone® and 
Cerasorb® were found to be porous, whereas Cytrans® was relatively much dense. 
As the fabrication of Cytrans® bone substitutes was done through a dissolution–pre-
cipitation method, it had a greater specific surface area with smaller crystals when 
compared to the other two which were fabricated by sintering. After 12 weeks of 
implantation, CO3Ap (Cytrans®) stimulated a higher new bone volume than HA and 
β-TCP.  A bone-like composition and a higher specific surface area of CO3Ap 
(Cytrans®) may have caused a better osteogenesis response.

 Bioactive Glasses

Bioactive glasses (BGs) are surface active glass ceramics. “Bioactive” refers to “a 
material that elicits a specific biological response at the material surface which 
results in the formation of a bond between the tissues and the materials” [127]. They 
are one of the most favorable bioactive scaffold materials for bone regeneration. 
They have a specific advantage in bone tissue engineering applications due to their 
capacity to form HA, along with their established osteoconductivity and their strong 
bonding ability with bone and soft tissues [128]. Since its invention as silicate glass 
(45S5) by Hench et al. in 1971, it has been a favorite material for exploration in 
clinical applications. 45S5 Bioglass® has a specific composition of 45% silica 
(SiO2), 24.5% calcium oxide (CaO), 24.5% sodium oxide (Na2O), and 6% phospho-
rous pentoxide (P2O5). The University of Florida has the intellectual property rights 
of this name viz. Bioglass® and it denotes the original 45S5 composition. All the 
other glasses are termed as bioactive glasses [129]. There are many methods for 
fabricating BG scaffolds (Fig. 8) and the method directly influences their structural 
aspects such as porosity and thus functionalities [130]. BGs can be either silicate-, 
borate-, or phosphate-based systems but silicate-based systems have been most 
studied and also successfully translated to many commercially available products.

In a study by Bi et al., the influence of the microstructure of BGs on bone regen-
eration capacity was examined. Three variants of microstructures of borate bioac-
tive glass (1393B3) scaffolds (trabecular, fibrous, and oriented) were fabricated. 
They were then tested for their bone regeneration potential in a calvarial defect 
model of rats. The extent of formed and mineralized new bone and angiogenesis 
was assessed 12  weeks post-implantation by histomorphometry and SEM.  HA 
formed at the site of scaffold at the end of study period had a ratio of Ca to P that 
matched with that of bone. Out of the three variants, the trabecular microstructure 
seemed to be the most promising as it showed better neo-osteogenesis, higher osteo-
inductive ability, and greater blood vessel infiltration than the other two microstruc-
tures. Thus, out of the three variants, trabecular microstructure may have the highest 
potential for bone regeneration using synthetic implants [128].

BGs can also be used to functionalize other scaffolds and improve their physico-
chemical and osteoinductive properties. Moses et  al., investigated copper doped 
BGs for functionalizing two silk scaffolds (Bombyx mori and Antheraea assama). 
The sol-gel coating of BG efficiently functionalized silk microfibers. An even, 
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 non- crystalline and nanoparticulate coating was formed over the silk microfibers. 
These functionalized silk microfibers had better physical characteristics like wetta-
bility, bulk density, stiffness, etc. These reinforced composite matrices were also 
better in the terms of their surface area along with open pores and a biomimetic 
microenvironment that allowed for cellular infiltration. The composite matrices got 
integrated and fully resorbed with new bone formation in rabbit femur defects. Such 
a kind of composite matrix opens interesting futuristic avenues to heal complex 

Fig. 8 Microstructures of bioactive glass scaffolds fabricated by different methods: (a) sol-gel; 
(b) thermal bonding (sintering) of particles (microspheres); (c) polymer foam replication tech-
nique to create “trabecular” scaffold; (d) grid-like microstructure prepared by robocasting; (e) 
oriented microstructure prepared by unidirectional freezing of suspensions (plane perpendicular to 
the orientation direction); and (f) micro-computed tomography image of the oriented scaffolds in 
(e) [130]
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bone defects [131]. The market of bioactive glasses is constantly emerging and 
some of the commercially available products are presented in Table 3 [132].

Studies show that the regeneration by BG scaffolds is dependent on many aspects 
such as its constitution, method of fabrication, ultrastructure, and pore characteris-
tics. Even other factors like pretreatment of the scaffold and the presence of growth 
factors play a major role. Lastly, the animal model used for the experiment, size of 
the defect, and implantation time may alter the scaffold behavior and results [129, 
133–135].

 Natural Ceramic (Nacre)

Over the past two decades, there have been major efforts to design bone substitutes, 
which can be employed for easy and efficient clinical practice. Along with the quest 
for synthetic materials, the aspect of biomimicking and generating bone-like com-

Table 3 Commercial products made of bioactive glasses [132]

Glass name Commercial products and notes Manufacturer

45S5 NovaBone Putty and NovaBone Dental 
Putty: Moldable glass-based paste injectable 
into the bone/dental defect site by a syringe

NovaBone (USA); o-Sci Corp. 
(USA); Biomet 3i (USA); 
BioMin Technologies (UK)

NovaBone particulate (90-710 μ) for 
orthopedics
NovaBone Morsels (porous granulate)
PerioGlas particulate (90-710 μ) for repairing 
jaw bone defects
NovaBone porous blocks
Biogran particulate (300-360 μ)
NovaMin particulate and BioMin for tooth 
enamel remineralization and dentinal 
hypersensitivity prevention

45S5+ 
polyethylene

Porous composite orbital implant 
(Medpor-Plus)

Porex Surgical Inc (USA)

S53P4 Particulate and custom-made monolithic 
plates (repair of orbital floor fractures) 
(BoneAlive)

Abmin Technologies Ltd/
Vivoxid (Finland); Mo-Sci 
Corp. (USA)

13-93 Cast monolithic implants, quenched frit, 
rods, fibers, disks, granules and micro-sized 
powders for bone repair

Mo-Sci Corp. (USA)

S55F5 Cast monolithic implants, quenched frit, 
rods, fibers, disks, and micro-sized powders

Mo-Sci Corp. (USA)

13-93B3 Cotton-candy fibrous scaffolds (DermalFuse/ 
Mirragen) for wound healing

Mo-Sci Corp. (USA), Avalon 
Medical (USA)

70S30C Sol-Gel powders for bone repair MedCell (UK)
Y O-Al O - 
SiO glass

20- or 30 μ microspheres (TheraSphere) for 
the treatment of liver cancer by embolization 
combined with local radiotherapy

BTG International Ltd (USA)
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posites, and natural materials are also under constant exploration. Nacre is also 
called the mother‐of‐pearl and is one such material that has osteoinductive, osteo-
conductive, biocompatible, and biodegradable properties. Its usage in the human 
race as a medical entity dates back to historic times. Nacre is a composite material 
composed of an organic matrix and calcium carbonate produced by molluscs as the 
shell. In vivo and in vitro studies confirm its outstanding properties as a potential 
multipurpose biomaterial as a bone graft substitute [136].

Akilal et al. experimented on Cowrie's shell derived powder (CSDP) and Nacre 
derived powder (NDP) for bone regeneration (Fig. 9). Structural and physicochemi-
cal investigation of CSDP revealed its brick and mortar ultrastructure composed of 
aragonite crystals. Upon soaking at 37 °C in simulated body fluid (SBF) for a week, 
these crystals transformed to poorly crystalline B-type carbonate apatite, reflecting 
bioactive features. Upon culturing stem cells on both substrates, it was found that 
CSDP supported cell proliferation more than nacre derived powder (NDP) over the 
study time period.

The morphology of stem cells also seemed flattened over CSDP, indicating supe-
rior biocompatibility. The cytoskeletal labeling showed well elongation of fibers on 
CSDP and relatively flattened cells over NDP after 7 days (Fig. 10). After 21 days, 

Fig. 9 Scheme of the experiment with cowrie shell derived powder [137]

Fig. 10 Fluorescent microscopy views of human umbilical cord derived stem cells-cytoskeleton 
labeled cells after 7 days in presence of (a) CSDP and (b) NDP, respectively [137]

S. Agrawal and R. Srivastava 



375

the cells were confluent with highly elongated actin fibers. The study suggests that 
these naturally derived materials offer an economic and novel hope for bone regen-
erative medicine [137].

 Polymers

As compared to metals and ceramics, polymers offer more flexibility, resilience, 
low cost, low conductivity, high durability, and moldability. Like all the biomaterial 
classes, polymers have also evolved in their subsequent generations. The first gen-
eration of polymer biomaterials included silicone rubber, polyethylene (PE), acrylic 
resins, polyurethanes, polypropylene (PP), and polymethylmethacrylate (PMMA). 
The major issue with first-generation biomaterials was the adsorption of various 
unspecific proteins on their surface post-implantation. The protein alignment in 
various conformations led to unspecific signaling pathways in the cellular microen-
vironment which further resulted in fibrous tissue growth which encapsulated the 
entire implant [138–140].

The second generation of polymer biomaterials was marked by the evolution of 
resorbable biomaterials that allowed for more control over their chemical break-
down and resorption. Biodegradable polymers of synthetic and natural origin such 
as polyglycolide (PGA), polylactide (PLA), poly(ϵ-caprolactone) (PCL), polydiox-
anone (PDS), polyhydroxybutyrate (PHB), chitosan (CS), polyorthoester, poly(2- 
hydroxyethyl- methacrylate) (PHEMA), polyethylene glycol (PEG), hyaluronic 
acid and other hydrogels have been researched and developed over this period. The 
hydrogel structure and 3D network help to hold large volumes of water and play 
multiple roles when used as an orthopedic biomaterial. Hydrogel polymers have 
shown potential for the repair of various tissues of the musculoskeletal system [141].

The most important properties for third generation biomaterials are bioactivity 
and biodegradability. The surfaces of these materials are also bioactivated with spe-
cific molecules to allow cell guidance and elicit particular responses. This class of 
biomaterials aim to closely match the ECM milieu and function by integrating spe-
cific cues. In short, they are able to modulate the important phases of cell behavior 
(viz. cell adhesion, migration, proliferation, and guided differentiation to the desired 
lineage) [24, 142, 143].

To develop new 3D scaffolds, natural as well as synthetic polymers have been 
employed for musculoskeletal regenerative medicine. Natural polymers have their 
own advantages but synthetic biodegradable polymers have drawn special interest 
because their physicochemical properties can be controlled in a better manner as 
demonstrated by their successful use in various medical purposes. Polymers that 
have been studied the most for bone tissue engineering include PLA, PGA, PCL, 
and PHB. Natural polymers like collagen and silk have been explored for applica-
tions in ligament tissue engineering [144, 145]. Composites of PCL and hyaluronic 
acid have yielded promising results and potential for meniscus tissue engineering 
[146]. “For applications such as cartilage and intervertebral disc tissue engineering, 
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hyaluronic acid, polyglactin collagen, fibrin, alginates, chondroitin sulphate photo- 
crosslinked hydrogels and glycosaminoglycans have also been explored.” [147–149].

A polymeric membrane of gelatin-CS with inclusions of HA and titania 
nanoparticles was fabricated with UV radiation as a safe cross-linking agent. It 
resulted in a homogeneous material with well-distributed nanoparticles. UV cross-
linking yielded better biological and mechanical properties of the composite mem-
brane. The osteogenic potential of the gelatin-based material was established by 
ALP assay with mouse embryonic fibroblasts (MEF) in vitro. This composite is a 
good substitute to the existing guided bone regeneration membranes [150]. Babitha 
et al. designed gelatin composites with natural polymer viz. zein but because of its 
poor osteoinductivity for human periodontal ligament stem cells (hPDLSCs), they 
added a ceramic phase to it. This resulted in the fabrication of novel zein/gelatin/
nanoHA (zein/gelatin/nHAp) nanofibrous membranes. These nanofiber mem-
branes showed better surface wettability and induced better cell proliferation and 
differentiation of hPDLSCs to osteogenic lineage. It was demonstrated that these 
composite membranes possess superior biocompatibility and osteoinductive abil-
ity for hPDLSCs [151].

The behavior of bone mesenchymal stromal cells (BMSCs) was examined on 
electrospun CaCl2 treated poly(l-lactide) (PLLA) and gelatin composite fibers (PG- 
Ca). Mineralization ability for both fibers was also assessed in α minimum essential 
medium (αMEM) and it was found that the PG-Ca fibers strongly induced HA for-
mation as compared to PG fibers. Apatite depositions were found after culturing 
BMSCs on both kinds of fibrous mats. Osteogenic differentiation of the proliferat-
ing BMSCs was also enhanced despite the absence of extra osteoinductive factors 
due to the continuous consumption of ions. PG-Ca fibrous mats showed better 
results than the control group. In essence, it was inferred that designing scaffolds 
which can infuse bone supportive ions such as Ca+2 and PO4

-3 around cells can be a 
great approach to facilitate bone formation [152].

In an attempt to mimic bone in 3D, Anada et al. used a two-step digital light 
processing technique and fabricated a spheroid structure with octacalcium phos-
phate (OCP), spheroids of human umbilical vein endothelial cells (HUVEC), and a 
gelatin methacrylate (GelMA) hydrogel. The whole construct was designed to 
mimic the inner architecture of bone wherein the peripheral hydrogel with OCP 
mimicked the cortical shell and the inner bone marrow-like space was created using 
HUVEC spheroids embedded in GelMA (Fig. 11). The results showed that evenly 
embedded OCP stimulated the osteoblastic differentiation of MSCs. The capillary- 
like structure formation from the spheroids was regulated by the concentration of 
GelMA. This biomimetic construct with a cell-loaded hydrogel base and dual ring 
structure seems to be an encouraging model for bone tissue engineering pur-
poses [153].

Ingavle et al. studied the bone healing capacity of two natural polymer, i.e., algi-
nate and hyaluronate, based biomineralized microspheres with entrapped MSCs. 
The polymers were altered with the adhesive tripeptide arginine-glycine-aspartic 
acid (RGD). Both the in vitro and in vivo studies (in Swiss alpine sheep) showed 
great results in terms of osteogenesis. When assessed against the untreated/acellular 
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gels, the modified polymers had a substantial positive effect on parameters like 
blood vessel density and bone formation. These results indicated that hydrogels 
with stem cells can prove useful for bone regeneration in large animal bone 
defects [154].

Murahashi et  al. loaded multi-layered PLLA nanosheets with recombinant 
human fibroblast growth factor-2 (rhFGF-2) for bone regeneration. They examined 
its effect in critical-sized mouse femoral defects and it was found that these 
nanosheets acted as a modified sustained-release carrier and efficiently induced 
bone regeneration. The nanosheets also induced FGFR1 gene activation and subse-
quent osteoblast differentiation [155].

Hydrogels are one of the very important classes of polymers that have immense 
potential as a biomaterial. Their optimization and design strategies must ensure fea-
tures such as: (1) Non-immunogenicity and non-cytotoxicity, (2) osteoinductivity, 
osteoconductivity, osteogenicity, as well as osteocompatibility, (3) mimicry of the 
natural ECM to the extent possible, (4) degradability by endogenous enzymes or 
hydrolysis to synchronize with neo-osteogenesis, (5) mechanical and structural 
strength for treating load-bearing defects, (6) correct pore dimensions with inter-
connected porosity, and (7) injectability for patient compliance to enhance adminis-
tration ease [156].

Due to their weaker mechanical properties, they are better suited for non-load- 
bearing applications. Various physical and chemical methods for attaching specific 
functional groups, hydrogen bonding, electrostatic interaction of the natural materi-
als and inclusion of other phases, etc. are used to strengthen their mechanical traits 
and improve their bioactivity in order to augment their clinical value [144]. A recent 
development in the field of hydrogels is called nanogels which is a class of materials 
with spherical nanoparticles formed by cross-linking 3D polymer networks. They 
tend to expand in fluids by physical or chemical means. They show a range of 
hydrogel features like a great biocompatibility and tunable mechanical properties 

Digital maska

b

Digital mask

Visible light

Visible light

HUVEC spheroids
in GelMA

wash

culture

wash

3D bone like vasularized
hydrogel construct

CaPin GelMA

Fig. 11 (a) Diagrammatic representation of fabrication process for 3D hydrogel constructs. (b) A 
photograph of 3D hydrogel constructs for vascular and bone formation. Bar = 5 mm [153]
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along with desirable dimensions of nanoparticles. Nanogels have great scope in the 
bone regeneration domain [157]. One more system of polymer hydrogels that can 
be used for bone regeneration includes microbeads. Microbeads represent an ideal 
system for entrapping live stem cells and therapeutic molecules with their cross- 
linking mechanisms. Still more studies are underway to develop perfectly biocom-
patible, osteoconductive, osteoinductive, and osteogenic microbead models [158].

Along with nanogel and microbead forms, a recent form of hydrogels that can be 
utilized are hydrogel fibers which may be responsive owing to their greater surface- 
volume ratio and immobilization capacity. They are made up of fibrous structures 
with a diameter of a few nanometers to many microns. The advantage of hydrogel 
fibers over microbeads is that the hydrogel fibers can be arranged axially in the 
syringe for better administration to the defect site. They can also be expected to stay 
at the implant site for an extended time as compared to the rounded structures of the 
microbeads [159].

Onat et al. reported the osteoinductivity of a polymer in their latest research. 
Most of the time, biodegradable polymers have been largely employed for complex-
ing with and delivering osteoinductive moieties, but not by themselves as osteoin-
ductive agents. This work reported the osteoinductive ability of 
poly(4-hydroxy-l-proline ester) (PHPE), which is a biodegradable cationic polymer 
with a specific property for cell penetration. The specific reactions cause PHPE to 
degrade in vivo and convert to trans 4-hydroxy-l-proline (trans-Hyp), a non-coded 
amino acid that plays crucial role in the formation and stability of collagen fibrils 
[160]. It was derived from this study that this polymer is nontoxic for the cells; cell 
exposure to PHPE induces higher COL1A1 expression leading to more synthesis of 
collagen, thus secretion in osteoblast-like cells. It also induces ECM mineralization 
in primary osteoblasts which further promotes ECM mineralization and bone tissue 
regeneration.

The effect of polymer molecular weight was demonstrated in one study by 
Davide et  al. In bone tissue regeneration, polymers have mostly been used as 
various composites such as calcium-phosphate-based composites. They utilize 
the best features of both material classes and help to facilitate osteoinduction. 
This study examined the potential effects of the polymer phase as its molecular 
weight regulates fluid uptake, degradation dynamics, and the onset of surface 
reactions. They developed composites by the extrusion of two different molecu-
lar weight L/D, l-lactide copolymers with calcium phosphate apatite, namely 
M38 and M60. The M38 copolymer permitted higher fluid uptake leading to a 
better adsorptive ability for proteins in vitro. Figure 12 shows a higher amount of 
bone generated in the composite formed with lower molecular weight. The 
underlying reason may be its faster degradation and thus exposure of a rougher 
surface to trigger stem cells to differentiate osteogenically and cause bone for-
mation [161].

S. Agrawal and R. Srivastava 



379

 Composites

Significant efforts have been made to develop favorable bone replacement biomate-
rials for repairing larger bone defects. Still, the success in achieving perfect bone 
biomaterials with ideal physicochemical and osteoinductive properties seems far 
and that is where the role of composites comes in which can blend the best proper-
ties for various classes of materials. As the bone is also an organic–inorganic com-
posite, this methodology can prove to be the best road to closely simulate bone. 
Some of the composite-based commercially available graft materials are listed in 
Table 4 [162].

Alidadi et al. evaluated the efficacy of xenogeneic demineralized bone matrix 
(DBM), with two polymers viz. CS, and PMMA for repairing critical-sized radial 
bone defects in rats. As compared to DBM, CS and PMMA were found to be slowly 
degrading, non-compatible polymers with slow biodegradation rates that impeded 
bone regeneration, though CS is not osteoconductive or osteoinductive alone [163].

Lai et al. fabricated a novel porous composite with a powdered form of Mg, poly 
(lactide-co-glycolide) (PLGA), and β-tricalcium phosphate (β-TCP). This PLGA/
TCP/Mg (PTM) scaffold was evaluated against a PLGA/TCP composite (PT) for its 
osteogenic and angiogenic properties. New vessels and new bone formation were 
seen in the PTM group and the results were better than the PT group. These findings 
divulged the osteogenic and angiogenic abilities of the PTM scaffold due to the 
presence of three chief orthopedic biomaterials and their concerted synergy which 

Fig. 12 Low magnification scans of composite explants. (a) Heterotopic bone formed in all 5 
implants with M38. Bone is indicated by the dark pink areas among the M38 granules. (b) None 
of the M60 composites induced bone formation as no dark areas can be observed [161]
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is capable of clinical translation [164]. An experiment to compare the biological 
qualities and bone regenerative capacity of an uncoated porous PCL scaffold with 
MgCO3-doped HA particles (PCL_MgCHA) and the same scaffold biomimetically 
coated with apatite-like crystals (PCL_MgCHAB) was carried out [165]. Both the 
scaffolds were found to be non-cytotoxic. PCL_MgCHAB displayed higher levels 
of ALP expression and collagen production. New bone trabeculae growth in PCL_
MgCHAB was significantly higher as compared to PCL_MgCHA at the 4th and 
12th weeks after implantation.

Table 4 Some commercially available bone graft materials [162]

Class
Commercial 
product Composition

Claimed mechanism 
of action Formulations

Allograft 
based

DBX® 
(Synthes)

DBM with sodium 
hyaluronate 
carrier

Osteoinduction, 
osteoconduction

Putty, paste, mix, 
injectable, strips

Grafton® 
(Medtronic)

DBM fibers w/ 
w/o cancellous 
chips

Osteoinduction, 
osteoconduction, 
osteogenesis

Putty, strips, crunch gel, 
paste

Orthoblast® 
(Citagenix)

DBM and 
cancellous chips 
in reverse phase 
medium

Osteoinduction, 
osteoconduction

Putty, paste, injectable 
paste

Ceramic 
based

Norian SRS® 
(Synthes)

Calcium 
phosphate

Osteoinduction, 
bioresorbable 

Vitoss® 
(Stryker)

Beta-tricalcium 
phosphate and 
bioactive glass

Osteoinduction with 
bone marrow 
aspirate, 
bioresorbable

Putty, strips, injectables, 
morsels, shapes

ProOsteon® 
(Biomet)

Corraline 
hydroxyapatite 
and calcium 
carbonate

Osteoconduction, 
bioresorbable

Injectable granules or 
block

BonePlast® 
(Biomet)

Calcium sulfate Osteoconduction, 
bioresorbable

Paste

Osteoset® 
(Wright)

Calcium sulfate Osteoconduction, 
bioresorbable

Pellets

Factor 
based

Infuse® 
(Medtronic)

rhBMP-2 on 
bovine collagen 
carrier

Osteoinduction Bovine collagen carrier

OP-1® 
(Stryker)

rhBMP-7 with 
type I collagen 
carrier

Osteoinduction Putty (with 
carboxymethylcellulose 
addition), Paste

Polymer 
based

Healos® 
(Depuy)

Crosslinked 
collagen and HA

Osteoconduction, 
osteogenic with bone 
marrow

Strips

Cortoss® 
(Stryker)

Non-resorbable 
polymer resin 
with ceramic 
particles

Osteoconduction Injectable paste
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In a study, the osteogenicity and antimicrobial activity of HA and silver, respec-
tively, were examined in a composite blend of HA/Ag. As the elevated concentra-
tions of silver are known to trigger cytotoxicity, this study aimed to use silver 
nanoparticles so that even lower concentrations of silver can exhibit improved anti-
microbial and anti-inflammatory effects. These particulate HA/Ag nanocomposites 
showed apatite formation in SBF and parameters like cell viability were found to be 
unaltered. This HA/Ag nanocomposite expressed bioactivity, and higher antimicro-
bial activity against Escherichia coli, Staphylococcus aureus, and Candida albicans 
even at lower concentrations of silver [166].

In one of the latest developments, a novel composite was designed with unique 
combinatorial chemistry. Strontium, which is known for bone strength enhance-
ment and graphene which is known for its massive surface area, great specific 
conductance, high tensile modulus, and simple functional groups were amalgam-
ated with the competence of nanotechnology. Chen et al. developed these innova-
tive strontium- graphene oxide (Sr-GO) nanocomposites to release Sr ions in a 
sustained manner and were used as a reinforcement in collagen scaffolds. The 
Sr-GO-Col scaffold demonstrated better physicochemical and mechanical proper-
ties than the unmodified Col scaffolds. They also facilitated cell adhesion and 
osteogenic differentiation due to the MAPK signalling pathway stimulation. These 
Sr-GO-Col composites showed excellent bone regeneration, defect repairing, and 
angiogenesis results at 12 weeks in a critical-size calvarial bone defects in rats. 
The residual Sr-GO nanoparticles were found to be phagocytosed and 
degraded [167].

Apart from the above-mentioned materials, there have been many new explora-
tions, such as with graphene for bone regenerative medicine per se with stem cells 
and with other molecules like PCL, alginate, gelatin, fibroin, etc. to produce com-
posites and 3D scaffolds [168–171]. In one of the studies to combine the best of 
synthetic and naturally derived materials, a porous composite was prepared by 
PLA and DBM. This was implanted in a rabbit radius segmental bone defect to 
examine repair. The composite was compared with only PLA and only a bone 
autograft. The results from X-ray and histology confirmed that the effect of com-
posite materials on bone repair was substantially higher than any of them acting 
alone [172].

A 3D scaffold with the combination of synthetic polymers and nanoceramics 
was explored for bone tissue engineering by Carrow et al. using additive manufac-
turing (AM). They reported the synthesis of a bioactive 3D scaffold nanocomposite 
from a poly(ethylene oxide terephthalate) (PEOT)/poly(butylene terephthalate) 
(PBT) (PEOT/PBT) copolymer and 2D nanosilicates. This particular combination 
was chosen with PEOT/PBT as they boost calcification and increase bone bonding 
ability, while 2D nanosilicates are known to lead hMSCS to an osteogenic lineage 
even without relying on osteoinductive agents. The stability and the bioactive prop-
erties of the composites were found to be increased. The osteo-related proteins 
were significantly upregulated along with the production of a mineralized 
matrix [173].
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 Role of Topography in Orthopedic Biomaterials

 Bone as a Nanocomposite

The unique properties of natural bone are not derived just from its chemistry but 
also from its microarchitecture that span from nanoscale to macroscopic dimen-
sions, with precise and meticulously engineered interfaces. The nanostructural com-
position of HA nanocrystals and collagen fibrils is what makes bone exceptional, a 
feature that could not be precisely reproduced artificially till date. In the stem cell 
microenvironment also, communications with ECM components exert indirect 
mechanical forces which influence stem cell behavior. The ECM has a unique com-
position with various types of polymers with different hierarchical dimensions such 
as collagen strands at the nanometer level to the micron range [174]. These sympho-
nized spatiotemporal communications between the cells and their surroundings 
maintain and control their behaviors in the long term.

Cells keep receiving mechanotransducive cues in their natural microenviron-
ment due to nanotopographical structures within the ECM around them. These 
cues influence their local migration, cell polarization, and other functions. This is 
the underlying reason how the nanoscale and microscale topographical features of 
a biomaterial can act as signalling modalities and can control cellular functions 
[175, 176].

 Nanomaterials for Bone Regeneration and Repair

Nanomaterials and nanocomposites have been emerging as potential models for 
recreating the structure and function of bone and ECM. They serve as a structural 
framework for cells along with the regulation of key cell phases viz. growth, prolif-
eration, differentiation, and migration that result in organized tissues. There can be 
various kinds of nanotopographical features on the biomaterial surface that influ-
ence cellular processes, some of which are represented in Fig. 13. They possess 
biomimicking and suitable traits such as high roughness and surface area that leads 
to higher protein adsorption than traditional biomaterials. Interactions at the inter-
face of cells and a biomaterial are supposed to be moderated by integrin-led path-
ways that affect cell behavior [177].

Many research groups have been constantly striving to recreate the bone’s 
mechanical properties (stiffness, strength, and toughness) as tissue engineered con-
structs through the inclusion of nanostructures in the base matrices to mimic bone’s 
natural composition [178, 179].

A precise microscale shape pattern has been shown to better regulate the osteo-
genesis process and nodule deposition as it directly influences cellular differentia-
tion. The periodicity and dimensions of nanotopographical features have been 
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shown to affect cellular differentiation process in many studies [176, 180, 181]. The 
topographical cues also affect events like protein adsorption and apatite deposition, 
which subsequently influence bone-mineral deposition [182, 183].

The introduction of advanced small-scale technologies has facilitated the design 
and development of methods that allows us to closely fathom stem cell behavior and 
biomechanics. Even the spatial arrangement of nanosized features play a crucial 
role in determining cell behavior and differentiation. Irregularly placed nanopits 
were found to be more effective in eliciting hMSC differentiation as demonstrated 
by higher osteopontin expression (Fig. 14) [184]. Moreover, biologically inspired 
substrates with a tuned ultrastructure are evolving for better understanding and con-
trol of stem cell behavior [185]. In the advent of the third generation of biomaterials, 
the magnitude of importance of their physical properties has taken central stage 
along with their chemical composition.

Fig. 13 Schematic depictions of representative nanotopography geometries. Three basic nanoto-
pography geometries include nanogrooves (a), nanopost array (b), and nanopit array (c). The 
speculative pathways (d) for cell-shape-directed osteogenic and adipogenic differentiations of 
MSCs were examined in growth medium. RhoA Ras homolog gene family member A, ROCK Rho- 
associated protein kinase [185]
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 Conclusion

Apart from natural grafts, metals, ceramics, and polymers are the major classes 
which have been under investigation as budding candidates for orthopedic regenera-
tive medicine. Each of them has advocated for their unique characteristics but the 
far superior and unique traits of bone necessitate better combinatorial chemistry 
from the various material genres. It’s equally important that the material design 
schemes pay a high level of attention to minimize risks such as those caused by their 
degradation products to avoid various unforeseen hazards. As the in vitro results 
show inconsistency when tested in vivo, it’s crucial to understand the host responses 
after implantation (Table 5).

The natural composition and strength of bone is so unique that despite innumer-
able scientific attempts, identical ultrastructure and mechanical properties could not 
be achieved for their replacement and repair. Moreover, bone is constantly remod-
elled by daily loaded actions, both in static and dynamic conditions and this makes 
it even more challenging to engineer bone-tissue similes.

The third and upcoming generation of bone replacement materials includes not 
only biocompatibility, safety, and inertness, but also the capacity to induce or stimu-
late healing. The ongoing research is incorporating an understanding of the molecu-
lar level mechanisms and adding further functionalities and activation strategies to 
enhance the active participation of biomaterials in osteogenesis and new bone for-

Fig. 14 Exploring the effect of spatially different nanotopographies on cell differentiation. (a, b) 
nanotopographies fabricated by electron beam lithography (EBL). The pits (120  nm diameter, 
100 nm depth) (a) in a square arrangement and (b) with increasing disorder (displaced square 
±50 nm from true center). The nanoscale disorder stimulates human mesenchymal stem cells to 
increase the expression of the bone-specific ECM protein osteopontin (d, arrow) as compared to 
the ordered structure (c) [184]
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mation. These include major considerations for macro, micro, and nanoscale 
 architectures and geometries, surface topography, biomimicking coatings, composi-
tions, microenvironment tailoring, hierarchically organized structures, enzyme or 
growth factor release patterns, etc. such that they can directly regulate cellular 
responses toward favorable outcomes.

The futuristic ideal and smart material for bone regenerative applications will not 
only need to be osteoinductive and osteoconductive but also “osteo-sensitive” to 
adapt as per the changing mechanical and biophysical needs. Along with the quest 
to invent new materials and relevant compounds, parallel learning from nature and 
integrating both of these approaches seems like the most plausible way to come up 
with closest possible bone composites and fast translation to the clinics.
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