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Preface

Bone is one of the few human tissues that has the ability to be completely regenerated after
injury. Unlike other tissues, the majority of bony injuries heal without the formation of scar
tissue, and bone is regenerated with its preexisting properties restored. The newly formed
bone is eventually indistinguishable from the adjacent uninjured bone.

However, some situations compromise the regenerative capacity of the tissue, leading to the
need for medical or dental intervention. There are conditions in which bone regeneration is
required in large quantity, beyond the usual potential for self-healing, such as large bone
defects created by trauma, infection, tumor resection, and skeletal abnormalities, or in cases
in which the process is compromised, as in the avascular necrosis.

Although there are many techniques in use in clinical practice to deal with these problems,
such as bone grafts, bone graft substitutes, and distraction osteogenesis, many of them still
have limitations, making this field favorable to the emergence of new technologies.

The aim of this book is to present recent advances in this area, with chapters written by lead‐
ing international researchers. The book is organized into three sections. The first part de‐
scribes some of the techniques already available for clinical use nowadays. The second part
presents the results of new research in the field and may be used in clinical practice in the
near future. The third section deals specifically with research in tissue engineering, where
major advances have occurred with the use of cells, scaffolds, and growth factors.

Alessandro Rozim Zorzi
Orthopedics and Traumatology Department,

Campinas State University (UNICAMP),
Brazil

João Batista de Miranda
Orthopedics and Traumatology Department,

Campinas State University (UNICAMP),
Brazil





Section 1

Clinical Approaches to Enhance Bone
Regeneration





Chapter 1

Bone Regeneration: Current Status and Future Prospects

Hossein Ghanbari and Roghayyeh Vakili‐Ghartavol

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/63912

Abstract

The ability of bone to heal with practically no scarring is the most extraordinary feature
of it. However, perturbations of the fracture site could disrupt the repair process when
defects reach a critical size, resulting in non‐union. Current therapies include allograft‐
ing, autografting, applying vascularized grafts, and other bone transport techniques.
However, although commonplace in orthopaedic surgery, these treatments have some
limitations.

Harvesting autografts is very expensive, typically from the iliac crest, associated with
donor‐site morbidity due to infection and haematoma and constrained by anatomical
limitations. Allografts are limited by the possible risks of introducing infection or disease,
while vascularized grafts are prohibitively expensive. So, due to technical difficulties and
shortcoming of reconstructive surgery, the need for suitable fillers in large fracture
reconstructive surgery is inevitable. Thus, recent tissue engineering approaches have
been attempted to create  new bone based on stem or precursor cells  seeded onto
biocompatible materials or scaffolds, with or without appropriate growth factors to
improve clinical outcome. This chapter review the clinical necessity for tissue engi‐
neered bone, recent approaches attempting to create new bone, the main challenges of
them and the novel strategies to overcome these barriers.

Keywords: bone fracture, regenerative medicine, stem cell, scaffold, growth factor, os‐
teogenesis

1. Introduction

Reconstruction and regeneration of significant skeletal defects have amazed mankind for
thousands of years. Grafting techniques were employed as early as 2000 BC when Khurits
employed a piece of animal bone to reconstruct a small skull defect. In the modern age, Job

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.



van Meekeren, a Dutch surgeon, performed first documented bone graft in 1668. He utilized
a xenograft to repair a skull defect in an injured soldier [1]. The understanding of orthopaedic
science and bone grafts was further propelled in the seventeenth century by the work of Antoni
van Leeuwenhoek who is famously known for his work on microscopy. Also, he primitively
explained the microarchitecture of bone, what we now refer to as Haversian canals [2]. Hard‐
working examination of bone‐grafting criteria and outcomes surfaced in the early 1900s by
Vittorio Putti who determined the principles of grafting. Putti's work presented a foundation
for grafting science in the orthopaedic field. Since then, researchers and surgeons have
continued to smooth the science of bone grafting to allow for the most proper surgical
intervention with the best outcomes [2, 3]. The current standard treatment is harvesting
autologous grafts from other positions in the body (harvested primarily from the patient’s iliac
crest or other locations, such as the distal femur, proximal tibia, ribs and intramedullary canal)
and transplantation into the massive fractures, or the transplantation of allografts, which have
many obstacles, such as donor‐site morbidity, limited tissue supply, infection, and poor
integration [2, 4, 5]. Autografts are clinically approved therapies, which demonstrate the
biological characteristics of osteogenesis, osteoconduction, and osteoinduction. Both grafts
possess unique advantages and disadvantages; however, autografts gained desirability over
allograft in the early 1900s with recognition of the advantage that vascularization provided to
the integrity of the graft with the surrounding bone [6]. So, synthetic bone graft substitutes
that were developed to overcome the inherent limitations of auto‐ and allograft represent an
alternative strategy. These synthetic substitutes, or matrices, are made from a variety of
materials, such as natural and synthetic polymers, ceramics, and composites that are designed
to mimic the three‐dimensional (3D) characteristics of autograft tissue while maintaining
viable cell populations. Matrices also function as delivery vehicles for factors, chemothera‐
peutic agents, and antibiotics depending on the nature of the injury to be repaired. This junction
of matrices, cells, and therapeutic molecules has collectively been termed tissue engineering
(TE) [7]. Clinically, a bone regenerative therapeutic to treat patients must provide fundamental
criteria, including safety, predictability, and reproducibility, in providing the clinical outcome.
Also, as noted earlier, a tissue‐regenerative therapy should exhibit four characteristics,
including osteogenicity, osteoconductivity, osteoinductivity, and osteopromotivity [8, 9].
Osteogenesis refers to the process by which osteoprogenitor cells mature into osteoblasts,
which subsequently mineralize and form bone tissue [9]. During osteoconduction process,
bone formations occur on a surface. With respect to biomaterials, osteoconduction is defined
by the ability of an implant to support the growth of bone at a defect site three dimensionally.
Osteoinduction is the process of recruitment of immature osteoprogenitor cells to the site and
the subsequent differentiation of them into osteoblasts under the influence of a diffusible bone
morphogenetic factor. Finally, osteopromotion refers to the ability of a substance to enhance
osteoinduction without being osteoinductive on its own [1, 9, 10].

2. Bone grafts

Fracture healing is performed based on a delicate balance between biology of fracture repair
and biomechanical stability of fracture fixation, which are interrelated. Too many ‐ attempts
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have been developing to minimize damage to the blood supply of the fracture blocks during
surgery, but the sequential activation of cells and bioactive molecules necessary for fracture
healing still remains disrupted. Moreover, a non‐union often develops when this sequential
activation is interfered. Some approaches suggested to overcome non‐unions and some acute
fractures include bone grafts and bone graft alternatives—specifically autologous bone grafts,
allografts, synthetic bone grafts, and osteoinductive proteins. The ability of grafts to promote
healing depends on their osteoconductive, osteoinductive, osteogenic, and osteopromotive
qualities [11–13]. Each bone graft type and its alternative own some combination of these
qualities. This section is going to compare benefits and potential limitations of available
grafting strategies.

The iliac crest bone graft (ICBG), harvested from the anterior and posterior iliac crest, is the
gold standard for cancellous autografts in cases in which fracture healing rather than void
filling is needed. It is corticocancellous with osteoconductive, osteoinductive, and osteogenic
effects. Also, the other benefit of ICBG is the availability of large amounts of bone without
structural compromise to the extremity [14]. In a study, Takemoto et al. objected to consider
whether there are variations in the expression of bone morphogenetic proteins (BMPs) and
their receptors in different bone‐graft‐harvesting sites. They analysed autogenous marrow
aspirates obtained from the iliac crest, the proximal humerus, and the proximal tibia for the
mRNA levels of BMPs and their receptors. Their results suggested that ICBG is rich in colony‐
forming cells, and the number of progenitor cells directly promotes healing [15]. Despite the
relative advantages of ICBG, it is not without disadvantages. The limitations, however, have
been well documented in the literature and include donor‐site morbidity, increased time in
the operating room, and an increased length of hospital stay [16, 17]. So, for certain patients
with compromised bone or inadequate volume for grafting, bone graft substitutes may be
preferable.

Substitutes to bone grafting consist of bone bank allograft, osteoconductive materials, demin‐
eralized bone matrix (DBM), and osteoinductive proteins. The orthopaedic association has
extensive experience with bone bank allograft, with the first clinical tissue bank opening in
1949 [18]. The main concerns of allografts include the risk of rejection, disease transmission,
inconsistent incorporation, and late resorption. An alternative to bone bank allograft is DBM.
DBM is made from an allograft with the inorganic materials removed. Researchers demon‐
strated that DBM implanted intramuscularly resulted in new bone formation [19]. Also, DBM
has osteoconductive property but only weak osteoinductive feature. Furthermore, DBM offers
an advantage over allografts or synthetic biomaterials that need incorporation by the host
before they can support mechanical loads and would diminish the morbidity associated with
harvesting autologous bone [20].

Synthetic osteoconductive materials have been widely used for bone graft in orthopaedic
practice and include hydroxyapatite (HA), coralline hydroxyapatite, CaSO4 and CaPO4

cements, and collagraft [21]. Hydroxyapatite has a porous structure comparable to the
cancellous bone and functions as an effective osteoconductive matrix and thus replicates the
biological properties of bone extracellular matrix (ECM). The nominal composition of this
mixture is Ca10(PO4)6(OH)2 with an atomic ratio for calcium‐to‐phosphate of 1.67 [22, 23]. Most
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studies have reported the mineralization and remodelling of this material can lead to the
formation of mature bone [21]. Coralline hydroxyapatite is a similar substance, in which coral
is converted to pure crystalline hydroxyapatite. It has good compressive strength but has low
tensile strength and limited remodelling potential. Similar to hydroxyapatite, coralline
hydroxyapatite functions strictly osteoconductive, but lacking osteogenic and osteoinductive
properties. Calcium‐based bone cements are osteoconductive and primarily used for filling
metaphyseal defects. They possess sufficient compressive strength but lack resistance to shear
and torsional forces and are very costly. They are also associated with resorption, leading to
wound drainage [21]. The situations in which osteoinduction is the primary concern, BMPs
are available. Detailed insights into BMPs will be provided later.

3. Molecular aspects of fracture healing

Fracture healing is a complex physiological process. Cascade of complex biological events
involving intracellular and extracellular molecular signalling for bone induction and conduc‐
tion remain unknown to a great extent. Indeed, it is a multistep repair process that follows a
determined spatial and temporal sequence [24–26]. It was clearly demonstrated that known
molecular mechanisms that regulate skeletal tissue formation during embryological develop‐
ment are replicated during the fracture‐healing process [27]. Many growth and differentiation
factors (GDFs), such as cytokines, hormones, and extracellular matrix, are local and systemic
regulatory factors that interact with various cell types, including bone‐ and cartilage‐forming
primary cells, or even muscle mesenchymal cells, recruited at the fracture site or from the
circulation. Advances in understanding cellular and molecular mechanisms will provide the
tools for discovering the fracture‐healing process. This section aims to contribute to promoting
and inhibiting fracture healing and to prepare awareness of the complexity of involved
signalling pathways.

3.1. Biology of fracture healing

The nature of the repair phase is dependent on mechanical conditions in the fracture‐healing
zone (primary or secondary bone healing) and the anatomical location of the fracture (meta‐
physeal‐epiphyseal trabecular bone healing or diaphyseal callus healing). Indeed, fracture
healing is a complex process, resulting in optimal skeletal repair and restoration of skeletal
function. However, it is a well‐orchestrated, regenerative process, which is initiated in
response to injury. Repair process is promoted by the normal pathway of embryonic devel‐
opment repeated with the coordinated participation of several cell types [28]. Depending on
several parameters involved in the fracture site, such as growth factors, nutrients, hormones,
and oxygen tension, pH, the mechanical stability and the electrical environment, various
components present at the injured tissue, such as the cortex, the periosteum, the external soft
tissues and the bone marrow, contribute to the healing process [29–31]. Classical histology has
divided fracture healing into direct (primary) and indirect (secondary) mode.
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Direct strategy (known as primary cortical bone healing) occurs only when there is extremely
low interfragmentary movement or if the bony fragments are under compression [32]. Most
often compression plates and lag screws provide the required stability for direct healing [33].
Similar to the normal bone‐remodelling process, fracture surfaces in contact and under
compression are bridged by Haversian systems (or osteons) when such stability is achieved.
Indeed, primary process involves a direct attempt by the cortex to regenerate new Haversian
systems by the formation of discrete remodelling units known as ‘cutting cones’, in order to
restore mechanical continuity [34]. Osteoclasts digest bone, causing tunnels from one side of
the fracture to the other, which provides the in‐growth of blood vessels. Subsequently, vascular
endothelial cells and perivascular mesenchymal cells prepare the osteoprogenitor cells to
differentiate into osteoblasts which create new osteons connecting both fragments [35, 36].
Healing by Haversian systems is slow, and notable time is necessary to gain sufficient strength
by healing zone and, therefore, allow removal of load‐bearing implants. Also, because it is not
associated with a major influx of inflammatory cells, primary bone healing is less affected by
systemic inflammation [37].

Another type of fracture healing is indirect mode that heals the majority of fractures. This mode
of fracture healing occurs by either intramembranous ossification or endochondral ossification
with the subsequent formation of a callus [38, 39]. This mode is usually enhanced by motion
and inhibited by rigid fixation [38].

Intramembranous ossification forms bone directly without first forming cartilage. Migrated
mesenchymal stromal cells that reside in the periosteum directly differentiate into osteoblasts
that synthesize and deposit bone matrix. This process results in callus formation, characterized
histologically as ‘hard callus’ [40]. In this type of healing, the bone marrow contribute to bone
formation during the early phase of healing, when endothelial cells transform into polymor‐
phic cells that subsequently express an osteoblastic phenotype [12]. Advanced studies have
shown that flat bones such as bones from the skull, trabecular bones, and clavicle heal via
intramembranous ossification [41].

By contrast, endochondral ossification involves the recruitment, proliferation, and differen‐
tiation of undifferentiated mesenchymal cells into a transient cartilaginous matrix, which
calcifies into mature bone. This type of fracture healing is advocated to have the following
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(5) bone formation, and (6) ultimately bone remodelling [42]. Also, it is contributed from the
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understanding of various signalling molecules and elucidate their contribution in the initiation
and control of this physiological event at the molecular level.
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3.2. Signalling molecules in bone regeneration and fracture repair

Various types of signalling factors influence the fracture healing, and continuous study of these
factors can lead to promising new clinical treatments for bone repairing. To date, the delivery
of signalling molecules for bone regeneration has been based primarily on factors that directly
affect the bone formation pathways (osteoinduction) or that apply to increase the number of
bone‐forming progenitor cells. Overall, the signalling molecules can be classified into three
groups, including the pro‐inflammatory cytokines, the transforming growth factor‐β (TGF‐β)
superfamily and other growth factors, and the angiogenic factors [43].

3.2.1. Pro‐inflammatory cytokines

Pro‐inflammatory cytokines, such as Interleukin‐1 (IL‐1), IL‐6, IL‐11, IL‐18 and tumour necrosis
factor‐α (TNF‐α), are critical for triggering the repair cascade [44]. They are secreted by
macrophages, inflammatory cells, and cells of mesenchymal origin existing in the periosteum
[43, 45, 46]. These molecules play key roles in the induction of downstream mediators to the
fracture site by exerting a chemotactic effect on other inflammatory cells, augmenting ECM
synthesis, stimulating angiogenesis, and recruiting endogenous fibrogenic cells to injury [47].
Furthermore, cytokines were found to regulate endochondral bone formation and remodelling
[43, 47]. For example, TNF‐α recruits mesenchymal stem cells (MSCs), promotes the induction
of apoptosis in hypertrophic chondrocytes during endochondral ossification and incites
osteoclastic function. Also, IL‐1 mainly provided by osteoblasts and simplifies bone remodel‐
ling by stimulating proteases to degrade callus tissue [46]. The absence of TNF‐α results in
delayed resorption of mineralized cartilage, delayed endochondral bone formation by several
weeks, and impaired fracture healing. Several studies have demonstrated that TNF‐α signal‐
ling is unique to postnatal fracture repair [46].

3.2.2. Growth and differentiation factors

3.2.2.1. Transforming growth factor‐β superfamily

It is a large group of regulatory polypeptides that includes bone morphogenetic proteins
(BMPs), multiple isoforms of transforming growth factor‐βs (TGF‐βs), growth and differen‐
tiation factors (GDFs), activins (ACTs), inhibins (INHs), and glial‐derived neurotrophic factors
(GDNFs), as well as some proteins not included in the above families, such as Mullerian‐
inhibiting substance (MIS), also known as anti‐Mullerian hormone (AMH), left‐right determi‐
nation factor (Lefty), and nodal growth differentiation factor (Nodal) (Figure 1) [48, 49]. Their
isolation from bone extracts and further gene identification was accomplished in the 1980s,
based on the previous results by Marshall R. Urist [19]. Transforming growth factor‐β family
encompasses at least 34 members in the human genome. These molecules originate from high‐
molecular‐weight precursors, which are activated by proteolytic degradation. They can
activate serine/threonine kinase membrane receptor on target cells. TGF‐β ligand‐bound
receptor triggers an intracellular signal transmission via a canonical signalling pathway, which
ultimately affects gene expression in the nucleus [47].
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Figure 1. A schematic illustration of TGF‐β superfamily. BMPs: bone morphogenetic proteins, TGF‐β: transforming
growth factor beta, GDF: growth and differentiation factor, GDNF: glial‐derived neurotrophic factors, ACT: activin,
INH: inhibin, other ligands include Mullerian‐inhibiting substance (MIS) or anti‐Mullerian hormone (AMH), left‐right
determination factor (Lefty), and nodal growth differentiation factor (Nodal).

Several members of the subfamilies of these morphogens including bone morphogenetic
proteins (BMPs 1–8), growth and differentiation factors (GDF‐1, 5, 8, 10) and transforming
factor β (TGF‐β1, TGF‐β2, TGF‐β3), have been shown to promote the various stages of
intramembranous and endochondral bone ossification during fracture healing (the following
parts provide details on the use of them in attempts at bone regeneration) [24]. Of course, it is
difficult to determine the physiological role of many of the members of this superfamily
because of their functional redundancy.

Bone morphogenetic proteins are secreted signalling molecules that belong to the TGF‐β
superfamily, acting as potent regulators during embryogenesis and bone and cartilage
formation and repair. BMP ligands are divided into at least four separate subfamilies depend‐
ing on their primary amino acid sequence similarity and functions [50]. The first group consists
of BMP‐2, BMP‐4, and the second group includes BMP‐5, BMP‐6, and BMP‐7. Group three
includes GDF‐5 (or BMP‐14), GDF‐6 (or BMP‐13) and GDF‐7 (or BMP‐12), and finally, group
four consists of BMP‐3 (or osteogenin) and GDF‐10 (or BMP‐3b) [51, 52]. BMP‐1 does not
include in this list as a member of the TGF‐β superfamily and it may carry out a role in
modulating BMP functions by the proteolysis of BMP antagonists/binding proteins, such as
chondrin and noggin [47, 53].

BMPs bind to type‐II serine/threonine kinase receptors and thus provoke the assembly of type‐
I and type‐II receptors in a hetero‐oligomeric complex [54]. Subsequently, the Smad‐signalling
cascade is triggered into the cell. BMPs are pleiotropic morphogens and carry out an important
role in regulating growth, differentiation, and apoptosis of various cell types, including
osteoblasts, chondroblasts, epithelial cells, and neural cells [55]. Furthermore, it has been
demonstrated that the active signalling molecule is usually formed by homodimerization
through a disulphide bond [56]. However, in particular, experimental settings heterodimers
have been shown to have enhanced osteoinductive activity regulating more efficiently
differentiation and proliferation of mesenchymal cells to osteoblasts in vitro and in vivo than
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the corresponding homodimers (i.e., BMP‐2/‐5, BMP‐4/‐7, BMP‐2/‐6; BMP‐2/‐7) [57, 58]. In
bone, BMPs are produced by different types of cells, including osteoprogenitors, mesenchymal
cells, osteoblasts, and chondrocytes. BMPs are able to induce a sequential cascade of events
for chondro‐osteogenesis, including mesenchymal and osteoprogenitor cells proliferation and
differentiation, chemotaxis, angiogenesis, and controlled synthesis of extracellular matrix [53,
55].

Regulatory effect of BMPs depends on the type of the targeted cell, its differentiation stage,
the local concentration of the ligand and the interaction with other circulating factors [59].

BMPs are closely related structurally and functionally; however, each has a unique role and
different temporal expression pattern during the fracture healing. The researchers demon‐
strated in several studies that BMPs could have a variety of osteogenic effects, mitogenic
capacities, and temporal expressions in the rat and mouse [24, 60, 61].

Cheng et al. prepared a comprehensive analysis of the osteogenic activity of 14 types of BMPs
and their results suggested an osteogenic hierarchical model of BMPs. BMP‐2, BMP‐6, and
BMP‐9 may act as the most potent to induce osteoblast differentiation of mesenchymal
progenitor cells, while most BMPs (except BMP‐3 and BMP‐13) promote the terminal differ‐
entiation of committed osteoblastic precursors and osteoblasts [62]. Furthermore, BMPs are
able to stimulate the synthesis and secretion of other bone and angiogenic growth factors such
as insulin‐like growth factor (IGF) and vascular endothelial growth factor (VEGF), respectively
and also stimulate bone formation by directly activating endothelial cells to stimulate angio‐
genesis [63].

Recent studies have shown that the expression of the BMP antagonists, most importantly
noggin, plays an important role in fracture healing regulation [64]. They could block BMP‐2
interaction with its receptor [65].

Transforming growth factor‐β family includes five isoforms such as TGF‐β1, TGF‐β2, and
TGF‐β3 [66, 67]. The main sources of TGF‐β existing during the bone healing are practically
all cells involved in healing process, incoming blood platelets, and the surrounding ECM
releasing TGF‐β following a mechanical injury causing tissue ischaemia and local change in
pH, facilitating release of not only of TGF‐β, but also other growth factors, such as VEGF,
platelet‐derived growth factor (PDGF), or BMP‐2 [68, 69]. Intracellular signal transduction is
exerted via type‐I and type‐II serine/threonine kinase receptors, activating the Smad cascade
(Smad 2 and 3) [70]. TGF‐β is a potent chemotactic stimulator of mesenchymal stem cells and
it enhances proliferation of MSCs, preosteoblasts, chondrocytes, and osteoblasts. Indeed, its
main role is thought to be during processes of proliferation, differentiation, and synthesis of
cartilage and bone tissue, collectively mentioned as the bone‐healing process [67, 71]. Also, it
is able to induce the production of extracellular proteins, such as proteoglycans, fibronectin,
collagen, osteonectin, osteopontin, thrombospondin, and alkaline phosphatase [72]. Moreover,
TGF‐β may trigger signalling for BMP synthesis by the osteoprogenitor cells, while it may
inhibit activation, proliferation, and differentiation of osteoclasts and promote their apoptosis
[60, 73].
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Several studies have shown that TGF‐β2 and possibly TGF‐β3 had stronger effect in fracture‐
healing process than TGF‐β1, as their expression peak during chondrogenesis. On the other
hand, Joyce et al. injected TGF‐β1 and TGF‐β2 subperiosteally to newly born rats, at doses
ranging from 20 to 200 ng, and their results showed that subperiosteal MSC starts to proliferate
and differentiate at the injection site, promoting chondrogenesis and osteogenesis, and that
TGF‐β2 play more important roles than TGF‐β1 [74]. Moreover, Beck et al., designed an
experiment concerning local administration of TGF‐β1 at doses ranging from 0.5 to 5 μg to
rabbits with skull defect, caused stimulation, recruitment, and proliferation of osteoblasts at
the defect site resulting in healing [75]. Despite different studies demonstrated that TGF‐β
induces cellular proliferation, its osteoinductive potential is limited by concern for its unfore‐
seen side effects [71].

Platelet‐derived growth factors (PDGFs) are homo‐ or heterodimeric polypeptides in which
their A and B chains are linked by disulphide bonds. PDGF receptors exert their effect on cells
by activating receptors that have tyrosine kinase activity [76]. PDGF's binding is affected by
IL‐1, TNF‐a, and TGF‐β1 affect [77]. It is synthesized by numerous cell types, including
platelets, monocytes, macrophages, osteoblasts, and endothelial cells and is a major mitogen
for cells of mesenchymal origin such as osteoblasts, fibroblasts, glial cells, and smooth muscle
cells [78–80].

PDGF is released by platelets upon activation during the early callus phase of healing and acts
as a potent chemotactic for inflammatory cells and a major proliferative and migratory
stimulus for MSCs and osteoblasts. It has been demonstrated that treating with PDGF
increased callus density and volume in tibial osteotomies in rabbits [47, 81]. However, its
therapeutic potential still remains unclear.

Fibroblast growth factors (FGFs) consist of nine structurally related polypeptides. The acidic
and basic FGFs are the most abundant FGFs in normal adult tissue [82]. FGF effect is exerted
via binding to tyrosine kinase receptors [82].

FGFs are synthesized by monocytes, macrophages, osteoblasts, mesenchymal cells, and
chondrocytes during bone healing. FGFs are able to induce growth and differentiation of a
variety of cells, such as fibroblasts, osteoblasts, myocytes, and chondrocytes. They function
during the early stages of fracture healing and play a critical role in angiogenesis and mesen‐
chymal cell mitogenesis. α‐FGF mainly affects chondrocyte proliferation and is probably
crucial for chondrocyte maturation, while β‐FGF is produced by osteoblasts and is recognized
as a potent mitogen than a‐FGF [71]. In a canine tibial osteotomy model, a single injection of
FGF‐2 resulted in an early increase in callus size [83].

Insulin‐like growth factors (IGFs) consist of IGF‐I (or somatomedin‐C) and IGF‐II (or skeletal
growth factor) [84]. The sources of IGF‐I and IGF‐II are the bone matrix, osteoblasts and
chondrocytes, and endothelial cells. The concentration of circulating IGF‐I is mainly regulated
by the growth hormone. Also, it has been demonstrated that the biological actions of IGFs is
modulated in a cell‐specific manner by IGF‐binding proteins (IGFBPs) [71, 85].

IGF‐I promotes bone matrix formation such as type‐I collagen and non‐collagenous matrix
proteins by fully differentiated osteoblasts and acts more effective than IGF‐II [71, 86]. IGF‐II
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functions at a later stage of endochondral bone formation and incites type‐I collagen produc‐
tion, cellular proliferation cartilage matrix synthesis [87]. The findings from various animal
studies assessing the influence of IGF on skeletal repair have reported different results, so
further studies are required [88].

3.2.3. Metalloproteinases and angiogenic factors

Conditions of fracture healing establish a demand on the surrounding tissues to increase blood
flow so that can induce bone regeneration within the callus [89]. Also, endochondral ossifica‐
tion in normal fracture healing requires the following two processes: (1) molecular mechanisms
that regulate the extracellular matrix remodelling and (2) the vascular penetration of new blood
vessels into the resorbing matrix [90]. Thus, angiogenesis and matrix degradation are either
concurrent or correlated processes during endochondral ossification. The final stages of
endochondral ossification and bone remodelling are accomplished by the action of specific
matrix metalloproteinases, which degrade the cartilage and bone, allowing the invasion of the
blood vessels. Angiogenesis regulation requires the coordination of both separate pathways,
including a vascular endothelial growth factor (VEGF)‐dependent pathway and an angio‐
poietin‐dependent pathway [91]. Numerous types of studies reported that VEGFs are required
mediators of endothelial‐cell‐specific mitogens and neo‐angiogenesis [92]. Whereas angio‐
poietin 1 and 2 are regulatory vascular morphogenetic molecules related to the formation of
larger vessel and development of colateral branches from present vessels [43]. Street et al.
showed that exogenous administration of VEGF can induce fracture repair [48]. Also, recent
studies have reported that BMPs promote the expression of VEGF by osteoblasts and osteo‐
blast‐like cells. However, their contribution in bone repair is still not as well understood.

3.3. Role of mesenchymal stem cells in bone regeneration and fracture repair

Mesenchymal stem cells (MSCs) are non‐haematopoietic stromal stem cells capable of
extensive replication without differentiation. They have many sources including bone marrow,
peripheral circulation, adipose, periosteum, muscle, vessel walls, tendon, umbilical cord
blood, skin, and dental tissues. MSCs have the potential to commit and differentiate along
several cell lineages giving rise to those cells that form mesenchymal tissues, including
cartilage, bone, muscle, ligament, tendon, and marrow stroma and fat [93, 94]. MSCs can
migrate to sites of injury and have been used widely in tissue engineering, stem cell trans‐
plantation and immunotherapy. There are different sets of molecules interacting with both
local cells and circulating cells to coordinate the healing cascade, such as effectors of inflam‐
mation (IL‐1, IL‐6, TNF‐a), mitogens (TGF‐β, IGF, FGF, and PDGF), morphogens (BMPs), and
angiogenic factors (VEGF and angiopoietins). The effects of these molecules on the prolifera‐
tion and differentiation of MSCs have been widely investigated in vitro [47]. The results
indicated that these signalling molecules can induce cell proliferation and differentiation, both
MSC and other progenitor lineages. The temporal expression of this array of signalling
molecules in models of fracture healing has been charted, but explicit data on how this
microenvironment can regulate MSC activity is still needed.
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4. Tissue engineering strategies for bone regeneration

As it was defined by Laurencin, tissue engineering (TE) is ‘the application of biological,
chemical, and engineering principles toward the repair, restoration, or regeneration of living
tissue by using biomaterials, cells, and factors alone or in combination’ [95].

Bone tissue engineering (BTE) is a dynamic and complex process that includes migration
and recruitment of osteoprogenitor cells, followed by their proliferation, differentiation, ma‐
trix formation along with remodelling of the bone. In this section, we consider BTE as three
interplaying components: (a) the extracellular matrix/scaffold, (b) the cells that reside in the
matrix/scaffold, and (c) the environment that hosts the cells. However, major advances in
BTE with scaffolds are achieved through biochemical factors, such as growth factors, genes,
proteins, and drugs. Bone scaffolds are typically made of porous‐degradable materials that
prepare the mechanical support during repair and regeneration of diseased or damaged
bone [7]. Also, physical factors, including substrate topography, stiffness, shear stress, and
electrical forces, are other stimuli that have been proposed as one of the principal mediators
of de novo tissue formation [96]. Box 1 highlights requirements for an ideal scaffold.

4.1. Biomolecule delivery

The strategy of concurrently modulating the chemical environments of the fracture site in
vivo via controlled delivery/elution of biomolecule agents from an orthopaedic implant rep‐
resents an elegant method of targeted therapeutics in bone regeneration [97, 98]. This strat‐
egy enables higher local concentration (localized delivery) of the bioactive agent to the
fracture site, while the favourable bulk properties of the orthopaedic implant are un‐
changed. It also provides the chance to maximize the local growth‐inducing potentials of bi‐
oactive agents at a desired rate without any local and systematic toxic effects to the host
tissue that is attributed to other routes of delivery such as systemic or non‐controllable local
delivery. Soluble biochemical molecules that are integrated into scaffolds include proteins/
growth factors, such as TGF‐β, BMP, VEGF, IGF, and FGF, which have attracted much atten‐
tion because of their potency in bone tissue repair. As described earlier, these growth factors
are able to control osteogenesis, bone tissue regeneration, and ECM formation via recruiting
and differentiating MSCs (osteoprogenitor) to specific lineages [99]. Therefore, various
growth factors and other biomolecules are of special interest for bone tissue engineering and
effective incorporation of them in scaffolds could reduce fracture healing time and thus fa‐
cilitate in patient recovery [100, 101]. Also, bone is a highly vascularized tissue; therefore,
the performance of a scaffold in bone engineering can be affected by its ability to induce
new blood vessel formation. Because insufficient vascularization can lead to oxygen and nu‐
trient deficiency, this may result in improper cell integration and cell death [102, 103]. On
the other hand, in the in vivo conditions, supply of oxygen and nutrients are essential for the
survival of growing cells and tissues within scaffolds. So, VEGF is used to induce a complex
network of blood vessels throughout a scaffold [104].
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Box 1. Requirements for an ideal scaffold

Biocompatibility is one of the primary requirements of bone scaffolds. It is a term that has been defined
in many ways. Biocompatibility can be principally defined as the ability of scaffold to support normal
cellular activity, such as molecular signalling pathways, without any local and systematic toxic effects to
the host tissue [105]. An ideal bone scaffold must act as an osteoconductive substrate such that it permits
the bone cells to adhere, proliferate, and form ECM on its surface and pores. Furthermore, the scaffold
needs to induce bone formation within the defect through signalling systems and recruiting progenitor
cells, a feature known as osteoinduction. Also, an ideal scaffold should be able to serve as a platform for
formation of blood vessels in or around the implant during few weeks of implantation to promote nutrients
and metabolic waste transportation [106].

Mechanical properties: An ideal bone scaffold should yield a close match to the host bone properties and
also convenient load transfer is important. Mechanical properties of bone vary widely from cancellous to
cortical bone. Cortical bone exhibits a Young's modulus between 15 and 20 GPa and that of cancellous
bone is between 0.1 and 2 GPa. Compressive strength of cortical bone is between 100 and 200 MPa, and
between 2 and 20 MPa for cancellous bone. Because of the large variation in mechanical property and
geometry, it is difficult to design an ‘ideal scaffold’ for BTE [106].

Pore size and closed void volumes may concurrently play important roles in scaffold degradation patterns
and associated bone healing [107]. It should be approximately 100 μm in diameter for successful cellular
infiltration and nutrient and oxygen supply for cell survivability [102]. However, scaffolds with pore sizes
between 200 and 350 μm are indicated to be optimum for bone tissue in‐growth [108]. Moreover, recent
papers have reported that multi‐scale porous scaffolds which involve both micro‐ and macroporosities
can act better than only macroporous scaffolds [109]. Unfortunately, porosity can reduce mechanical
properties, such as compressive strength, and also increase the complexity for reproducible scaffold
making. Researchers have developed porous scaffolds using polymers, ceramics, metals, and composites.
Strength of different polymers matches close to the cancellous bone and dense bioceramic materials to that
of cortical bone. However, scaffolds manufacturing ceramic‐polymer composite are typically weaker than
bone. Porous metallic scaffolds provide the mechanical necessities of bone, but fail to meet the required
implant‐tissue integration and also, there is potential concern regarding metal ion leaching [110].

Bioresorbability is another crucial requirement for scaffolds in BTE [105]. In addition to similar me‐
chanical properties that of the host tissue, an ideal scaffold should be able to degrade with time in vivo
by cellular and enzymatic activity, preferably at a controlled resorption rate in parallel with the produc‐
tion of new bone matrix. The degradation behaviour of the scaffolds is determined based on their appli‐
cations; for example, 3–6 months for scaffolds in cranio‐maxillofacial applications or 9 months or more
for scaffolds in spinal fusion. Recently, design and development of multi‐scale porous scaffolds having
ideal composition, including related bioresorbability, targeted biomolecules, and mechanical properties
are some challenging areas of research [106, 111].
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cells, a feature known as osteoinduction. Also, an ideal scaffold should be able to serve as a platform for
formation of blood vessels in or around the implant during few weeks of implantation to promote nutrients
and metabolic waste transportation [106].

Mechanical properties: An ideal bone scaffold should yield a close match to the host bone properties and
also convenient load transfer is important. Mechanical properties of bone vary widely from cancellous to
cortical bone. Cortical bone exhibits a Young's modulus between 15 and 20 GPa and that of cancellous
bone is between 0.1 and 2 GPa. Compressive strength of cortical bone is between 100 and 200 MPa, and
between 2 and 20 MPa for cancellous bone. Because of the large variation in mechanical property and
geometry, it is difficult to design an ‘ideal scaffold’ for BTE [106].

Pore size and closed void volumes may concurrently play important roles in scaffold degradation patterns
and associated bone healing [107]. It should be approximately 100 μm in diameter for successful cellular
infiltration and nutrient and oxygen supply for cell survivability [102]. However, scaffolds with pore sizes
between 200 and 350 μm are indicated to be optimum for bone tissue in‐growth [108]. Moreover, recent
papers have reported that multi‐scale porous scaffolds which involve both micro‐ and macroporosities
can act better than only macroporous scaffolds [109]. Unfortunately, porosity can reduce mechanical
properties, such as compressive strength, and also increase the complexity for reproducible scaffold
making. Researchers have developed porous scaffolds using polymers, ceramics, metals, and composites.
Strength of different polymers matches close to the cancellous bone and dense bioceramic materials to that
of cortical bone. However, scaffolds manufacturing ceramic‐polymer composite are typically weaker than
bone. Porous metallic scaffolds provide the mechanical necessities of bone, but fail to meet the required
implant‐tissue integration and also, there is potential concern regarding metal ion leaching [110].

Bioresorbability is another crucial requirement for scaffolds in BTE [105]. In addition to similar me‐
chanical properties that of the host tissue, an ideal scaffold should be able to degrade with time in vivo
by cellular and enzymatic activity, preferably at a controlled resorption rate in parallel with the produc‐
tion of new bone matrix. The degradation behaviour of the scaffolds is determined based on their appli‐
cations; for example, 3–6 months for scaffolds in cranio‐maxillofacial applications or 9 months or more
for scaffolds in spinal fusion. Recently, design and development of multi‐scale porous scaffolds having
ideal composition, including related bioresorbability, targeted biomolecules, and mechanical properties
are some challenging areas of research [106, 111].
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4.2. Stem/progenitor cells applicable to bone tissue engineering

4.2.1. Mesenchymal stem cells

Mesenchymal stem cells have been isolated from a diverse host tissues throughout the adult
organism including bone marrow [94] and an array of other postnatal tissues, such as adipose
tissue [112], periodontal ligaments [113], synovium [114], blood [115] and the lung [116]. As
the ultimate aim of regenerative medicine is to avoid in vitro expansion of cells and the
associated complications, the adipose‐derived stem cell indicates an ideal progenitor cell in
bone tissue engineering.

Intriguingly, several studies have reported that 6 × 106 nucleated cells can be isolated from 1
mL bone marrow of which 0.001–0.01% are considered to be stem cells [94]. Contrastingly,
adipose tissue aspiration yields 2 × 106 nucleated cells per 1 g, of which 10% are stem cells.
Thus, one can easily distinguish the potential clinical implications of this abundant source of
MSCs [117, 118]. In a study, researchers compared the in vivo osteogenic potential of adipose‐
derived, bone marrow‐derived, and periosteal‐derived MSCs in a guided bone regeneration
model in pig calvarial defects to identify if there is a more desirable site from which to harvest
MSCs for bone tissue engineering. They reported that regardless of the tissue source of MSCs,
the speed and pattern of bone healing after cell transplantations into monocortical bone defects
were comparable, indicating that the performance of autologous adipose‐derived MSCs,
periosteal‐derived MSC, and bone marrow‐derived MSC (BM‐MSCs) following ex vivo cell
expansion was not considerably different for the guided regeneration of bone defects [119].

4.2.2. Endothelial progenitor cells

Vascularization is a vital process for the survival of the implanted cells on the carrier material
after implantation. Many studies demonstrated that close spatial and temporal association
between blood vessels and bone cells is necessary to maintain skeletal integrity. Several studies
have shown that new bone formation in porous scaffolds was considerably increased by the
insertion of a vascular pedicle in the scaffold, while others have shown that fracture healing
and new bone formation could be prohibited by the administration of angiogenesis inhibitors.
Such that previous reports illustrated that the rate of delayed union or non‐union of fracture
can be as high as 46% in fracture patients with concomitant vascular injuries [120]. Because
adequate vascularization making it possible to stem cells reach the site of tissue repair and
allows the delivery of nutrients, oxygen, and morphogens and the removal of waste [121–124].

In 1997, Asahara and colleagues identified endothelial progenitor cells (EPCs) in the peripheral
blood and reported their ability to initiate neovascularization [125]. EPC derived from purified
hematopoietic progenitor cells, express endothelial‐associated markers (i.e., cluster of differ‐
entiation molecule, CD34) and display endothelial phenotypical characteristics. They can
enhance neovascularization by incorporation and differentiation, and by the secretion of
angiogenic factors affecting resident endothelium [126].

The major role of EPCs in the ability of EPCs to proliferate and differentiate into endothelial
cells and new vessel formation present them as an ideal therapeutic strategy for recovery of
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the ischemic environment of a critical‐sized bone defect in bone tissue engineering. Further‐
more, a research group reported that the frequency of EPCs increased in the bone marrow and
peripheral blood in the early stages of fracture repair and further illustrated incorporation of
EPCs into developing blood vessels at the site of bone injury. Further histological results
demonstrated that neovascularization did not exclusively involve the EPC population;
however, supporting the hypothesis that paracrine signalling from EPCs may also contribute
to neovascularization at the ischemic site [127].

4.2.3. Induced pluripotent stem cells

Induced pluripotent stem (iPS) cells, a discovery that resulted in a Nobel Prize in 2012, are
somatic cells from embryonic or adult fibroblasts that are reprogrammed with defined classical
transcription factors (Oct4, Sox2, Klf4, and c‐Myc) [121, 128]. By forcing expression of these
transcription factors, iPS cells retain the capacities of embryonic stem cells, including self‐
renewal and pluripotentiality to differentiate into all three germ layers [129]. Using these
biological properties, iPS cells with an incorporation of gene therapy will be able to not only
treat degenerative syndromes and genetic disorders but also appear as a promising candidate
for autologous cell transplantation in bone defects. [129, 130]. Also, iPS cells, without the
challenges of immunological rejection and ethical controversy, are preferable to embryonic
stem cells and seem to be a potential alternative stem cell source for bone tissue engineering.

5. Conclusion

Bone regeneration strategies can make convenient, efficacious alternative therapies for or‐
thopaedic usages and is attractive on a several aspects including: (1) in vitro tissue engineer‐
ing for transplantation would reduce the necessity for donor tissue as required skeletal cells
could be expanded in the laboratory prior to implantation; (2) using scaffolds with similar
mechanical characteristics to bone that could integrate with the surrounding native tissue
has the potential to alleviate the rate of implant failure and the need for revision surgery;
and (3) treatment of damaged tissue at an early stage with mesenchymal stem cells could
decrease or even cure the disease, reducing the need for lifelong treatment and improving
the quality of life of the patient. Clinical applications include for the support of bone stock,
in maxillo‐facial surgery as well fracture and non‐union fractures [131]. However, it is clear
that a single approach is not able to support many of the bone tissue requirements, and re‐
fined approaches targeted to a specific application site/problem will be needed.
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Abstract

Acoustic therapy is a branch of mechanotherapy. This modality of treatment can be
used for osteogenesis-related orthopaedic disorders. Because bone cells are respon‐
sive to acoustic forces, specially designed devices were developed to generate acoustic
forces in the form of low-intensity pulsed ultrasound, extracorporeal shock waves or
radial  pressure waves.  With the developed devices,  it  became possible  to provide
patients  an  alternative,  or  adjunctive,  treatment  for  pathologies  involving  bone
homeostasis,  that  is,  the  balance  of  bone  formation  and  bone  resorption.  The  so-
called  acoustic  therapy  (low-intensity  pulsed  ultrasound  stimulation,  LIPUS;
extracorporeal shock wave therapy, ESWT; and radial pressure wave therapy, RPWT)
acts through physical phenomena produced when acoustic waves are transmitted into
living  tissue  and  converted  to  biological  reactions,  thereby  activating  signalling
pathways that drive a cellular response in favour of osteogenesis. In this chapter, an
extensive review of the literature was performed to provide the reader the “state of
the art” about the physical phenomena, molecular events and clinical uses of acoustic
forces for osteogenesis-related orthopaedics disorders.

Keywords: osteogenesis, low-intensity pulsed ultrasound stimulation (LIPUS), extrac‐
orporeal shock wave therapy (ESWT), radial pressure wave therapy (RPWT), acoustic
forces, mechanotransduction, mechanical loading

1. Introduction

Mechanical stimulation of bone cells modulates a myriad of molecular signalling pathways
involved in osteogenesis. There are distinct forms of mechanical forces, such as centrifuge force,

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
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gravitational force, electromagnetic force, hydrostatic force and acoustic force. Acoustic forces
comprise a modality of mechanical load that can be represented basically by three different
types of acoustic waves: ultrasound wave, shock wave and radial pressure wave. Those waves
may be applied to patients suffering from orthopaedics disorders, especially those related to
osteogenesis; for instance, delayed union, nonunion, osteoporosis and acute fractures.

The application of mechanical devices for medical purposes is termed mechanotherapy.
Accordingly, the use of acoustic devices, which is a category of mechanical devices, for medical
purposes will be termed here acoustic therapy and will be further divided into three subcate‐
gories: low-intensity pulsed ultrasound stimulation (LIPUS), extracorporeal shock wave
therapy (ESWT) and radial pressure wave therapy (RPWT). This chapter discusses the physical
phenomena, biological events and clinical indications of acoustic therapy on bone tissue (Table
1).

Abbreviations  Meanings Abbreviations  Meanings

ActR activin receptor MCP monocyte chemoattractant protein

ALP alkaline phosphatase MIP macrophage-inflammatory protein

AT1 angiotensin II type 1 receptor Msx Msh homeobox

ATP adenosine triphosphate mTOR mechanistic target of rapamycin

Bax Bcl-2-associated X protein NADPH nicotinamide adenine dinucleotide
phosphate

BMP bone morphogenetic protein NO nitric oxide

BMPR bone morphogenetic protein receptor NOS nitric oxide synthase

Ca2+ calcium ion OPG osteoprotegerin

cbfa core binding factor subunit alpha-1,
also known as Runx2

PGE2 prostaglandin E2

CDK cyclin-dependent kinase PPARγ2 peroxisome proliferator-activated
receptor γ2

c-fos FBJ murine osteosarcoma viral
oncogene homolog

PTHr parathyroid hormone receptor

c-jun Jun proto-oncogene Rac Ras-related C3 botulinum toxin substrate

c-myc avian myelocytomatosis viral
oncogene homolog

RANK receptor activator of nuclear factor kappa
B

cox cyclooxygenase RANKL receptor activator of nuclear factor kappa
B ligand

CXCR C-X-C chemokine receptor RANTES regulated upon activation, normal T-cell-
expressed and secreted

Dlx distal-less homeobox Ras portmanteau of “rat” and “sarcoma”

egr early growth response rhBMP-2 recombinant human BMP-2
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Abbreviations  Meanings Abbreviations  Meanings

ERK extracellular signal-regulated kinase RPWT radial pressure wave therapy

ESWT extracorporeal shock wave therapy Runx runt-related transcription factor

FAK focal adhesion kinase SDF stromal cell-derived factor

FGF fibroblast growth factor Smad portmanteau of “small body size” and
“decapentaplegic”

HIF hypoxia-inducible factor SOST sclerostin gene

IGF insulin-like growth factor TCF/LEF T-cell factor/Lymphoid enhancer binding
factor

IL-8 interleukin-8 TGF transforming growth factor

ILK integrin-linked kinase TSC transforming growth factor-beta-
stimulated clone

IRS insulin receptor substrate Tyr tyrosine residue

LIPUS low-intensity pulsed ultrasound
stimulation

VEGF vascular endothelial growth factor

LRP low-density lipoprotein receptor-
related protein

Wnt wingless-related integration site

MAPK mitogen-activated protein kinase

Table 1. Abbreviations used throughout text.

2. From concepts to acoustic devices

Bone modelling refers to changes in bone structure and density in response to increased loads.
Bone remodelling is defined as, the almost obligatory, bone resorption that follows bone
formation irrespective of mechanical loads. The first to describe that bone deposition occurs
preferably on sites of compressive loads, whereas bone resorption occurs preferably on sites
of tensile loads was Julius Wolff, whose observations were the foundation of Wolff’s law (1892)
[1].

Later, Frost realized that different ranges of intensities (magnitudes) of bone deformation
elicited different biological responses. Based on that, he published the mechanostat model
(1964), in which low-frequency cyclic (less than 5–10 Hz), or static, loads lower than 50–100
μstrain (desuse range) lead to bone resorption, loads from 50–100 to 1000–1500 μstrain
(physiological range) do not change bone mass, loads from 1000–1500 to 3000 μstrain (overuse
range) induce osteogenesis and loads greater than 3000 μstrain (pathological overuse range)
may lead to fracture or stress fracture. Strain stands for relative deformation of a cell or tissue.
It should be noted that the ranges of intensities proposed by Frost refer to bone tissue, not to
bone cells, which normally need higher strains to elicit an osteogenic response [1–3]. For
detailed information, see reference [3].
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Based on Wolff’s law and mechanostat model concepts, mechanical devices were developed
to purposely stimulate osteogenesis. LIPUS and ESWT are applied by acoustic devices
approved in many countries for clinical use in the management of bone healing disorders. On
the other hand, currently, RPWT lacks evidence for its use to induce osteogenesis, but it is used
to address soft tissue orthopaedic disorders.

2.1. LIPUS device

Low-intensity pulsed ultrasound was developed by Duarte, and its use for accelerating
fracture healing was published in 1983. Most commonly used device generates 1.5 MHz
ultrasound in a pulse wave mode (duty cycle of 20%, 200 μs burst width with repetitive
frequency of 1 KHz) and average intensity 30 mW/cm2. Low-intensity ultrasound waves are
produced from a piezoelectric crystal within an unfocused, circular transducer. Its effective
radiating area is 3.88 cm2, peak rarefactional pressure at specimen (nonderated) is 0.076 MPa
and focal length is ∼130 mm [4–6].

2.2. ESWT devices

ESWT originally was developed for lithotripsy in order to break up and disrupt stones within
genitourinary tract. Its use for osteogenesis initiated after the observation that shock waves
provoked osteogenic response on the pelvis of animals during lithotripsy experiments [7].

There are three main techniques for generation of shock waves. Irrespective of the technique,
production of shock waves requires the conversion of electrical energy into acoustic energy.
All three devices (electrohydraulic, electromagnetic and piezoelectric) are used in orthopae‐
dics, and there is no evidence that a certain device provides better results than the other [7–10].

2.2.1. Electrohydraulic device

This is the first generation of orthopaedic shock wave devices. A high-voltage electrical
discharge is applied across electrode tips—a spark gap—within a water-filled semi-ellipsoid
reflector. The resultant spark heats and vaporizes the surrounding water, which, in turn,
generates a gas bubble filled with water vapour that expands and produces a shock wave. The
wave is reflected by the metallic surface of the semi-ellipsoid and is focused into the therapeutic
zone [7, 9, 11].

Electrohydraulic shock wave devices usually are characterized by relatively large axial
diameters of the focal volume and high total energy within that volume. The spark gap wears
out after about 50,000 shots (impulses) and needs to be replaced [7, 11].

Technical specifications vary according to manufacturer (not all manufacturers provide
complete data): energy flux density varies from 0.01 to 1.80 mJ/mm2, focal zones vary from 0
to 95 mm (fx[-6dB]) and from 4.8 to 25 mm (fz[-6dB]), frequency varies from 0.5 to 360 Hz, and
penetration depth is up to 84 mm [12–15].
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penetration depth is up to 84 mm [12–15].

Advanced Techniques in Bone Regeneration30

2.2.2. Electromagnetic device

Within this device, there is an electromagnetic coil and a metal membrane besides the coil both
embedded in a water medium. A high current pulse is released through the coil, generating a
strong magnetic field, which repels the membrane rapidly away from the coil, therefore
pushing the surrounding water to produce a shock wave. The shock wave is focused with an
acoustic lens to the therapeutic zone. The lens can be used for several hundred thousand
impulses with no need to replace the elements [7, 9, 11].

A variation of the electromagnetic device uses a repelling membrane formed as a cylinder and
the sound waves are reflected by a surrounding parabolic reflector [11].

Technical specifications vary according to the manufacturer (not all manufacturers provide
complete data): energy density flux varies from 0.01 to 0.55 mJ/mm2, frequency varies from 1
to 8 Hz shock waves, penetration depth is up to 80 mm and focal zone varies from 0 to 65 mm
[16, 17].

2.2.3. Piezoelectric device

Within this device, a few hundred to some thousand piezoelectric crystals—usually more than
a thousand—are arranged in a spherical surface filled with water. A high pulse discharge is
applied to the crystals, which immediately contract and expand (piezoelectric effect) generat‐
ing a shock wave in the surrounding fluid. The emitted energy of each crystal is fairly weak,
but reaches higher energy at the focus where all shock waves gather together. The focal zone
is relatively small and cigar shaped. Because of the spherical shape of the device’s surface, this
device has an extremely precise focus and a high energy density within a well-confined focal
volume. In addition, the large aperture of the source allows for almost pain-free treatment
because of the low-pressure at the skin entry zone [7, 9, 11].

Technical specifications vary according to the manufacturer (not all manufacturers provide
complete data): energy flux density ranges from 0.03 to 0.4 mJ/mm2, frequency ranges from 1
to 8 Hz, pressure ranges from 11.5 to 82.2 MPa, focal size ranges from 1.2 to 4.8 mm (fx[-6dB]
= fy[-6dB]) and from 1.2 to 14.1 mm (fz[-6dB]) and penetration depth ranges from 5 to 40 mm
[18–20].

2.2.4. RPWT

Radial pressure waves are produced pneumatically (ballistically). A projectile is accelerated
with compressed air, or an electromagnetic field, within a guiding tube (cylindrical piston)
and strikes a metal applicator placed on the patient’s skin. The projectile produces stress waves
in the applicator that transforms their kinetic energy into a radially expanding pressure—or
pulse—wave towards tissue [21, 22].

Technical specifications vary according to model and manufacturer (not all manufacturers
provide complete data): energy density flux is up to 0.55 mJ/mm2, frequency ranges from 1 to
22 Hz, pressure ranges from 1.0 to 5.0 bar and penetration depth is up to 60 mm [23–26].
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3. Physical phenomena elicited by acoustic waves in biological tissues

3.1. Forms of acoustic waves

Low-intensity pulsed ultrasound, shock waves and radial pressure waves are different forms
of acoustic waves. Their distinct physical parameters are expected to produce different
physical phenomena when transmitted into biological tissues.

3.1.1. Low-intensity pulsed ultrasound

Sound is the vibration (rapid motion) of molecules within a compressible medium such as air
or water. It can only propagate in compressible media. When sound waves (acoustic waves)
reach molecules, molecules may get closer—compression—or farther—rarefaction. By
alternating compression and rarefaction, sound travels in waves transporting energy from one
location (transmitter) to another (receiver). Because sound waves produce mechanical motion
of molecules, they are mechanical waves. When the frequency of a sound wave is above the
typical human audible range (greater than 20 kHz), this sound wave is called ultrasound.
Ultrasound is an acoustic radiation that can be transmitted as high-frequency pressure waves
(1–12 MHz) [4, 6, 7, 27, 28].

Spatial average temporal average (ISATA) lower than 150 mW/cm2 is generally regarded as
the intensity spectrum of LIPUS. ISATA refers to the spatial average intensity over both the
on time and the off time of the pulse. Nevertheless, there is no clear-cut upper intensity
boundary to define an ultrasound wave as low-intensity ultrasound. LIPUS studies have been
conducted with intensity level between 5 and 1000 mW/cm2, with frequency between 45 kHz
and 3 MHz, in continuous or burst mode and with daily exposure times between 1 and 20 min.
In spite of that, most used parameters for LIPUS are as originally described by its creator:
intensity of 30 mW/cm2, frequency of 1.5 MHz, pulse (burst mode) of 1 KHz with duty cycle
of 20% and daily exposure times of 20 min [4, 29, 30].

3.1.2. Shock waves

They are also acoustic pressure waves, or sonic pulses. In general, a shock wave can be
described as a single pulse with a wide frequency range up to 20 MHz (typically in the range
from 16 Hz to 20 MHz), high positive pressure amplitude up to 120 MPa (often 50–80 MPa),
low tensile wave up to 10 MPa with short duration (about 1 μs), small pulse width at -6dB,
short life cycle of approximately 10 μs and a short rise time of the positive pressure amplitude
(lower than 10 ns). The reader may find studies with measured rise times of shock wave devices
in the range of 30 ns as a result of the limited time resolution of piezoelectric hydrophones.
However, optical hydrophones, which are more sensitive measure devices, displayed measure
rise times below 10 ns for electrohydraulic devices [7, 9, 22].

The energy density (maximum amount of acoustical energy transmitted through an area per
pulse) of ESWT is up to 1.5 mJ/mm2 and the pulse energy (sum of all energy densities across
the beam profile multiplied by the area of the beam profile) is up to 100 mJ. Arbitrarily, energy
levels up to 0.08–0.12 mJ/mm2 in the focal zone are defined as low-energy ESWT, energy levels
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between 0.08 and 0.28 mJ/mm2 are defined as medium-energy ESWT and energy levels greater
than 0.28 mJ/mm2 are defined as high-energy ESWT (some authors consider 0.12 mJ/mm2 the
cut-off from low- to high-energy ESWT) [7–9, 22, 31, 32].

3.1.3. Ultrasound vs shock waves

Shock waves differ from regular sound waves in that the wave front, where compression takes
place, is a region of sudden change in stress and density. Shock waves travel faster than sound,
and their speed increases as the amplitude (pressure) is raised. On the other hand, the intensity
of a shock wave decreases faster than does of a sound wave. As a consequence, wavelets at
high pressure lead to deformation of the wave so that the wave crest assumes a sawtooth
appearance, which is different from the sinusoidal appearance of a regular sound wave.
Furthermore, shock waves differ from ultrasound waves since the former is uniphasic with
high peak pressure (in the order of a hundred MPa), and the latter is biphasic with very low
peak pressure (in the order of a hundredth of MPa) [7, 22].

3.1.4. Radial pressure waves

Considering the physical definition of shock waves, radial pressure waves are wrongly termed
unfocused shock waves in the literature. The rise time of the positive pressure waves produced
by currently available devices are much greater than 10 ns, varying from 600 to 800 ns. Also,
the maximum peak positive pressure of a radial pressure wave device varies from 0.1 to 7 Mpa,
and the pulse duration varies from 1 to 5 ms. Since the time taken for the radial wave to rise
is too long, the curve of the concave surface of the ray is too wide for it to be possible to focus
the energy; therefore, radial waves cannot be focused, unlike ESWT. Moreover, the air
pressure-accelerated projectile has a speed from 2 to 20 m/s, which is 2 orders of magnitude
slower than sound speed in water or tissue. Shock waves are produced when the projectile
speed is comparable or higher than sound speed (i.e. supersonic). In addition, the distinction
between RPWT as “low-energy therapy” and ESWT as “high-energy therapy” is not correct.
Most protocols of RPWT use energy density lower than 0.20 mJ/mm2, but the device can reach
up to 0.55 mJ/mm2. Accordingly, ESWT has a wide range of energy density protocols varying
from 0.02 mJ/mm2 to more than 0.60 mJ/mm2 [8, 21, 22, 26, 33].

3.2. Attenuation of acoustic energy

When an acoustic wave is transmitted into a biological tissue, a portion of the acoustic energy
is reflected, another portion is attenuated (lost) and the other portion is refracted and continues
propagating. Much from the attenuated portion is absorbed by irreversible conversion of
acoustical energy into heat mainly via viscous friction, and less is scattered by inhomogeneities
within tissue that redirect some sonic energy to regions outside the original wave-propagation
path. If the density of the inhomogeneity is high, multiple scattering may occur. Therefore,
acoustic energy may scatter several times until it is completely absorbed by tissue and
converted to heat [27, 34, 35].
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Bone has one of the highest attenuation coefficients among biologic tissues. Besides, as
frequency increases, penetration decreases and attenuation increases. Therefore, acoustic
waves tend to produce heat preferentially in bones and joints. Accordingly, tissue damage and
pain may be produced if the intensity of acoustic energy is high enough. For instance,
continuous unfocused ultrasound waves in the range of 4000–5000 mW/cm2 at 1 MHz for 5
min increase temperature by 1.8–4.3°C at different areas of bone within 1–3 cm of distance. On
the other hand, ultrasound at intensities of 20–50 mW/cm2, which is LIPUS, produces negligible
variation of tissue temperature (0.01 ± 0.005°C). Moreover, reports using very high ultrasound
intensities (5000–25,000 mW/cm2) showed delayed bone healing and necrosis, whereas
ultrasound at intensities of 200–3000 mW/cm2 has been shown to increase callus formation and
accelerate fracture healing [4, 27, 35–38].

Extracorporeal shock waves and radial pressure waves also increase temperature of tissues
either by absorption or by cavitation (see Section 3.3). However, no reports were found about
temperature raise within biological tissues subjected to ESWT and RPWT. In spite of that,
thermal effects may be responsible for decreased cell viability immediately after ESWT with
some energy densities and number of impulses [39–44].

3.3. Cavitation bubbles

When near gas or vapour bubbles, a portion of the refracted acoustic wave may generate
cavitation bubbles at locations termed “nucleation sites”. Cavitation refers to a range of
complex phenomena that involve the creation, oscillation, growth and collapse of bubbles
within a liquid or liquid-like medium. Cavitation bubbles have never been confirmed in living
tissues; therefore, the following information is based on mathematical simulations and in vitro
studies [3, 27, 37].

The occurrence and behaviour of cavitation depend on the acoustic pressure; the existence of
microheterogeneities in liquids such as free gas, solid particles or a combination of both;
whether the acoustic field is focused or unfocused, or pulsed or continuous; and the nature
and state of the material and its boundaries. Cavitation does not occur with ultrasound
intensities below 500 mW/cm2. Consequently, LIPUS does not produce the phenomenon of
cavitation. On the other hand, the biological effects of ESWT and RPWT are triggered mainly
by the phenomenon of cavitation [4, 27, 30, 38, 45].

Bubbles are gas-filled spheres in a liquid under constant hydrostatic pressure when there are
no acoustic waves. In response to a sound field in which the acoustic pressure varies sinusoi‐
dally in time with a given frequency, the bubble radius oscillates (expands and contracts) with
radial displacement and velocity, which vary sinusoidally in time with the same frequency of
the wave. When there is lower level pressure amplitude in synchrony with bubble motion, the
immediately surrounding liquid moves in and out creating a small steady flow of fluid called
microstreaming. This is called stable cavitation and may occur with low-energy ESWT and
some RPWT. Stable cavitation occurs near a solid boundary (e.g. bone) and creates shear stress
near the bubble surface that can also mechanically stimulate cells [7, 45].
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Shock waves and radial pressure waves generate cavitation bubbles during the tensile phase
of the acoustic wave due to its tensile forces that exceed the dynamic tensile strength of water.
During the growth phase of the bubble, a huge amount of energy is delivered to the bubble.
Following a number of shock, or radial pressure, wave pulses (sometimes after the first
impulse), the bubble collapses (i.e. experiences an extremely rapid contraction), which is called
inertial cavitation. As the bubble collapses, four phenomena can be observed [7, 27, 35, 45, 46]:

1. Release of energy in the form of high temperature, which can produce free radicals that
may damage cells. However, the production of free radicals has not been confirmed in
living tissue.

2. Secondary shock wave emission into the fluid that produces a direct mechanical effect on
tissue.

3. The bubble may aggregate with surrounding bubbles, may fragment or may repeat the
growth/collapse cycle several times.

4. When bubble collapse is not perfectly symmetric, a liquid jet can form. The liquid jet
traverses the bubble and impacts on the surface of tissue perpendicularly at considerable
speed.

Additionally, during the positive pressure phase of a second shock, or radial pressure, wave
pulse, may also push the liquid of the surrounding medium towards one of the walls of a
preformed bubble. That wall goes under deformation and reaches the opposite wall of the
same bubble to originate a water jet in the same direction of the propagation of the shock wave.
The formation of a water jet usually occurs in the vicinity of boundary areas between materials
of differing density, such as bone and cartilage, in the direction of the boundary area. The
generated water jet is faster with increasing softness of the interface and more damaging than
jets from inertial cavitation. In addition, the presence of a hard biomaterial (e.g. bone and
cartilage) causes the bubble to collapse towards it. Besides, as the bubble expands, the interface
between the medium and the biomaterial is pushed away from the bubble; however, when the
bubble collapses, the interface moves slightly towards the bubble. It should be noted that
inertial cavitation bubbles near softer material, such as fat, skin and muscle, tend to collapse
by splitting into two or three smaller bubbles without the formation of water jets [7, 21, 38, 46,
47].

3.4. Acoustic radiation pressure

This is the proposed mechanism by which LIPUS stimulates living tissues. The authors also
believe this is the main mechanism by which ESWT and RPWT stimulate living tissues.
Acoustic radiation pressure tends to increase in proportion to intensity, is generally relatively
small in magnitude and produces forces and motions at much lower frequencies than those of
the incident acoustic wave. While the tensile phase of the shock and radial pressure waves
generates cavitations, the positive pressure phase of those waves produces acoustic radiation
pressure [9, 35, 37, 45].
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Radiation pressure is a universal phenomenon in any wave motion involving sound. It is
exerted on surface or media interfaces and acts in the direction of propagation of the wave
thereby producing direct and indirect mechanical stress. Direct mechanical stress is produced
by strain. Following mechanical deformation, bone exhibits electrical activity and cellular
activation. It is unclear, however, whether the main responsible for bone electrical activity is
piezoelectricity, streaming potentials, or ion channels and ATP receptor activities (see 3.4.1)
[4, 28, 34, 45].

Indirect mechanical stress is produced by acoustic streaming and modal conversion. When
acoustic waves are refracted from water to soft tissues, waves propagate longitudinally (in the
same direction of the beam source) due to impedance similarity. Differently, when acoustic
waves are refracted to materials with impedance mismatch, such as bones, modal conversion
occurs, that is, shear waves (waves at right angles to the direction of the beam source) are
produced along with longitudinal waves. Shear waves may produce direct mechanical
deformation to tissue, called shear stress [7, 27, 36, 45].

Acoustic radiation pressure decreases with the distance of the wave from its source; hence,
radiation pressure gradients are formed within the fluid. As a result, fluid flow originates,
which is called acoustic streaming. The flow is directed away from the transducer with gradual
build up of the axial streaming speed with distance from the transducer and a peak of velocity
in the focal region. The fluid flow continues beyond the focal region and returns to the
transducer as recirculation vortices. Fluid flow can also build up again in the acoustic beam
after a membrane. Acoustic streaming and microstreaming are often used as synonyms in the
literature. Although both produce fluid flow which can modulate osteogenesis, they are
distinct phenomena. As described above, acoustic streaming results from radiation pressure
gradients, whereas microsteaming is generated by stable cavitation bubbles. Furthermore, not
only mechanical deformation but also acoustic streaming increases cell membrane permea‐
bility and generates streaming potentials. It has not been shown, however, whether acoustic
streaming directly affects cell membrane permeability, or triggers cellular reactions that
increase membrane permeability [30, 37, 45, 48]. For a detailed explanation of streaming
potentials, see reference [3].

3.4.1. Electric potentials

Bone exhibits electrical activity when subjected to mechanical forces. The opposite is also true:
bone undergoes deformation when exposed to electric potentials. For instance, ESWT induces
transient cell membrane hyperpolarization. There are three possible contributors to electric
potentials on bone. First, mechanically induced activity of ion channels and ATP receptors
promotes ion transport between the intra and extracellular environments resulting in mem‐
brane action potentials; second, piezoelectricity, which is the generation of electricity when
asymmetric crystalline materials—as those that form the extracellular matrix of bone—are
subjected to strain; and finally, streaming potentials that result from mechanically induced
flow of fluid containing high conductivity ions [3, 4, 44, 49].
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4. Mechanosensation and mechanotransduction

4.1. Strain amplification

The various cell types that populate bone—osteoblasts, osteocytes, osteoclasts, periosteal cells
(fibroblasts and progenitor cells) and bone marrow cells (include mesenchymal stem cells)—
are responsive to mechanical stimulation. Bone is a hard material that can handle up to 2% of
strain (i.e. 20,000 μstrain) without failure (fracture). However, based on in vitro studies, bone
cells need strains up to 10% in order to direct their response to osteogenesis. In addition, a
large amount of energy is lost during wave propagation within bone by means of attenuation
and reflection; as such, bone cells may be exposed to low pressure waves. A possible
explanation would be that strains are amplified at tissue level, so that cells are exposed to
higher strain intensities. At the moment, that hypothesis could not be proved. Nevertheless,
the following mathematic-based model supports that explanation [1–3, 41, 43, 44, 50–57].

The model for strain amplification was based on the microanatomy of osteocytes, which are
the main mechanosensors of bone. Cytoplasmic processes of osteocytes are separated from
their canalicular wall by a pericellular space filled with albumin-rich fluid. Moreover,
cytoplasmic processes are anchored to their canalicular wall by transverse fibrils. When
mechanically induced fluid flow collides with fibrils, hoop strains are generated on the
membrane-cytoskeleton system of cytoplasmic processes. Hoop strains produce forces which
are 20–100 times higher than at bone’s surface. The magnitude of hoop strains depends on the
relationship between fluid and transverse fibrils within pericellular space, and between cell
membrane and cytoskeleton constituents (i.e. actin filaments and fimbrins) [3, 57–61].

4.2. Mechanoreceptors

Several structures at cell membrane act as “mechanoreceptors.” Mechanically-induced
structural deformation of mechanoreceptors triggers their activation. Sequentially, a cascade
of biological reactions initiates and results in osteogenesis. Known mechanoreceptors of bone
cells include integrins, ATP receptors, ion channels, growth factors (includes hormones)
receptors, low-density lipoprotein receptors, frizzled proteins, G proteins and connexins.
Among those mechanoreceptors, only integrins were proved to have a role in mechanosensa‐
tion of ESWT. Regarding mechanosensation of LIPUS, integrins, ATP receptors, growth factors
receptors, low-density lipoprotein receptors and frizzled proteins have established
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4.2.1. Integrins

Mechanoreceptors convert mechanical deformations into biological reactions, a process called
mechanotransduction. Among mechanoreceptors, it is believed that integrins are vital for
mechanotransduction. Evidence suggests the activation of all others mechanoreceptors and a
multitude of signalling pathways are integrin-dependent. Therefore, osteogenic response of
bone cells (adhesion, migration, differentiation and proliferation) depends on integrins. The
expression of α2, α5, β1, β3 integrins subunits are increased by mechanical loading. Further‐
more, clusters of α5β1 and αvβ3 integrins formed at the deformation site—also known as focal
adhesions—attract a number of cytoplasmic proteins and trigger a cascade of reactions [3, 10,
37, 43, 50, 53, 55, 60, 67–71].

Signalling pathways LIPUS  ESWT

α5β1 and αvβ3 integrins/FAK/Scr/Grb2/Sos/Ras/Raf-1/MEK/ERK/IKKα,β/IκBα/NFκB/cox-2/PGE2 X

α5β1 and αvβ3 integrins/FAK/Scr/Grb2/Sos/Ras/Raf-1/MEK/ERK/IKKα,β/IκBα/NFκB/iNOS/NO X

α5β1 integrin/FAK/Scr/Grb2/Sos/Ras/Raf/MEK/ERK X

α5β1 and αvβ3 integrins/FAK/PI3K/Akt/NFκB/cox-2/PGE2 X

α5β1 integrin/β-catenin X X

AT1/ERK-1,2 X

Ras/Rac1/NADPH/superoxide/ERK/cbfa1 X

Ras/Rac1/NADPH/superoxide/HIF-1α/VEGF X

α5β1 and αvβ3 integrins/FAK/PI3K/Akt/Bcl-2 X

Table 2. Signalling pathways triggered by acoustic stimulation.

Biological effects LIPUS  ESWT

Increased expression of α5 and β1 integrins X X

Increased expression of α2 and β3 integrins X

β1 and β3 integrins clustering X

α5β1-mediated FAK activation X X

αvβ3-mediated FAK activation X

Increased IRS-1 activity X

Increased P2X7receptor activation and activation, and ATP release X

P2Y1 receptor activation

mTOR activation X

Bax expression X X

ILK phosphorylation X
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Biological effects LIPUS  ESWT

IκBα degradation X

Increased parathyroid hormone receptor-1 expression X

Increased iNOS, NO, cox-2 and PGE2 production X X

Increased HIF-1α and VEGF expression X X

RANKL production X

Increased IGF-1 production X

Increased TGF-β1 production X

Increased cyclin E2/CDK2 activation X

Increased bone sialoprotein expression X X

Increased osterix expression X

Increased osteopontin expression X X

Increased osteocalcin expression X X

Increased ALP activity X X

Increased type I collagen expression X X

Increased bone nodule formation X X

Increased CBFA1 expression (core binding factor alfa-1) X X

Increased SDF-1 (serum and bone) and CXCR4 expression X

Increased c-fos, c-jun, c-myc, TSC-22 (transforming growth factor-beta stimulated clone), SOST,
FGF-23, Msx2, Dlx

X

Increased BMP-2 X X

Increased BMP-4, BMP-7, BMPR-IA, BMPR-IB, ActR-I, BMPR-II, ActR-IIA, ActR-IIB, Smad1 X

Increased FGF-2 X

Increased egr-1 (early growth response) X

Decreased PPARγ activity X

Increased superoxide production X

Osteoblast differentiation X

Osteoblast proliferation X X

Osteoblast adhesion X

Osteoblast migration X

Bone marrow cells proliferation X X

Bone marrow cells osteogenic differentiation X

Mesenchymal stem cell migration and differentiation X

Table 3. Biological effects of LIPUS and ESWT.
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4.2.2. ATP receptors

ATP receptors promote the exchange of calcium from intracellular deposits to extracellular
environment, or from extracellular environment to intracellular environment. ATP receptors
complex with integrins and G proteins, and some (P2X7 and P2Y1) are activated by mechanical
loading. By means that need to be explored, mechanically induced activation of P2X7 and
P2Y1 induce osteogenic differentiation—represented by increased expression of cbfa-1, osterix,
type I collagen, bone sialoprotein, osteopontin and osteocalcin—and osteoblasts proliferation
[3, 64, 72].

4.2.3. Wnt pathways

Activation of Wnt canonical pathways involves the formation of complexes between Wnt1, or
Wnt3a, Frizzled proteins and LRP-5/6, which may be integrin dependent. Those complexes
prevent cytoplasmic β-catenin degradation, which, in turn, translocates to nucleus, where it
activates members of the TCF/LEF family to promote osteogenesis. Acoustic stimulation
increases expression of Wnt1, Wnt3a, β-catenin and Frizzled proteins 2/4. It also activates β-
catenin in an integrin-dependent manner. Wnt5a, which plays a role in Wnt non-canonical
pathway, is responsive to mechanical stimulation, but its responsiveness to acoustic stimula‐
tion is yet to be evaluated [3, 10, 73].

4.2.4. Growth factors and hormones crosstalk

Different growth factors and hormones induce osteogenesis that includes bone cells prolifer‐
ation, migration and adhesion to stimulation sites, angiogenesis and osteogenic differentiation.
Mechanical stimulation possesses the same effect and affects growth factors and hormones
signalling. Acoustic stimulation increases the expression of BMP-2/4/7 and related receptors
(BMPR-IA, BMPR-IB, ActR-I, BMPR-II, ActR-IIA, ActR-IIB), FGF-2, IGF-1, PTHr-1, TGF-β1 and
VEGF. Nevertheless, the exact signaling pathways of those factors are still not fully understood
[37, 44, 54, 66, 74–80].

BMP-2, BMP-4 and BMP-7 play important roles in osteogenesis following fracture. They
stimulate mesenchymal cell proliferation and osteogenic differentiation, induce osteoproge‐
nitor cell migration, modulate osteoclast activity and promote angiogenesis. Their mechanism
of action involves Smad-1, which is activated by BMP receptors; then Smad-1 translocates to
nucleus where it upregulates transcription of osteogenic factors as cbfa1. Acoustic stimulation
activates Smad-1, but it has not been proved whether BMP receptors activity is responsible to
Smad-1 acoustically induced activation [66, 75].

Similar to BMPs, TGF-β1 induces cellular proliferation, osteogenic differentiation, minerali‐
zation and angiogenesis. Acoustic force-induced TGF-β1 production depends on superoxide
production which is possibly promoted by Ras/Rac-1/NADPH oxidase pathway. Superoxide
is a free radical that, in contrary to common knowledge, is harmless to bone cells when
produced by a certain range of acoustic pressure (that is yet to be determined). Moreover,
superoxide promotes ERK activation, which induces osteogenic differentiation through cbfa-1
transcription [79, 81].
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Angiogenesis is vital for fracture healing. BMPs, TGF-β1 and VEGF induce angiogenesis.
Among those factors, VEGF seems to be the most important for angiogenesis. HIF-1α is a
transcription factor that regulates VEGF expression and is activated by acoustic stimulation.
In addition, superoxide and Ras mediate HIF-1α activation and VEGF expression. However,
VEGF expression is not dependent on BMP-2, TGF-β1, IGF-1, cox-2, PGE2 and Ca2+ influx.
Interestingly, LIPUS-induced VEGF expression depends on NO production, whereas ESWT-
induced VEGF expression does not [81–83].

4.2.5. Differentiation markers and transcriptional factors

A variety of differentiation markers are modulated by acoustic stimulation, such as cbfa-1,
osterix, bone sialoprotein, osteopontin, osteocalcin, type I collagen and ALP. Contrarily, the
unique report investigating RPWT effects in osteoblasts showed decreased expression of
cbfa-1, osterix, type I collagen, bone sialoprotein and osteocalcin. RPWT is commonly used for
orthopaedic pathologies of soft tissues with satisfactory results, but no reports were found for
bone-related orthopaedic disorders. Therefore, further investigations are required to deter‐
mine the biological effects of RPWT on bone [33, 43, 44, 75, 76].

Regarding cellular proliferation, there are some transcriptional factors that are affected by
acoustic forces, such as c-fos, c-jun, c-myc, egr-1, TSC-22, SOST, FGF-23, Dlx, Msx2 and cyclin
E2/CDK2 [37, 39, 43, 55, 68, 69, 84–86].

4.2.6. Signalling for migration

Cells must migrate to the healing site so that new bone can be generated. SDF-1 is an important
chemotactic factor mostly produced by immature osteoblasts in the endosteal region near stem
cells population. SDF-1 normally is released from the fracture site to attract mesenchymal stem
cells which will differentiate into osteoblasts. SDF-1 binds to CXCR4, a seven transmembrane
G-protein coupled receptor, and triggers a cascade of reactions leading to cellular migration
and survival. Reports have shown that acoustic loading increases expression of SDF-1 and
CXCR4, thereby resulting in mesenchymal stem cells migration to the fracture site. In spite of
that, more investigation is needed to clarify the exact cascade of reactions triggered by SFD-1/
CXCR4 [56, 87–89].

4.2.7. Signalling for bone remodelling

Bone remodelling is an important step of bone healing. This important stage follows bone
formation and is governed by osteoclasts—bone cells of the granulocyte/monocyte lineage—
that resorb extracellular matrix. In order to attract osteoclast progenitor cells to the healing
site, osteoblasts express MCP-1, MIP-1, RANTES and IL-8. Osteoblasts also express, or secrete,
RANKL, which induces osteoclasts differentiation through their native RANK; and secrete
OPG, a decoy receptor of RANKL, which antagonizes RANKL-mediated osteoclastogenesis.
Acoustic loading in the form of LIPUS affects osteoclastogenesis by increasing the expression
of MCP-1, MIP-1b, RANKL and OPG in osteoblasts through AT1. Increased RANKL expres‐
sion is also dependent on integrins activity. Moreover, acoustic forces increase the expression
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of MIP-2, which may also be involved in osteoclastogenesis. On the other hand, it has been
shown that low-energy ESWT decreases OPG and RANKL expression in osteoblasts; RPWT
does not change OPG expression, but decreases RANKL; and LIPUS does not change the
expression of OPG (contradictory results) and RANTES in osteoblasts. Those data show that
acoustic deformation affects osteoclastogenesis; however, the exact influence on osteoclasto‐
genesis needs to be better elucidated [33, 43, 50, 55].

4.2.8. Proteins with few data

There is another list of proteins whose activation has been shown to be influenced by acoustic
waves, but there is poor information about their role in mechanotransduction and osteogen‐
esis:

1. AT1 is classically involved in arterial pressure control. This receptor was identified in bone
cells, but its role is yet to be determined. AT1 is required for mechanically induced ERK-1/2
activation [50].

2. Bax is a key component for apoptosis induced through interactions with pore proteins on
the mitochondrial membrane. Bax mechanism of activation is complex and not fully
understood, but may be modulated by acoustic deformation in favour of cell survival. Bax
activation is also integrin dependent [43, 70].

3. IRS-1 activity increased in intact and healthy bones of rats subjected to acoustic stimula‐
tion. IRS-1 is involved in insulin-mediated and IGF-1-mediated bone formation, but its
mechanism of activation following acoustic loading is yet to be determined [90].

4. p38 is a MAPK that regulates cell proliferation and differentiation. Because conflicting
results were found for p38 activation following LIPUS and ESWT, more investigation is
required. Some studies report increased activity, while others report unchanged activity
[68, 81, 91, 92].

5. PPARγ2 is expressed in mesenchymal stem cells. Upon acoustic stimulation, PPARγ2
drives those cells to differentiate into osteogenic lineage [68].

5. Optimization of biological responses

As previously described, acoustic loads can be exerted by different types of waves, such as
LIPUS, ESWT and RPWT. Changing some physical properties (e.g. magnitude and frequency)
and mode of application (e.g. axial distance, incidence angle and number of cycles) of acoustic
waves can elicit different cellular responses. No studies explored the subject with RPWT.

5.1. Magnitude and number of cycles

According to mechanostat model, for strains within the overuse range, bone formation
increases as a proportion of the load magnitude. Loads within the pathological overuse range
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stimulate osteogenesis, but also damage tissue until bone breaks (about 15,000–20,000 μstrain).
Furthermore, cellular response also increases as a proportion of the number of cycles [3].

LIPUS at intensities between 2 and 150 mW/cm2 were compared. Higher intensities produced
greater bone formation, faster healing rate, and better torsional stiffness and failure torque.
The best results were found for 30 mW/cm2. Average temperature at the soft tissue was 1.74°C
higher for 150 mW/cm2 in comparison with 30 mW/cm2. Temperature elevation may affect
some enzymes like collagenase I and cause tissue damage, resulting in worse biological
response. LIPUS commonly is applied as a daily 20-min treatment; therefore, the number of
cycles are not changed [29, 93, 94].

On the contrary, there is no exact protocol for ESWT that determines the best response to
stimulation. ESWT at magnitudes ranging from 0.05 to 0.62 mJ/mm2 positively affects osteo‐
genesis. The number of impulses of shock waves corresponds to the number of cycles of ESWT.
In studies, number of impulses varies from 250 to more than 4000. Moreover, biological
response is different when treatment is performed in vitro, or in vivo with small animals (e.g.
rodents), or in vivo with large animals (e.g. goats) and humans. For most in vitro studies, 500
impulses promote the best cellular response; above this threshold, cellular damage surpasses
bone formation. On the other hand, the best intensity (mJ/mm2) could not be found, suggesting
that, for cells directly exposed to ESWT, the number of cycles affects cellular response more
than the intensity of energy density itself. On the other hand, most in vivo studies in animals
show that better responses are elicited by higher energy densities up to 0.47 mJ/mm2 in
comparative studies, while number of cycles (impulses) was not proved to have the same
influence [54, 95–98].

5.2. Frequency

Normally, load frequencies within the range of 1–30 Hz at physiological and overuse ranges
progressively induce osteogenesis. Higher frequencies (17–90 Hz), in the form of vibration,
induce osteogenesis but at a much lower strain range (about 5 μstrain; i.e. strain in the order
of 10−5). LIPUS is a low magnitude and high frequency wave, which, based on mathematical
and experimental models, produces strains in the order of 10−5 at 1.5 MHz. Because of high
frequency, those strains promote the same effects as strains in the order of 10−1 (i.e. 10% =
100,000 μstrain) at 1 Hz on cells, and the estimated intracellular strain on organelles is about
0.5% (i.e. 5000 μstrain). Accordingly, it was shown that LIPUS increased transcriptional factors
(c-fos, c-jun and c-myc) as frequency increased, resulting in maximum response at 5 MHz
(within a range from 2 to 8 Mhz). Those calculations were obtained for strains at cellular level.
For strains at bone level, it is believed that the model for strain amplification (see Section 4.1)
may apply firstly, followed by the estimative presented here. No investigations were found
about the role of frequency on ESWT and RPWT [3, 99–101].

5.3. Axial distance

Energy distribution varies according to the distance from the transducer and the surface (axial
distance). For LIPUS, two zones were defined according to axial distance: near field (close to
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transducer) and far field (about 130 mm away from transducer). There is also a mid-near field,
when the surface is about 60 mm away from transducer. Within near field, energy distribution
of LIPUS beam is not uniform. As such, there are many peaks of acoustic pressure (maxima
and minima) across the beam diameter. As the distance from transducer increases, the number
of peaks of acoustic pressure across the beam diameter decreases (less maxima and minima).
When surface is at far field, a regular beam is formed [5, 102].

As LIPUS transducer is placed transcutaneously during treatment, superficial and deeper cells
are exposed to different acoustic fields. Although LIPUS promotes osteogenesis within near,
mid-near and far fields, axial distance affects the biological effects of LIPUS. Mid-near field
LIPUS elicited greater callus formation in a fractured-femur rat model; on the other hand, in
that same model, femurs subjected to far field LIPUS exhibited higher peak torque and
torsional stiffness. Those results indicate that, mid-near field LIPUS is optimal for cellular
proliferation, while far field LIPUS stands for osteogenic differentiation (bone mineralization).
Reinforcing that, mid-near LIPUS incited more NO production whereas far field LIPUS
promoted increased ALP activity and mineralization in preosteoblasts. Moreover, both mid-
near and far field LIPUS produced increased β-catenin nuclear translocation [5, 102].

During ESWT, maximal intensity of energy density is obtained at the focus. Consequently,
superficial and deeper cells are exposed to different acoustic fields. However, no studies were
found on this subject for ESWT and RPWT.

5.4. Incidence angle

As previously described, acoustic waves transmitted into bone can be decomposed in longi‐
tudinal waves and shear waves. The magnitude of each wave depends on the incidence angle
of the acoustic wave. Accordingly, two critical angles were determined. The first critical angle
is defined as the angle of incidence after which incident acoustic waves travel along the
medium surface and only shear waves are refracted to that medium. In that case, longitudinal
waves do not travel into the medium. The second critical angle is defined as the angle at which
acoustic waves are totally reflected and shear waves travel along the medium surface, but not
into the medium. For LIPUS, the first critical angle is 22°, and the second critical angle is 48°.
Between the first and second critical angles, at 35°, the amount of transmitted shear waves is
maximized, and an optimal cellular response is obtained. Those critical angles were not
determined for ESWT and RPWT [36].

5.5. Different sources of acoustic waves

As previously described, the method for producing low-intensity pulsed ultrasound waves is
unique, but there are three generation methods for extracorporeal shock waves. No clinical
studies compare the effectiveness between the three methods, but one experimental research
compared osteoblasts responses to electrohydraulic and electromagnetic ESWT. It was found
greater cell viability and osteocalcin expression for electrohydraulic-stimulated cells, and
greater expression of type I procollagen-C enzyme, and TGF-β1 production for electromag‐
netic-stimulated cells. These findings can be attributed to the difference in the pressure
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distribution at the focal zone between the electrohydraulic and electromagnetic generators
[40].

5.6. Combined therapy

Mechanical stimulation can be combined with different types of acoustic waves or with growth
factors.

5.6.1. ESWT and LIPUS

Electromagnetic ESWT and LIPUS combined therapy applied to periosteal cells showed no
difference regarding cell proliferation, cell viability and ALP activity in comparison with ESWT
alone, but, in comparison with LIPUS alone, showed worse results for early response (after 6
days) and better results for late response (after 18 days) [42].

5.6.2. LIPUS and growth factors

BMPs are known osteogenic factors. Their combined therapy (BMP-7 or rhBMP-2) with LIPUS
enhances bone formation, osteogenic differentiation and biomechanical properties of bone
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alone to increase bone healing. On the other hand, combined therapy with LIPUS enhances
bone mineral density more than separate treatment [105].

1,25-Dihydroxyvitamin D3 increases the expression of VEGF in osteoblasts and modulates
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[106].
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applications include acceleration of fracture healing, acceleration of segmental defects healing,
enhancement of bone density and quality, management of stress fracture, enhancement of
bone-tendon junction healing and management of avascular necrosis of the femoral head.

LIPUS has a unique protocol of treatment, which consists of daily 20-min sessions at 30 mW/
cm2. On the contrary, ESWT has no established protocol regarding energy levels, frequency,
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number of sessions and number of cycles (impulses). This heterogeneity makes it difficult for
the clinician to adopt the best approach for ESWT. No studies were found on the subject for
RPWT.

6.1. Delayed union and nonunion

Normally, patients with nonunion and delayed union are managed surgically for revision of
a primary surgery or for biological stimulation. Those managed surgically for biological
stimulation may be the best candidates for a non-invasive approach with acoustic therapy,
since there is no problem with hardware and fracture reduction. Those experiencing technical
problems related to the first procedure (gross bone instability, broken hardware, malalign‐
ment) should be subjected to revision surgery combined with acoustic therapy to provide also
biological stimulation.

LIPUS exhibits healing rate from 67 to 92% and may challenge surgical treatment for delayed
union and nonunion. Patients aged 70–79 years feature decreased healing rates (83.3 vs 86.2%),
and older than 80 years feature even lower healing rates (77.8 vs 86.2%). LIPUS may also be
an alternative approach to treat conservatively congenital pseudarthrosis of the tibia. Mean
body mass index, open fracture, multiple prior surgical procedures, time to initiate treatment
with LIPUS, type of surgical procedure, comorbidities and number of smoking years repre‐
sented no risk factor for failure with LIPUS in a cohort of 767 patients. Smaller cohorts present
some conflicting data: decreased healing rate was found in late treated (more than 12 months)
nonunions and smokers. Moreover, atrophic nonunions may be a risk factor for decreased
healing rates. Interestingly, LIPUS combined with iliac crest autograft exhibits synergistic
effect to overcome spinal pseudarthrosis created by nicotine administration, although LIPUS
alone cannot [94, 107–114].

ESWT also shows healing rates that may challenge surgical treatment for nonunion and
delayed union, with successful rates ranging from 63.6 to 95% using electrohydraulic or
electromagnetic devices. No reports explored the effectiveness of piezoelectric devices, and
RPWT. Energy density varied from 0.25 to 0.70 mJ/mm2, 1000–10000 impulses, single or
multiple sessions. Technical parameters depended on bone size and authorship. Specifically
for scaphoid pseudarthrosis, energy density varied from 0.05 to 0.12 mJ/mm2 depending on
patient’s pain tolerance. Some studies also investigated serum level of BMP-2, NO, TGF-β1
and VEGF, which were higher in treated individuals. Again, atrophic nonunions, smoking and
treatment performed at late stages (after 12 months) provided decreased healing rates [115–
124].

6.2. Accelerated healing of bone defects and fractures

The potential benefits of LIPUS and ESWT to accelerate healing of bone defects and fractures
have been shown in various animal studies, but there is not sufficient clinical evidence to
support their routine use.

LIPUS promoted earlier callus formation, promoted larger callus width, increased biome‐
chanical strength, reduced adverse outcomes (nonunion and delayed union), accelerated
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maturation of newly formed bone and healing time in distraction osteogenesis and reduced
time for fracture healing. LIPUS reduced 18–36 days of healing time in conservatively treated
fractures, and decreased about 30% of the healing time for surgically managed closed com‐
minuted diaphyseal tibial and femoral fractures (irrespective of implant choice). Open
fractures and patients older than 60 years had pronounced benefit from LIPUS treatment.
LIPUS’ effectiveness increases as soon as treatment is initiated. In addition, fractures of the
metatarsal, radius, scaphoid, ankle, fibula and ulna exhibited better healing rates. Smoking,
diabetes, vascular insufficiency, osteoporosis, cancer, rheumatoid arthritis and obesity are risk
factors for failure. A large cohort of 4190 patients showed 96% healing rate, which is greater
than literature averages (93%). In that study, patients between 20 and 29 years old had greater
healing rate than patients over 30 years old. Furthermore, LIPUS has no reported adverse
effects [37, 56, 86, 125–132].

Only electrohydraulic devices investigated the beneficial effects of ESWT for bone defects and
fracture healing. Energy density varied from 0.16 to 0.62 mJ/mm2, 500–6000 impulses, single
or multiple sessions. Increased callus formation; biomechanical properties; ALP activity; and
expression of BMPs, IGF-1, eNOS, TGF-β1 and VEGF were reported. Patients subjected to
ESWT exhibited better pain scores and decreased nonunion rates, but no difference of fracture-
related complications rate. Reported complications include skin petechiae, scarring to the
muscle at the treatment site (only for small animals) and subcutaneous swelling. No neuronal
damage has been reported even for vertebral exposure (study with small animals) [54, 80, 91,
95, 98, 133–136].

6.2.1. Diabetes

Diabetes is a systemic disease that affects bone healing. Therefore, diabetic individuals are at
risk of developing delayed unions, nonunions and pseudarthrosis. Those individuals may also
exhibit impaired biomechanical strength of newly formed bone. LIPUS does not increase
cellular proliferation during fracture healing in diabetic animals but increases bone healing
and biomechanical properties. Additionally, LIPUS increases the expression of TGF-β1 and
VEGF but not the expression of IGF-1 and PDGF-β. There are no reports on ESWT and RPWT
in diabetic animals or individuals [137, 138].

6.2.2. Osteoporosis

Fracture healing slows and endochondral ossification is impaired with senescence. At the
molecular aspect, fracture-induced cox-2 expression in aged rats is lower than youngsters.
Thankfully, bone cells keep their mechanosensitivity; as such, acoustic stimulation accelerates
fracture healing. It has been shown that LIPUS accelerates fracture healing in estrogen-
deficient osteoporotic bone and regains biomechanical strength so that it becomes comparable
to non-osteoporotic bones also subjected to LIPUS. Furthermore, LIPUS increases the activity
of ALP, and the expression of aggrecan, BMP-2/4/6, cbfa-1, cox-2, FGF-2, OPG, osteocalcin,
osterix, RANKL, TGF-α1, VEGF and types I, II and X collagen. The effects of ESWT and RPWT
were not investigated for fractures in osteoporotic bones [139–141].
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6.2.3. Bone-implant osseointegration

Osseointegration of implants is an important step for recovery of biomechanical strength of
bone. Facilitation of this biological process may decrease recovery time and the risk of
hardware failure. LIPUS accelerates osseointegration of titanium screws in tibias and femurs,
porous hydroxyapatite ceramic and miniscrew implants. Histologically, LIPUS-induced
osseointegration provides denser trabecular microstructure at implant-bone interface and
thicker newly formed bone. Those findings suggest acoustic therapy may be used as adjunctive
therapy to increase hardware lifetime (e.g. for arthroplasties) and decrease recovery time. No
reports were found on the subject for ESWT and RPWT [142–144].

6.2.4. Bone graft substitutes

Bone graft substitutes provide an osteoconductive scaffold for filling large osseous defects,
and they are an alternative for autologous bone graft, which adds morbidity to the patient.
Acoustic therapy provides osteoinductive stimulation for bone. Therefore, combination of
acoustic therapy and bone graft substitutes may be a finer alternative to treat fractures
associated with large defects. A report showed LIPUS increased bone formation in ulna defect
filled with β-tricalcium phosphate (bone graft substitute). In addition, LIPUS did not alter
resorption rate of the bone graft substitute. The influence of ESWT and RPWT on large osseous
defects filled with bone graft substitutes needs to be explored [86].

6.2.5. Bone-tendon junction

Healing at bone-tendon junction is crucial for tendon repairs (e.g. quadriceps tendon repair,
rotator cuff repair, calcaneal tendon repair) and ligament reconstruction (e.g. anterior cruciate
ligament of the knee reconstruction and medial patellofemoral ligament reconstruction) to
ensure early recovery and improved biomechanical strength. Acoustic therapy may be used
as adjunctive therapy in those situations since LIPUS and ESWT were found to enhance healing
of bone-tendon junction. Histologically, those acoustic therapies promoted better remodelling
of the newly formed trabecular bone, increased bone mineral density and improved tendon-
to-bone collagen fibre reconnection [145–147].

6.2.6. Stress fractures

Stress fractures are pathological overuse injuries common in athletes and military recruits.
Those injuries result from repetitive loading beyond the regenerative capacity of bone, and
represent failure of the adaptive mechanisms of bone to mechanical loads. Results regarding
this subject are variable.

LIPUS at 30 mW/cm2 used to treat incomplete stress injury of the posteromedial tibia, fibula,
or second to fourth metatarsals was ineffective to accelerate recovery during a 4-week
treatment. On the other hand, LIPUS at 100 mW/cm2 accelerated stress fracture healing of ulnae
even in the presence of non-steroidal anti-inflammatory drugs, which normally delay fracture
healing. In addition, athletes with delayed or nonunions of stress fractures of tibia or fifth
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metatarsus experienced bone healing within 6–14 weeks of exposure to electromagnetic ESWT
[148–150].

6.3. Intact bone

Despite fractures, bone is subject to other diseases that alter its biomechanical strength, such
as osteoporosis; or produce disabling pain, such as avascular necrosis of the femoral head.
Acoustic therapy may be used for prevention and treatment of some bone disorders.

6.3.1. Healthy bone

It is not known how healthy and intact bone reacts to acoustic loading. Most studies focus on
pathological conditions, such as fractures and osteoporosis. The understanding of the normal
response of bone to acoustic loads within the physiological range and overuse range is required
to ameliorate the comprehension of tissue behaviour in pathological situations, and to prevent
some disorders; for instance, stress fractures and osteoporosis.

Intact and healthy bones subjected to LIPUS experience increased density of trabecular
spongiosa, and increased activity of FAK, ERK-1/2 and IRS-1. Electrohydraulic ESWT (from
0.15 to 0.47 mJ/mm2, 500–6000 impulses, single session), in turn, promotes angiogenesis,
increased cellular population and bone formation, increased activity of ERK-1/2 and Akt, and
increased TGF-β1 production, but no difference on biomechanical tests was found following
ESWT exposure [54, 79, 90, 95, 151–153].

6.3.2. Osteoporosis

Studies demonstrated that LIPUS does not increase bone mineral density of osteoporotic bones
and does not prevent osteoporosis as measured by dual energy X-ray absorptiometry.
However, in those studies the exposure to LIPUS occurred within a short time (from 4 to 12
weeks), and the population of some investigations was heterogeneous. Additionally, histo‐
logical and molecular analysis of osteoporotic bones subjected to LIPUS showed increased
bone formation, normal density of trabecular spongiosa, decreased disruption of trabecular
spongiosa and greater expression of cbfa-1 (although lower than controls) [37, 153–157].
Therefore, the authors believe LIPUS possesses beneficial effects for treating osteoporosis.

Electromagnetic ESWT exhibited more pronounced effects on osteoporotic intact bones than
LIPUS since ESWT showed increased bone mineral density and decreased bone loss [158].

6.3.3. Immature bone

Concern exists about possible negative effects of ESWT on ephiphyseal plaque in skeletally
immature individuals; therefore, ESWT is not formally indicated for children. Contrarily,
LIPUS is not contraindicated for skeletally immature individuals. Two studies addressed the
effects of ESWT on epiphyseal plaques of animals. It was found that electrohydraulic or
electromagnetic ESWT, from 0.38 to 0.60 mJ/mm2, 1500–3000 impulses, single or multiple
sessions, did not harm epiphyseal plaque cells and did not impair growth. Furthermore,
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histological analysis revealed increased number of chondrocytes in the proliferative zone and
increased thickness of the epiphyseal plaque, suggesting a possible role for growth stimulation.
No studies were found for LIPUS that could suggest a possible role for growth stimulation in
skeletally immature individuals [96, 97].

6.3.4. Avascular necrosis of the femoral head

Patients who develop avascular necrosis of the femoral head experience groin pain and
disability, and further may necessitate joint replacement. A novel possible approach for initial
stages of that condition, when bone collapse and osteoarthritis have not established yet, is
acoustic therapy. Experimental studies with avascular necrosis of the femoral head models
showed that LIPUS and electrohydraulic ESWT increase neovascularization, osteogenesis,
osteogenic differentiation of bone marrow cells, decreased size of fat cells—which substitute
dead bone—and biomechanical strength of bone. Increased expression of proliferative factors,
such as BMP-2, FGF, IGF-1, NO and VEGF, was also found. Furthermore, a clinical and an
experimental research revealed that electrohydraulic ESWT may be more effective than core
decompression and non-vascularized fibular grafting in patients with early-stage disease;
reverts osteonecrosis by one stage; decelerates, or stops, disease’ progression; and decreases
pain and functional disability [10, 38, 149, 159, 160].

7. Future directions

Undoubtedly, acoustic devices are useful tools to stimulate osteogenesis. Nevertheless, there
is a wide list of topics that require further investigations: physical phenomena elicited by
acoustic forces need to be proved in vivo, signalling molecules need to be assigned to specific
signalling pathways, the control of cellular response to acoustic loads needs to be clarified,
RPWT and piezoelectric ESWT influence on bone biology lack investigations, clinical protocols
for ESWT and RPWT should be established and, finally, randomized controlled trials address‐
ing acoustic therapy should be performed. As a conclusion, a lot of research is expected within
the next years to clarify the unanswered questions about the relationship of bone tissue and
acoustic forces.
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Abstract

The aim of this chapter is to review literature reporting on the use of internal distraction
osteogenesis and rigid external distraction osteogenesis and to determine the biome‐
chanical effects of internal distractors in the treatment of maxillary hypoplasia, especial‐
ly in patients with cleft lip and palate (CLP), and compare the results with non-cleft patient.
The standard osteotomy used for distraction osteogenesis of the hypoplastic maxilla is
LeFort I. An advancement of more than 10 mm in patients with no cleft and 6 mm in
patients with CLP is beyond the limit of LeFort I osteotomy, and in such cases distrac‐
tion osteogenesis for advancement of the maxilla can be used. Distraction osteogenesis
(DO) is a biological process involving the formation of new bone between viable bone
segments that are gradually separated by incremental traction. The external and internal
usage of distraction osteogenesis in the treatment of maxillary hypoplasia in patients with
cleft lip and palate is a reliable, reproducible and stable alternative method to conven‐
tional one-step LeFort I advancement techniques. Biomechanical evaluation of internal
maxillary distraction osteogenesis produces mathematical results to help the surgeon and
the orthodontist to understand better the therapeutic effects on the maxillofacial bones
and sutures of the craniofacial system.

Keywords: maxillary advancement, distraction osteogenesis, cleft lip and palate, finite
element analysis, maxillary hypoplasia

1. Introduction

Distraction osteogenesis (DO) is an effective method used for bone regeneration. Advance‐
ment of the maxilla by use of rigid external distraction (RED) device has been performed
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successfully and many other internal devices have been introduced for better results regard‐
ing the patient’s comfort [1].

Patients with cleft lip and palate and maxillary hypoplasia usually present with a collapsed
maxillary dental arch and impaired forward and downward growth of the maxilla [2–4]. Two
factors have been proposed for the growth deficiency [2]: One such factor is the intrinsic factor,
mainly introduced by developmental deficiency leading to the formation of a cleft and the
growth potential of midfacial skeleton. The other factor is the iatrogenic factor, including
surgical repair. Therefore, management of cleft-related maxillary hypoplasia is more complex
due to the larger degree of malocclusion and advancement, the risk of post-surgical relapse
and the potential velopharyngeal incompetence following maxillary advancement [1, 5].

The general aim of this chapter is to present a brief review of sagittal distraction osteogenesis
in sagittal maxillofacial advancement and the biomechanical effects of maxillary sagittal
distraction osteogenesis both in patients with unilateral cleft lip and palate and in patients with
no cleft.

2. Traditional treatment options for maxillary hypoplasia

Patients with maxillary hypoplasia secondary to orofacial cleft present multiple challenging
problems. Traditional orthodontic/orthopaedic approaches to treat these patients, while
sometimes successful in obtaining stable occlusal relationships, often fall short of expectations
with respect to facial balance and aesthetics.

Usual treatment sequence can be explained as follows: (1) at the ages of 5–7 years orthodontic
expansion apparatus can be used such as Quad Helix, Spring jet appliance or Hyrax type
palatal expanders (Figure 1); (2) protraction with facial mask is used at 8 years or later
(Figure 2); (3) bone grafting harvested from iliac crest is performed at 7–9 years of age
(Figure 3). To overcome three-dimensional constriction of the maxilla due to the previous
surgical scars, different types of therapeutic concepts are used [6].

The patient with complete unilateral cleft lip and palate shown below (Figures 1–4) was a rare
case that could be treated in terms of only orthodontics and orthopaedics. However, most of

Figure 1. An alternative type of maxillary expansion apparatus (Modified spring jet appliance) used in UCLP patients
to achieve appropriate transversal dimension in the maxillary arch.
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the patients need surgical intervention to overcome both intrinsic and iatrogenic factors that
caused serious maxillary hypoplasia.

Figure 2. Maxillary sagittal protraction with Delaire type facial mask.

Figure 3. Secondary alveolar bone grafting harvested from iliac crest of the patient.

Figure 4. Clinical appearance of the patient one year after both orthopaedic and orthodontic treatment (Figures 1–4
reprinted [6]).
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3. Conventional LeFort I osteotomy

In the treatment of severe hypoplastic cleft palate with conventional LeFort I osteotomy, the
major advancement and the extreme discrepancies made stabilization difficult, and the added
effect of palatal scarring can result in significant surgical relapse [7].

4. Distraction osteogenesis

“Distraction osteogenesis” (DO) is a biological process involving the formation of new bone
between viable bone segments that are gradually separated by incremental traction. Soft tissue
envelope (mucosa, muscle, tendon, skin, cartilage, blood vessels and peripheral nerves) beside
bone has been also observed to form under tension stress [8, 9]. Experimental studies also have
demonstrated formation of the mature lamellar bone by distraction osteogenesis [7, 10, 11].

4.1. History of distraction osteogenesis

Manipulation of the bone segments was first described by Codivilla in 1905 [12]. Gavriel
Awramowitch Ilizarov performed several studies to advance the technique in orthopaedic
therapy in 1950s [13–16]. Ilizarov performed this technique in two steps and observed the bone
regeneration between the two time periods.

Application of mandibular lengthening in maxillofacial complex with the usage of external
fixation device was first performed in a canine animal model by Synder et al. [17] in 1972. In
1977, Michielli and Miotti [18] used internal devices in lengthening of mandible in a canine
animal model by gradual distraction.

McCarthy and colleagues [19] first used distraction osteogenesis in human mandible in 1992.
Mandibular lengthening in four young patients and bilateral mandibular expansion in one
patient were performed by gradual distraction. Since the first mention of distraction osteo‐
genesis in the human mandible, it was recognized that the development of simple, multidir‐
ectional, miniaturized and buried devices would be necessary to broaden the application of
distraction osteogenesis throughout the craniofacial skeleton [20].

4.2. Distraction histogenesis and phases

The gradual increase in soft tissue volume in response to the tension forces applied with bony
distraction is called “distraction histogenesis”. Conventional LeFort I osteotomy provides
immediate bone advancement but, however, does not allow for compensatory growth of the
soft tissues. The high rate of relapse after conventional maxillary advancement seems to be a
result of scarring and memory of the soft tissues, though the soft tissue often contracts to its
pre-operative state. On the other hand, DO creates a gradual increase in the amount of soft
tissue by preventing its contraction [21].

In the distraction process, different biologic phenomena are produced and these can be
summarized in three phases: latency phase is the period between the performance of
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osteotomy and the start of the traction, during which bone healing begins and soft callus (initial
bone formation) is formed. The period is typically between 3–5 days, although in neonates and
infants the latency period may be omitted or last only 24 hours. Waiting too long before
distraction (beyond 10 to14 days) increases the risk of premature bone union; distraction
phase is the period in which the process of distraction is activated to transport the bone
fragment and the formation of new immature woven and parallel-fibered bone commences.
The total time of the distraction phase is customized to the severity of the deformity. This phase
usually lasts 1–2 weeks, and the traction modifies the normal development of the regeneration
process. In contrast to the latency period, the rate and the rhythm (frequency) of distraction
are important factors [22]. If lengthening of the osteotomy site occurs too slowly (<0.5 mm per
day), premature bony union prevents lengthening to the desired dimension, whereas if the
rate is too rapid (>2 mm per day), a fibrous nonunion will result. Therefore, most reports
recommend a distraction rate of 1 mm per day. The ideal rhythm of DO is a continuous steady-
state separation of the bone fragments [13–16]. However, this is not practical, and therefore,
the recommended distraction frequency is 1 or 2 times daily [23–25]; and consolidation
phase is the period that allows the maturation and corticalization of the regenerated bone and
the surrounding soft tissues adapt to their new positions and lengths. In craniofacial bones, a
3–5 week phase is recommended for children and a 6–12 week phase for adults. In craniofacial
skeleton the general rule is that the consolidation period should be at least twice the duration
of the distraction phase [22, 26, 27]. The appearance of bone with identical characteristics to
those of the initial bone may take more than a year [9].

4.3. Distraction osteogenesis in sagittal maxillary advancement

Maxillary surgical advancement is the most common surgical technique for correcting
maxillary hypoplasia in patients with cleft lip and palate. An advancement of more than 10
mm in patients with no cleft and 6 mm in patients with cleft lip and palate is beyond the limit
of conventional LeFort I advancement, and in such cases DO for advancement of the maxilla
can be used [28–32].

The application of the force according to the center of resistance of the maxilla plays an
important role in sagittal maxillary advancement. The mostly desired directions of the
maxillary movements in DO are forward and downward. The center of the mass of the maxilla
is considered to be located at the apex of the maxillary premolars. When the force is applied
at the center of resistance of the maxilla, a straight anterior movement of the maxilla without
any rotation is expected. If the same force is applied above, a clockwise rotation will be
expected with a predictable increase in over bite and overjet negligible mandibular rotation.
If the force is applied below, a counterclockwise rotation will be expected with a tendency of
an anterior open bite [33].

External and internal distraction systems can be used for maxillary distraction osteogenesis
[34].
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4.3.1. Rigid external distraction osteogenesis

The rigid external distraction (RED) was developed by Polley and Figueroa [26, 35], and is
composed by an external bow, which is fixed to the cranium screws, and by a custom-made
intraoral splint cemented to the maxillary first molars. External traction hooks with eyelets are
soldered to the splint, allowing the connection with the external device via surgical wires
[36].

Advantages and disadvantages

RED devices have the ability to change the distractor vector during the distraction phase.
Another advantage of this system is the ease of the installation and removal of the distractors.
However, the main disadvantage is that the device is physically and socially inconvenient and
uncomfortable for the patients [26, 35, 37, 38].

Technique and protocol

High-level complete LeFort I osteotomy is the most commonly performed osteotomy since
tooth buds are located on a standard level of LeFort I osteotomy line in young patients [1, 36,
39–43]. Standard LeFort I and the 3-piece LeFort I osteotomies are also used with this protocol
[7, 26, 35, 44, 45].

After a latency period of 4–7 days, initial activation of the RED device starts. The rate of
distraction is 1 mm per day in two or three rhythms. The planned maxillary advancement is
usually obtained in 2 to 3 weeks of active distraction. The duration of the activation varies
according to the severity of the maxillary hypoplasia; therefore, many authors mention
different protocols on this issue. Some activate the distractor until the proper overjet, overbite
and stable posterior occlusion are achieved [39], some continued the activation until 5–8 mm
of positive overjet is achieved [45], and some activate the distractor until the desired facial
profile convexity, skeletal and dental relationships are achieved clinically [1, 7]. Long consol‐
idation period of 8 to 12 weeks is generally accepted in UCLP patients to prevent the risk of
possible skeletal relapse [1, 7, 43]. Radiographic bone healing and the presence of cortical
outline should be checked using radiographs before removal of the distractors [43]. However,
different consolidation period and retention period protocols exist. Nonunion of the external
maxillary distraction after a consolidation period of 4–6 weeks was reported by He et al. [41]
in 2010. The very first patients of them treated with external distraction had relapse after the
early removal of the distractors, so they lengthened the consolidation time up to 12 weeks and
had successful results without nonunion. After a consolidation period of 6–8 weeks, distractors
and intraoral splints are removed and the maxillary retention by Class III intraoral elastics can
be used [45]. Some radical rigid retention periods (consolidation period) such as 2–3 weeks
were also mentioned in some studies [26, 39]. In these studies, after the removal of the RED
devices, 4–8 weeks of face mask elastic traction at night time were utilized.
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Skeletal changes (horizontal and vertical)

The sagittal maxillary advancement is measured as the forward movement of particular
landmarks. Anterior maxillary movement (horizontal change in point A) varies between 8.03
to 13.4 mm [1, 26, 38–45].

For patients undergoing RED devices, the average increase in SNA angle is between 7.6 to 12.4
degrees [26, 38, 40, 42–45].

Clockwise rotation of the maxilla is one of the goals in most of the patients with unilateral cleft
lip and palate due to the vertical maxillary growth deficiency. The vertical changes in point A
are between −1.3 and −7 mm pointing an inferior movement [26, 43, 44]. Although there can
be a positive downward displacement of the maxilla, an undesired counterclockwise rotation
of the maxilla can be a result of inconvenient distraction force vector [1, 42]. Desired change
in the palatal plane angle varies according to the application point of the distraction force. In
patients without secondary alveolar bone graft, distraction force may also lead to a counter‐
clockwise rotation. This reversible undesired rotation of the maxilla can be corrected with the
aid of intraoral elastics [1].

Dental changes

Dentoalveolar sagittal movement can be measured by the dental overjet and the displacement
of the upper incisor tip. The increase of the overjet ranged from 12.7 to 15.8 mm, whereas the
angular change of the upper incisor according to the palatal plane ranged from −1.2 to 3.6
degrees [7, 26, 42, 44].

Soft tissue changes

The main changes accompanying RED procedure are located in the upper lip and nasal region,
with improved facial aesthetics. In these patients, the profile of the face changes from concave
to convex. The increase in facial convexity angle is between 15.59 and 26.2 degrees [7, 26, 39,
43, 44].

4.3.2. Internal distraction osteogenesis

Internal miniature distractor was first reported by Cohen et al. [20] in 1997 on maxillary
distraction in patients with CLP using an internal miniature distractor. This device produced
no complications and permitted maxillary and midfacial advancement in patients with CLP
and craniofacial syndromes.

Most surgeons accept that advancement of more than 6 mm in patients with CLP and more
than 10 mm in non-cleft patients is beyond the present limit of one-stage maxillary advance‐
ment surgery using LeFort I osteotomy, and can only be achieved by distraction osteogenesis
[29, 30].

There are many clinical research studies and case reports about sagittal maxillary advancement
with DO. The biomechanical effects associated with this procedure still remain speculative. In
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2011, we investigated the effects of DO in a patient with CLP using finite element analysis
(FEM) and improved this preliminary study with another comparative study in 2014 [4, 46]
(Figures 5–8). Three-dimensional (3D) finite element model (FEM) analysis is a helpful
mathematical instrument for use in orthodontics and can determine the amount of stress, strain
and displacement in the maxillofacial complex after different loading conditions of force.

Figure 5. Three-dimensional finite element model of our patient with unilateral cleft lip and palate. Yellow colours rep‐
resent the boundary conditions at the foramen magnum, upper side of the cranial vault and the zygomatic buttress,
where the superior plates of the internal distractor are assumed to be placed.

The results of our study are similar to the clinical outcomes in some ways, and therefore may
help surgeons and orthodontists to understand better the therapeutic effect of internal
maxillary DO on the basal bones and sutures of the craniofacial system. The displacement
distribution in the sagittal plane was asymmetric in the UCLP model rather than the non-cleft
model. The non-cleft side of the UCLP FEM showed more anterior displacement than did the
cleft side, which can result from the asymmetrical skeletal development of the anatomical
structures.

The amount of transversal change at the lateral nasal walls was found to have expanded in
both FEMs.

The maxillary rotation showed differences in both models. On the UCLP model, the maxilla
rotated in a clockwise direction after maxillary advancement of 6 mm. On the cleft side, more
inferior displacements were observed. In the control model, a counterclockwise rotation of the
maxilla occurred. This can be the result of different placement of the anterior advancement
vector in this finite element model.

Moreover, our results showed that the sagittal distraction forces produced not only advance‐
ment forces at the intermaxillary sutures but also higher stress values at the sutura nasomax‐
illaris, sutura frontonasalis and sutura zygomaticomaxillaris on the cleft side compared to the
non-cleft side. In the non-cleft model, relatively high stress values were found at the sutura
frontomaxillaris and sutura nasomaxillaris, similar to the findings on the non-cleft side of the
UCLP FEM.
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maxilla occurred. This can be the result of different placement of the anterior advancement
vector in this finite element model.

Moreover, our results showed that the sagittal distraction forces produced not only advance‐
ment forces at the intermaxillary sutures but also higher stress values at the sutura nasomax‐
illaris, sutura frontonasalis and sutura zygomaticomaxillaris on the cleft side compared to the
non-cleft side. In the non-cleft model, relatively high stress values were found at the sutura
frontomaxillaris and sutura nasomaxillaris, similar to the findings on the non-cleft side of the
UCLP FEM.
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Figure 6. Displacement distribution in (a) sagittal, (b) transversal and (c) vertical planes after 6 mm of maxillary ad‐
vancement for the UCLP model, respectively.

Figure 7. Displacement distribution in (a) sagittal, (b) transversal and (c) vertical planes after 6 mm of maxillary ad‐
vancement for the non-cleft control model, respectively.

Figure 8. The magnitude and distribution of the von Mises stresses after 1 mm of maxillary advancement for the UCLP
model and for the non-cleft control model, respectively.

Advantages and disadvantages

Internal distractors are socially and psychologically more tolerated than the external distrac‐
tors [36, 47–49]. However, there are some disadvantages: (1) the difficulty of the position
process, (2) the need for a second operation to remove the distractors, (3) the inability to change
the distraction vector during the distraction phase (control of the maxillary segment can be
achieved by intraoral elastics by which an adjustment in “molding the regenerate” bone
corrects for an error in distraction direction or vector), (4) the difficulty in placement of the
two parts of the distractors parallel to each other, (5) the limitation of the distraction length,
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(6) the discomfort due to the stretch of the buccal tissues by the distractor’s rods, (7) the need
for pre-operative planning and/or stereolithographic modelling [34, 50–55].

Stereolithographic modelling

The desired vectors of the maxillary advancement are necessary and can be controlled via
stereolithographic models. In patients with CLP, visualization of the bone thickness and
decision of the bony cuts and distractor placements should be made on these models pre-
operatively. However, in some countries there is an extra cost for stereolithographic modelling;
therefore, pre-operative planning can also be simulated using specific computer software,
which allows for three-dimensional craniofacial reconstruction from computed tomography
scan images [51–54, 56] (Figures 9–11). Three-dimensional finite element model analysis is also
a helpful mathematical instrument for use both in orthodontics and in orthopaedics, and can
determine the amount of stress, strain and displacement in the maxillofacial complex [4, 57].
However, this technique cannot be used for all patients individually due to the long elapsed
time for the analysis.

Figure 9. Stereolithographic model of our patient with UCLP.

Figure 10. Demonstration of the surgery on the stereolithographic model, bending of the distractor plates during this
section, and finally insertion of the bended distractor plates on the model.
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Figure 11. LeFort I osteotomy, and the checking for the parallelism of the inserted distractor plates using extension
rods.

Technique and protocol

The need for the correction and severity of the maxillary deficiency is the key to choose the
type of osteotomy. The maxillary osteotomies can be divided into three subgroups: (1)
horizontal osteotomy, for anterior advancement of the maxilla, (2) oblique osteotomy, for
forward and downward movement of the maxilla, (3) step osteotomy, for children in whom
canine and premolar teeth buds are in a high position [51, 58]. The standard LeFort I osteotomy
and down fracturing of the maxilla are the most commonly performed osteotomies since this
technique is used in older patients than those treated with RED [51, 54, 59–61]. High LeFort I
and the 2–3 piece LeFort I osteotomies (this can be performed after completion of distraction,
at the time of device removal) are also used with this protocol [34, 54].

After the insertion of the internal bone-borne maxillary distractors, the screws were activated
for a few millimeters or more to check the correctness of the maxillary movement and to
overcome premature bony contacts during the activation process [4, 34, 60–62]. Mandibular
osteotomies, if needed according to the skeletal diagnosis, can be performed in the same
operation [59, 60, 62].

After the operation a latency period of 3–7 days, initial activation of the internal distraction
device starts. The rate of distraction is 0.5 to 1 mm per day in one or two rhythms. Activation
of the distractors can be performed by the patients themselves or by the patients’ parents or
relatives. The planned maxillary advancement is usually obtained in several days of active
distraction. The duration of the activation phase depends on the severity of the maxillary
deficiency. Activation of the distractors performed until the proper overjet, overbite and
relative stable posterior and anterior occlusion (overcorrected Class I molar and incisal
relationship) are achieved [4, 5, 36, 51, 54, 60–62].

In early post-operative period, many clinicians use orthodontic elastic traction to control the
occlusion, to prevent posterior or anterior openbite and to guide the maxilla into position [34,
59–61].
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Consolidation period of 8 to 12 weeks is generally accepted in UCLP patients to prevent the
risk of possible skeletal relapse [32, 51, 54, 62]. During consolidation period, bone mineraliza‐
tion of the distraction zone and bone remodelling occur according to the Ilizarov’s principles.

Skeletal changes (horizontal and vertical)

The horizontal maxillary advancement usually measured as the advancement of point A
ranged from 5.7 to 34 mm [34, 54, 59, 61, 62]. The average increase in SNA angle is between
5.65 and 10.8 degrees [40, 54].

The vertical changes in point A are between −1.1 mm (meaning counterclockwise rotation of
the maxilla) to 7 mm (meaning clockwise rotation of the maxilla) [34, 54, 61, 62].

The counterclockwise rotation of the maxilla can be a result of inconvenient distraction force
vector and can be changed by the use of the orthodontic elastic traction that can be applied
between upper and lower teeth [1, 4, 34, 42].

Dental changes

The increase of the overjet ranged from 6.59 to 13.66 mm [51, 61].

Figure 12. Intra-oral photographs of a 21-year-old boy affected by severe maxillary hypoplasia due to unilateral cleft
lip and palate treated in our clinic before internal distraction and after consolidation period (after using orthodontic
elastic traction and removal).

Figure 13. Pre-operative and post-operative extra-oral photographs and cephalometric films of the same patient.
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Figure 14. Intra-oral and extra-oral photographs of a 20-year-old boy affected by severe maxillary hypoplasia due to
unilateral cleft lip and palate treated in our clinic before and after internal distraction osteogenesis.

5. Conclusion

The use of distraction osteogenesis was proved as a predictable method for major bone
elongation with the generation of new bone in the distraction site. Newly formed bone can
provide good support and thus contribute to stability. Many surgeons and orthodontists prefer
sagittal maxillary distraction osteogenesis in maxillary deficiency, especially in patients with
cleft lip and palate or in syndromic patients. Virtual surgical planning and/or stereolitho‐
graphic modelling allow more predictable operation and distraction.

Sagittal distraction forces produce not only advancement forces at the intermaxillary sutures
but also higher stress values at the sutura nasomaxillaris, sutura frontonasalis and sutura
zygomaticomaxillaris on the cleft side of the patients with unilateral cleft lip and palate rather
than the non-cleft side. Some patients feel pressure under the eyes, around the lateral nasal
walls and generally throughout the face during and after the distractor activations. One should
consider the consequences of the activation of the distractors under the light of these findings.
Since the clinical effectiveness of the maxillary distraction osteogenesis, especially in patients
with cleft lip and palate, is highly dependent on the presence of the scar tissue, it would be
helpful to incorporate this soft tissue into future mathematical models.

For patients with mild to severe maxillofacial deficiencies, conventional one-step LeFort I
maxillary advancement is out of limits, and advancement using distraction osteogenesis has
been shown to be a stable, reliable treatment modality in such cases.
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Abstract

Distraction osteogenesis is a method of bone healing and regeneration widely used to
correct bone malformations, shortenings, and other bone defects. Despite its benefits, it
is a long-duration therapy with considerable physical and psychological morbidity.
Treatment optimization is fundamental and monitoring techniques are being studied.
This chapter discusses monitoring methods with a focus on ultrasound evaluation of
distraction osteogenesis.

Keywords: sonographic monitoring, distraction osteogenesis, bone regeneration

1. Introduction

The distraction osteogenesis is a method of bone regeneration and fixation that was establish‐
ed by Ilizarov around the 1950s,  causing revolution in the reconstruction and deformity
correction surgeries [1]. The technique consists of a controlled bone fracture (osteotomy) and,
after the formation of the soft callus (latency period), continuous traction of bone fragments in
opposite directions, using an external fixator (lengthening phase), until the desired extension
is reached, then fixing it until consolidation (neutral fixation/consolidation phase). This process
does not use grafting and allows to cover extensive bone defects with newly formed bone
(regenerated) or to remodel malformed structures. Nowadays it is applied in multiple ortho‐

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
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pedic and maxillofacial surgeries. However, it is a long-duration therapy and the patient may
remain in use of an external fixator for a period of up to 20 weeks.

The treatment duration generates great physical and psychological morbidity. Its importance
was recognized by Ilizarov himself when he postulated: “keeping the apparatus for longer
than necessary is as damaging as removing early” [2]. Therefore, the optimization of therapy
is fundamental to reduce the complications and ensure its success. For that reason, the
distraction osteogenesis monitoring must be realized. Several methods are available, with
some being more suited to each phase. The histological characteristics of the regenerated tissue
in each phase are fundamental for the comprehension of the monitoring methods, as we see
later.

1.1. Latency period

Latency period consists in the physiological tissue repairing response initiated immediately
after the osteotomy. The lesion unleashes an inflammatory reaction with clot formation

Figure 1. Distraction osteogenesis scheme. (A) Osteotomy, (B) gap increase with ossification centers (black dots), (C)
progressive gap increase, confluence of ossification centers, and peripheral bone formation and (D) hard callous bridg‐
ing the gap with mild corticalized margins and central invagination.

Advanced Techniques in Bone Regeneration84



pedic and maxillofacial surgeries. However, it is a long-duration therapy and the patient may
remain in use of an external fixator for a period of up to 20 weeks.

The treatment duration generates great physical and psychological morbidity. Its importance
was recognized by Ilizarov himself when he postulated: “keeping the apparatus for longer
than necessary is as damaging as removing early” [2]. Therefore, the optimization of therapy
is fundamental to reduce the complications and ensure its success. For that reason, the
distraction osteogenesis monitoring must be realized. Several methods are available, with
some being more suited to each phase. The histological characteristics of the regenerated tissue
in each phase are fundamental for the comprehension of the monitoring methods, as we see
later.

1.1. Latency period

Latency period consists in the physiological tissue repairing response initiated immediately
after the osteotomy. The lesion unleashes an inflammatory reaction with clot formation

Figure 1. Distraction osteogenesis scheme. (A) Osteotomy, (B) gap increase with ossification centers (black dots), (C)
progressive gap increase, confluence of ossification centers, and peripheral bone formation and (D) hard callous bridg‐
ing the gap with mild corticalized margins and central invagination.

Advanced Techniques in Bone Regeneration84

between and around the osteotomy segment and cytokine activation, growth factors, and
mesenchymal cellular aggregation. A granulation tissue is formed, consisting of extracellular
matrix rich in fibrin, collagen, neutrophils, fibroblasts, and cells with osteogenic potential [3].
This set is called soft callus (see Figure 1).

The goal of this phase is the formation and maturation of the soft callus, with sufficient
neovascularization to stimulate ossification. Classically, its duration is established around 5–
7 days. There is no need for monitoring in this phase.

1.2. Lengthening phase

After the latency phase, the distraction apparatus is activated and the soft callus is strained
initiating several osteogenic processes. The straining produced in the longitudinal axis alters
the cellular expression in the soft callus. At the gap center, high strain forces inhibit cellular
differentiation and stimulate its proliferation. In the extremities, strain forces are milder, thus
allowing cellular differentiation. Therefore, the callus center has high cellular density com‐
posed of precursor mesenchymal cells (fibroblasts and pre-osteoblasts), while the extremities
are paucicellular and composed mostly of osteoblasts. Hence, the osteogenesis process occurs
from the deeper region of the extremities toward the center and surface [3, 4].

The formation of bone tissue is modulated by the rate of distraction and its rhythm. The first
is the total length gain in a day, which varies from 0.5 to 1.0 mm/day; the second refers to the
number of daily activations to reach the desired length, varying from two to four activations
per day. Excessive traction tends to stimulate the formation of cysts and fibrous tissue,
reducing the resistance of the regenerated tissue; on the other hand, less traction leads to
precocious consolidation, making it impossible to achieve the desired length [5].

1.3. Consolidation phase (neutral fixation)

Reaching the desired length, the external fixator is locked, fixing the bone extremities and
ensuring proper support during the consolidation period. The apparatus must remain in
position until the regenerated tissue is sufficiently consolidated to avoid complications such
as deformations or post-distraction fractures. The duration of this period is usually defined as
the number of the days of the lengthening phase multiplied by two (lengthening phase × 2).
This rule, however, does not avoid the occurrence of complications, making other parameters
of evaluation necessary.

2. Monitoring methods

Several complementary methods can be used to follow the evolution of the procedure, each
one with advantages and disadvantages, depending on the phase of the process.
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2.1. Ionizing radiation

X-ray, dual energy X-ray absorptiometry (DEXA) and computed tomography can be utilized
for the evaluation of the bone callus. However, the necessity for a serialized evaluation,
exposure to ionizing radiation, metallic artifacts susceptibility, and the high cost and more
restricted availability of computed tomography and DEXA limit the utilization of these
methods.

The X-ray is the most used, because it allows proper evaluation of the bone extremities and
distraction distance (gap). Using the “three cortical rule,” where the visualization of at least
three corticals with 2 mm thickness on orthogonal views is necessary, the removal of the
external fixator is indicated [6, 7]. Yet, it was observed that this method is subject to great
observer variation, not being more accurate than random chance [8]. Other limitations are
related to the initial stages where radiography is incapable of evaluating soft tissue.

Studies valued the role of DEXA in the evaluation of the regenerated tissue, from the length‐
ening stages until its attempt to objectively define the best moment to remove the external
fixator. Some research parameters include the relation between the regenerated bone mineral
density and contralateral limb, and also the percentage of the weekly increase of bone mineral
density [9, 10]. Despite promising results, there is still no standardization of these parameters.

The quantitative computed tomography (QCT) sums the quantitative evaluation with high-
resolution images of regenerating bones, presenting better correlation than the DEXA and
allowing a global evaluation to the assistant doctor. However, high cost, little availability, and
great exposure to radiation (more than the other methods) limit its application [1].

2.2. Ultrasonography

Recently, the role of ultrasonography in the monitoring and distraction has been target of
several studies. Several characteristics make this a method of interest, as it does not use ionizing
radiation, it is widespread, and it is not subject to artifacts related to external fixators. The top
advantage is the possibility of characterization of soft tissue and precocious detection of
complications like cysts and collections.

For the ultrasonographic evaluation, linear transducers for high resolution must be used (5–
12 MHz). The osteotomy is evaluated with beams perpendicular to the bone corticals, longi‐
tudinally and transversely along the bone axis. In the initial evaluation, the ultrasonography
identifies the osteotomy corticals as hyperechoic surfaces, with posterior acoustic shadow and
acute margins. Between them is located the soft callus, defined as a hypoechoic area with great
penetration of the ultrasonographic beam [11]. (see Figure 1)

In the first weeks, the appearance of echogenic outbreaks longitudinally oriented in the interior
of the “gap” is noticed. In the cross-sectional assessment, there is a “cut wire” aspect. Between
2 and 4 weeks, the first individualized ossification center starts to be identified. Over time,
there is an increase in number and size of those centers with the tendency to confluence on the
longitudinal axis. Gradually, there is loss of penetration power in the callus and rounding of
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the edges of osteotomies. After 6–8 weeks, it is defined a cortical margin with mild central
invagination and thickness markedly reduced in relation to the osteotomies corticals [12].

With the progression of the corticalization, the ultrasound beams are gradually more reflected,
thus losing the correlation between the method and characterization of changes in the stiffness
and strength of the regenerated tissue (attenuation × reflection) [13]. Eventually, the beams’
reflection will be full, preventing the evaluation continuity with this method. Therefore,
ultrasound assessment is limited in the final stages of consolidation and there are no studies
in literature investigating its role establishing enough bone healing for the apparatus removal
[1].

The ultrasound appearance during the entire process was compared with tissue density
measurement with computerized tomography, evidencing an exponential increase in bone
density through the consolidation time [14], but no objective ultrasound parameter was
proposed as a follow-up measure. Ultrasound evaluation itself is mainly subjective and prone
to multiple variables as transducer position and measurement site [15]. Troulis et al. proposed
the use of through-transmission method, in which the beam penetration depth in the soft callus
is used as the stiffness indicator. But in his work throught transmission was compared with
the surgeon’s intraoperative bone stiffness evaluation, which was also subjective [16]. The lack
of objective parameters to assess bone mass index limits its application as a monitoring method.

Quantitative acoustic parameters (ultrasonometry) and its correlation with soft callus prop‐
erties have been studied. Velocity propagation across the gap correlates with bone healing [17],
while speed of sound, acoustic reflection, and attenuation correlate with trabecular bone mass
index [18] and acoustic backscattering relates to trabecular microstructure [19]. Strong
association between the penetration depth within the gap and maximum load and torsional
stiffness of the consolidated callus has been shown. With noninvasive, radiation-free, objective
data, follow-up protocols can be studied and early therapy modifications (distraction rate,
medications) may optimize the distraction and consolidation processes.

3. Conclusion

The monitoring of the osteogenesis distraction is fundamental to avoid complications and
reduce the time of use of the external fixator. Several methods are available, each one present‐
ing advantages and disadvantages. The ultrasound seems like an excellent method in the initial
evaluation of distraction; however, it is incapable of orienting objectively the moment of
removal of the external fixator. The methods using ionizing radiation present several possi‐
bilities, but lack in objective and standard data limits its application. Considering these factors,
a multimodal evaluation of the progression of the treatment, conciliating clinical expertise,
and the rational use of the available complimentary exams for the optimization of the treatment
must be used.
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Abstract

Femoral head necrosis (FHN) is a difficult disease to treat. FHN results from an obstruction
in the blood supply to the femoral head, which causes death of the bone-forming cells.
For effective treatment of FHN, an osteogenic cell supply, revascularization, and provision
of initial strength to resist collapse are needed. Evidence of favorable outcomes of cell
transplantation therapy for the treatment of FHN is emerging. However, outcomes of
treatment are influenced by the underlying FHN etiology and clinical stage. Therefore,
understanding the epidemiology, clinical stage, and disease status of FHN is essential to
inform treatment planning based on evidence. The aim of the chapter is to present and
critically discuss the role of cell replacement therapy for the treatment of FHN based on
clinical status.

Keywords: Femoral head necrosis, cell-based therapy, radiogenic stage, bone marrow,
mesenchymal stromal cell

1. Epidemiology of osteonecrosis of the femoral head

Femoral head necrosis (FHN) is a painful disorder of the hip joint [1, 2]. Without treatment, more
than 70% of clinically diagnosed cases of FHN proceed to collapse of the femoral head, requiring
prosthetic joint replacement within 3–4 years after diagnosis [3, 4]. FHN typically occurs in
adults, 30–40 years old, and is more prevalent in males than females, with evidence of bilater‐
al involvement identified in 75% of cases [2]. The exact pathomechanism of FHN is not well
understood. However, obstruction of blood supply caused by steroid use, alcoholism, sickle
cell anemia, and femoral neck fracture are predisposing factors due to loss of osteogenic cells
in the greater trochanteric region [1, 2].

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.



In the natural history of FHN, 59% of cases progress to symptomatic disease and collapse of
the femoral head [5]. The prognosis is different depending on the etiology. FHN resulting from
sickle cell disease has the highest risk for progressing to collapse (73%), while 47% of cases due
to excessive alcohol consumption are at risk of collapse and 46% of cases resulting from renal
failure. The risk for collapse associated with corticosteroid use (26%) and for idiopathic FHN
(38%) is comparable to the overall prevalence of collapse (38%). Cases of FHN associated with
human immunodeficiency virus infection (15%) or systemic lupus erythematosus (7%) have a
relatively lower risk for collapse, compared to the overall prevalence [5]. Therefore, under‐
standing the etiologic factor of FHN is important for treatment planning.

Nonoperative treatment of FHN has been shown to have limited success in preventing disease
progression [2]. Consequently, the use of joint preserving procedures has decreased in the
United States, from being the treatment of choice in 25% of cases of FHN in 1992 compared to
12% of cases in 2008. Over the same period, total hip replacement for the management of FHN
has increased from 75% in 1992 to 88% in 2008 [6].

2. Clinical stage assessed by radiographic image and prognosis

The clinical stages of FHN progression are classified based on radiographic examination, with
magnetic resonance imaging (MRI) and bone scintigraphy used in the early stages. Although
different radiographic classifications of clinical stage have been proposed, the underlying
concept and indices of change are comparable between each classification [7–9]. The stage and
classification, evaluated from plane, anterior–posterior, radiography images, are useful to
understand the prognosis of FHN and to plan for treatment (Table 1). The classification of the
Association Research Circulation Osseous (ARCO) Committee is the most widely used clinical
grading classification for osteonecrosis of the femoral head (ONHF). The stages of FHN are
defined as follows. Stage 1 is the identification of an osteonecrosis lesion by MRI and bone
scintigraphy, with a marginal reaction emerging as a band of low signal intensity on T1-
weighted images and a band of high signal intensity on T2-weighted images. Stage 2 is defined
by radiographic appearance of demarcated regions of sclerosis and lucency. Blood vessels
enter the necrotic zone as part of a repair process of bone resorption and formation, while
toward the margin of the reactive interface, dead cancellous bone is invested by fibrous and
lamellar tissues. In stage 3, resorption of bone causes fractures within the subchondral bone,
with resulting segmental fractures identified on the radiographs by the ‘crescent sign.’ Stage
3 is subdivided into stage 3A, collapse of the femoral head <3 mm, and stage 3B, collapse of
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the three types of lesions are defined as follows. The type A lesion occupies the medial one-
third or less of the weight-bearing surface of the femoral head, while the type B lesion occupies
the medial two-thirds or less of the weight-bearing surface. The type C lesion occupies more
than two-thirds of the weight-bearing surface and is subdivided into C1 and C2 types: the C2
lesion extends laterally to the edge of the acetabulum, whereas the C1 lesion does not. Mont
et al. [5] reported a risk for progression to collapse of 9% for type A lesions, 19% for type B
lesions, and 59% for type C lesions. Nishii et al. [10] calculated an odds ratio (OR) for the
incidence of collapse of the femoral head with type C lesions of 10.8 (95% confidence interval,
2.4–48.0), and an OR for progressive collapse of 26.0 (95% confidence interval, 1.9–358.5).

Ficat Steinberg ARCO

Stage 1 Normal radiographs Normal radiographs;
abnormal bone scan and MRI

Normal radiographs; however,
specific findings are
observed on MRI,
bone scintigraphy, or histology

Stage 2 Subchondral cyst
formation and sclerosis

“Cystic” and sclerotic
changes in femoral head

Demarcating sclerosis without
collapse of the femoral head

Stage 3 Femoral head
flattening, subchondral
collapse, “crescent sign”

Subchondral collapse without
femoral head flattening

Femoral head collapse,
“crescent sign,”
no joint space narrowing

3A Collapse <3 mm

3B Collapse >3 mm

Stage 4 Osteoarthritic joint
space narrowing,
degenerative changes

Subchondral collapse,
femoral head flattening,
normal joint space

Osteoarthritic degenerative
changes

Stage 5 Flattening, with joint
space narrowing,
acetabular changes, or both

Stage 6 Advanced degenerative changes,
secondary osteoarthritis

Notes: ARCO, Association Research Circulation Osseous; MRI, magnetic resonance imaging.

Table 1. Clinical staging of osteonecrosis.

Figure 1 Radiographic classification of the Specific Disease Investigation Committee, under the auspices of the Japa‐
nese Ministry of Health, Labour and Welfare.
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3. The treatment of FHN without cell-based therapy

Nonoperative treatment, which aims to offload forces exerted on the femoral head through
limited weight bearing, activity modification, and physical therapy, has been shown to have
limited success in preventing disease progression [2].

In the early stage of FHN (i.e., ARCO stage 1), intramedullary pressure is elevated and core
decompression surgery is performed by drilling through the necrotic region, with a 6 or 8 mm
short trephine drill, to reduce the pressure [7]. Core decompression treatment is more effective
than conservative treatment [11], with clinically satisfactory results of core decompression
obtained in 63.5% of cases of early FHN, compared to 22.7% with conservative treatment [12].
The clinical benefits of core decompression, however, have been questioned [13, 14]. Foremost,
core decompression is not indicated for advanced stages of FHN. Mont et al. [15] reported
satisfactory outcomes of core decompression of only 29% in patients with Steinberg stage 3
FHN, with 41% of patients in stage 3 and 92% in stage 4 requiring arthroplasty. In advanced
stages of FHN, bone fragility is a more important consideration than elevated intrafemoral
pressure.

Multiple microfractures of the subchondral bone are often present in advanced stages of FHN
[16] and, therefore, reinforcing initial bone strength to prevent collapse of the femoral head is
an important component of treatment at this stage. Vascularized bone grafts can offer reflux
of blood flow and initial strength. Vascularized bone grafting is indicated for advanced stages
of FHN [2, 17–19]. However, a radiographic study of outcomes after vascularized bone grafting
by Ishizaka et al. [17] indicated continued progression of collapse in 50% of cases classified as
Ficat stage 2 hips, and in 46% of cases classified as Ficat stage 3 hips. Therefore, vascularized
bone grafting is not sufficient to prevent the collapse in cases of advanced FHN.

Figure 2 Cell-based therapy for osteonecrosis of the femoral head, combining concentrated bone marrow transplanta‐
tion with core decompression is shown in the left panel. The right panel shows cultured mesenchymal stromal cell
transplantation, combined with biomaterials, after removal of necrotic bone.
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4. Concentrated bone marrow transplantation for the treatment of FHN

Core decompression offers not only a decrease in intramedullary pressure, but also a flow of
living cells from regions surrounding the necrotic lesion. However, as FHN is not an isolated
lesion of the femoral head, but rather involves the greater trochanteric area, the number of
osteogenic cells throughout the trochanteric area is reduced [20, 21]. Hernigou et al. [22] and
Gangji et al. [23] combined transplantation of concentrated autologous bone marrow from the
iliac crest with core decompression with the aim of supplying osteoblastic cells. Gangji et al.
[23] reported collapse of the femoral head to be significantly delayed with the use of concen‐
trated bone marrow transplantation, compared with sole core decompression, when per‐
formed in the early stage of FHN (i.e., ARCO stage 1 or 2), with a collapse rate of 63% for the
sole core decompression group, compared to 10% for the concentrated bone marrow trans‐
plantation group. Since the initial work of Hernigou et al. [22] and Gangji et al. [23], a number
of studies have reported their outcomes of using concentrated autologous bone marrow
transplantation in combination with core decompression [24–28], with relevant information
from these studies reported in Figure 2 and Table 2. Although clinically acceptable results for
the combination of cell transplantation and core decompression were reported for patients
classified in the early stages of FHN progression [23, 24], for patients with advanced stages of
FHN, this combined treatment is not sufficient to prevent collapse of the femoral head [23–
28]. The association between clinical stage of FHN and outcomes of the combined treatment
was reported by Hernigou et al. [22], with 77% prevention of collapse for patients in stage 1
and 74% in stage 2, compared to 0% in stage 3 and 50% in stage 4. Therefore, additional
treatment may be needed to enhance the positive effects of bone marrow transplantation.
Martin et al. [29] used a combination of platelet rich plasma and bone marrow cells for
transplantation after core decompression, with significant pain relief achieved in 86% of their
cases, and with 79% of cases not progressing to collapse. Kang et al. [30] used a cancellous bone
graft in combination with bone marrow transplantation after core decompression for both
early and advanced stages of FHN, obtaining clinically successful outcomes in 80% of cases in
stage 1, 65.7% in stage 2, 38.9% in stage 3, and 33.3% in stage 4.

Based on this evidence, it seems reasonable to suggest that for patients with the advanced stage
of FHN (i.e., ARCO stage 3 or 4), providing initial strength to the femoral head is required to
prevent further fracture and collapse. Bioactive scaffolding can provide the initial strength
required. Yamasaki et al. [31] used interconnected porous calcium hydroxyapatite, in combi‐
nation with concentrated bone marrow transplantation for patients with stages 1 and 2 FHN
and advanced stage 3A. They reported no progression of the collapse in 56.7% of their case
series, mild collapse of <2 mm in 33.3% and >2 mm of collapse in 10%. Liu et al. [32] used porous
hydroxyapatite, with and without bone marrow transplantation, to treat patients in the
precollapse stage of FHN progression (i.e., stage 2). They reported that 78.6% of their cases
treated with the combination of porous hydroxyapatite and bone marrow transplantation did
not progress to collapse, compared to 41.7% for patients treated only with bone marrow
transplantation. A histological study by Arlot et al. [33], however, reported osteomalacia and
osteoporosis to persist despite clinical improvement after treatment for FHN. Therefore,
remodeling of the necrotic bone is difficult to achieve [34, 35]. To address this issue, Wang et
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al. [36] performed curettage of the necrotic bone, instead of core decompression, packing the
free bone graft with concentrated bone marrow cells. Progression to collapse was prevented
in 75% of their patients in stage 2 and 100% in stage 3.

Cell source Combined surgical
technique

Radiographic stages (ARCO)
Stage 1 Stage 2 Stage 3 Stage 4

3A 3B
Bone marrow
cells

Core decompression Gangji V (2004)

Wang BL (2010)

Chotivichit A (2012)

Mao Q (2013)

Ma Y (2014)

Tabatabaee RM (2015)

Hernigou P (2002)

Core decompression +
bioderived material

Martin JR (2013)

Kang JS (2013)

Core decompression +
bioactive scaffold

Yamasaki T (2010)

Liu Y (2013)

Curretage + bone graft Wang T (2014)

MSCs Core decompression Zhao D (2012)

Rastogi S (2013)

Persiani P (2015)

Curretage + bone graft +
bioactive scaffold

Aoyama T (2014)

Kawate K (2006)

MSC, mesenchymal stem cell.

Table 2. Cell therapy according to the grade of osteonecrosis of the femoral head.

5. Mesenchymal stromal cell transplantation for the treatment of FHN

Reports of poor results using concentrated bone marrow transplantation combined with core
decompression may reflect the low population of osteogenic cells in bone marrow of patients
with FHN. Hernigou et al. [22] reported the osteogenic cell number to be low in patients with
a history of steroid and alcohol use, as well as in patients who had undergone organ trans‐
plantation. Mesenchymal stromal cells (MSCs) may provide a solution to the problem of low
osteogenic cell number.

MSCs hold promise for their use in regeneration of tissues of the musculoskeletal system [37].
MSCs are plastic dish-adherent cells that differentiate into osteogenic, chondrogenic, and
adipogenic cell lineages, in vitro [38, 39]. The adherent cells can be easily proliferated, yielding
a large number of cells [38]. The high proliferation nature of these cells in in vitro cultures could
provide an effective compensation for low cell numbers [39]. MSCs can also differentiate into
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vascular endothelial cells [40]. This property to differentiate into vascular tissue would be
useful to treat the avascular component of FHN. MSCs can be isolated from many tissues,
including bone marrow, fat, and synovium [41]. The ideal source for MSC differentiation and
proliferation remains controversial, with isolation of MSCs from bone marrow having been
shown to be stable [42]. The technique to aspirate bone marrow is also well established [43]
and relatively safe.

Zhao et al. [44] conducted a clinical trial on the use of MSCs for the treatment of FHN, with
salient finding summarized in Figure 2 and Table 2. Zhao et al. compared outcomes of
transplanting cultured MSCs and bone marrow cells, in combination with core decompression,
in patients with the early stage of FHN (i.e., ARCO stage 1 or 2). After 60-month follow-up,
4% of hip treated with MSCs progressed to collapse, compared to 23% of cases in the bone
marrow treatment group. Rastogi et al. [45] also conducted a comparison of outcomes for
treatment using cultured MSCs and bone marrow for transplantation in patients with the early
(stages 1 and 2) and advanced (stage 3) stages of FHN. In contrast to Zhao et al., Rastogi et al.
did not identify a significant difference in the rate of collapse between the two treatment
groups, with a rate of collapse of 0% for both groups for stage 1 hips and 18% for stage 2 hips,
and a rate of 20% for stage 3 hips for the MSC group, compared to 25% for the bone marrow
group. Persiani et al. [46] reported that core decompression with MSCs transplantation was
not a sufficient treatment for patients with advanced stages of FHN. Aoyama et al. [47] and
Kawate et al. [48] performed curettage of the necrotic bone and packed beta-tricalcium
phosphate with MSCs and a vascularized bone graft to treat patients with advanced stages of
FHN. Aoyama et al. reported no progression to collapse for hips in stage 3A, while 50% of the
hips in stage 3B progressed to collapse. In their 12-week follow-up, Kawate et al. did not report
any progression to collapse of hips in stage 3 or 4 FHN.

6. The cell type used for the treatment of FHN

It is clear that transplantation of cells that can be differentiated to osteogenic cells is effective
for the treatment of FHN. Preparation of concentrated bone marrow cells is easy, of low risk
and of low cost. However, when the necrotic lesion is broad, preparation of a large number of
cells is needed [49]. The condition of the host tissue influences the number and quality of
osteogenic cells harvested [49]. Therefore, it is a great benefit that MSCs can be differentiated
into both osteogenic and vascular endothelial cells [40]. The cytokine and paracrine effect of
MSCs is important in yielding a large number of differentiated MSC cell lineages in vitro [50,
51]. However, the differentiation property of MSCs is highly influenced by the conditions of
the host, such as age, disease, medication, etc. [52]. Peripheral CD34-positive MSCs may be
another source for the treatment of FHN. They have the potential to differentiate into osteo‐
genic and vascular endothelial cells and are easily prepared by in vivo induction of granulocyte
colony-stimulating factors [53]. Despite the different possible sources of MSCs, remodeling of
the osteonecrotic bone is an issue that remains to be solved. In healthy bone tissue, the balance
between bone formation and bone resorption is under precise regulation [54]. In contrast, in
pathological conditions, such as osteoporosis, prolonged fracture repair, and osteonecrosis,
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there is a dysregulation of the balance between osteoclast and osteoblast activity [35, 54]. In
FHN, both living osteoclast and osteoblast cells are reduced in number. Therefore, pathogenic
tissue, such as necrotic bone, should be removed as a component of treatment to facilitate bone
remodeling. MSCs have the ability not only to differentiate into osteogenic cells, but they can
also stimulate the osteoclastogenesis [55–57]. Therefore, the cytokine effect of MSCs induces a
healthy remodeling regulation.

7. Biomaterials

Implantation of biomaterial is useful to provide initial strength to avoid collapse of the femoral
head. Recent development of biomaterials aims to implement osteoinduction and osteocon‐
duction ability in biomaterials themselves [58, 59]. Tantalum rods have high volumetric
porosity, providing excellent osteoconductive properties, while their elastic modulus is similar
to that of bone, providing exceptional biocompatibility [60]. In their case series of 50 hips
treated with tantalum rods, Veillette et al. [61] reported a conversion rate to total hip arthro‐
plasty in only 15.5% of their cases. Miao et al. [62] compared tantalum rod implantation to core
decompression in patients with the early stage FHN (i.e., Steinberg stage 1 or 2) hips. After
treatment, clinical score on radiographic assessment was improved in both the treatment
groups. Pakos et al. [63] used tantalum rods with bone marrow and autologous bone grafting
to treat patients with Steinberg stage 2 or stage 3 FHN. Five years after treatment, only 3% of
hips in stage 2 and 15% in stage 3 were converted to total hip replacement.

Other biodegradable materials have also been used. Nano-hydroxyapatite/polyamide (n-HA/
PA) 66 rods were used for the treatment of FHN [61, 64]. In their case series of 84 FHN cases,
Yang et al. [64] allocated patients to two treatment groups, the first combining core decom‐
pression in combination with insertion of a n-HA/PA 66 rod and the second combining core
decompression with an autologous cancellous bone graft. In the n-HA/PA 66 rod group, 21.1%
of hips progressed to collapse of the femoral head, compared to 45.7% in the bone grafting
group. A distinct advantage of biomaterials is their ability to change their form to easily fill
cavities of different shapes. The clinical benefits of different biomaterials in the treatment of
hips with FHN have been reported: Yamasaki et al. [31] used rod type porous hydroxyapatite;
Liu et al. [32] used composite filler; and Aoyama et al. [47] and Kawate et al. [48] used porous
beta-tricalcium phosphate granules in combination with cultured MSCs. Although there is
evidence of satisfactory clinical outcomes using biomaterials, when these materials are used
in combination with cell transplantation, the balance between the timing of degradation and
osteogenesis is an important factor influencing outcome. Specifically, the activity of osteoclasts
has been shown to be influenced by the type of biomaterial [65]. In the presence of biomaterials
that facilitate early resorption of bone, compared to bone formation, the biomaterial does not
have sufficient strength to protect against collapse. Therefore, the combination between
biomaterial and cell type needs to be carefully examined.

Advanced Techniques in Bone Regeneration98



there is a dysregulation of the balance between osteoclast and osteoblast activity [35, 54]. In
FHN, both living osteoclast and osteoblast cells are reduced in number. Therefore, pathogenic
tissue, such as necrotic bone, should be removed as a component of treatment to facilitate bone
remodeling. MSCs have the ability not only to differentiate into osteogenic cells, but they can
also stimulate the osteoclastogenesis [55–57]. Therefore, the cytokine effect of MSCs induces a
healthy remodeling regulation.

7. Biomaterials

Implantation of biomaterial is useful to provide initial strength to avoid collapse of the femoral
head. Recent development of biomaterials aims to implement osteoinduction and osteocon‐
duction ability in biomaterials themselves [58, 59]. Tantalum rods have high volumetric
porosity, providing excellent osteoconductive properties, while their elastic modulus is similar
to that of bone, providing exceptional biocompatibility [60]. In their case series of 50 hips
treated with tantalum rods, Veillette et al. [61] reported a conversion rate to total hip arthro‐
plasty in only 15.5% of their cases. Miao et al. [62] compared tantalum rod implantation to core
decompression in patients with the early stage FHN (i.e., Steinberg stage 1 or 2) hips. After
treatment, clinical score on radiographic assessment was improved in both the treatment
groups. Pakos et al. [63] used tantalum rods with bone marrow and autologous bone grafting
to treat patients with Steinberg stage 2 or stage 3 FHN. Five years after treatment, only 3% of
hips in stage 2 and 15% in stage 3 were converted to total hip replacement.

Other biodegradable materials have also been used. Nano-hydroxyapatite/polyamide (n-HA/
PA) 66 rods were used for the treatment of FHN [61, 64]. In their case series of 84 FHN cases,
Yang et al. [64] allocated patients to two treatment groups, the first combining core decom‐
pression in combination with insertion of a n-HA/PA 66 rod and the second combining core
decompression with an autologous cancellous bone graft. In the n-HA/PA 66 rod group, 21.1%
of hips progressed to collapse of the femoral head, compared to 45.7% in the bone grafting
group. A distinct advantage of biomaterials is their ability to change their form to easily fill
cavities of different shapes. The clinical benefits of different biomaterials in the treatment of
hips with FHN have been reported: Yamasaki et al. [31] used rod type porous hydroxyapatite;
Liu et al. [32] used composite filler; and Aoyama et al. [47] and Kawate et al. [48] used porous
beta-tricalcium phosphate granules in combination with cultured MSCs. Although there is
evidence of satisfactory clinical outcomes using biomaterials, when these materials are used
in combination with cell transplantation, the balance between the timing of degradation and
osteogenesis is an important factor influencing outcome. Specifically, the activity of osteoclasts
has been shown to be influenced by the type of biomaterial [65]. In the presence of biomaterials
that facilitate early resorption of bone, compared to bone formation, the biomaterial does not
have sufficient strength to protect against collapse. Therefore, the combination between
biomaterial and cell type needs to be carefully examined.

Advanced Techniques in Bone Regeneration98

8. Growth factors

Growth factors, such as transforming growth factor-β1, platelet-derived growth factor,
vascular endothelial growth factors, fibroblast growth factor-2 (FGF-2), and bone morphoge‐
netic protein (BMP) treatment, aim to promote revascularization and bone formation in hips
with FHN [66]. Samara et al. [67] reported a lower expression of BMP-2 and BMP-6 in the
femoral head of patients with FHN, compared to healthy controls. Therefore, supplying the
lacking growth factor may be a reasonable adjunct treatment option. Lieberman et al. [68] used
BMP-2 replacement in combination with allogenic fibula transplantation, reporting a radio‐
graphic progression of FHN in 17.6% of hips in Ficat stages 2 and 3. Sun et al. [69] compared
the outcomes of recombinant BMP-2 treatment in combination with artificial bone implanta‐
tion to implantation of artificial bone alone. The radiographic survival rate of the femoral head
for hips in the BMP-2 treatment group was 100.0% for ARCO stage 2b hips, 84.2% for ARCO
stage 2C hips, and 30.0% for ARCO stage 3 hips. By comparison, in the control group treated
by implantation alone, the survival rate was 100.0% for ARCO stage 2b, 76.5% for ARCO stage
2C, and 37.5% for ARCO stage 3. Sun et al. concluded that BMP-2 was effective for selected
patients. Papanagiotou et al. [70] used BMP-7 in combination with autologous, nonvascular‐
ized fibular grafting for hips in Steinberg stage 2 or stage 3. Over a 4-year follow-up, 29% of
hips progressed to collapse and required total hip replacement. Papanagiotou et al. did report
that BMP-7 in combination with autologous, nonvascularized, fibular grafting, is effective for
shortening operative time and the postoperative rehabilitation period. Kuroda et al. [71] used
recombinant FGF-2 impregnated with gelatin hydrogel for minimally invasive surgical
treatment of patients in early stages of FHN. In their case series, 10% of hips progressed to
collapse 1-year posttreatment, with improvement in radiographic clinical score in all other
cases. Results of these preliminary studies provide evidence of the safety and feasibility of
treatment using growth factors. Abe et al. [72] also reported elevation in levels of interleukin-6
and tumor necrosis factor-α in the joint fluid of hip in advanced stages of FHN. Therefore,
modulation of cytokine activity, in combination with growth factors, may be an effective
treatment strategy. Therefore, although there is currently no clinical report combining cell-
based therapy and growth factor treatment, this combination holds promise for treatment of
FHN and should be evaluated in future studies.

9. Conclusion

For an effective treatment of FHN, an osteogenic cell supply, revascularization, and providing
initial strength to resist collapse are needed. The combination of cell-based therapy, growth
factor, and biomaterial may effectively meet these requirements [73]. The development of new
procedures is required, with treatment being according to the pathology and clinical status
being extremely important considerations.
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Abstract

Non-union is a fracture with no healing potential without a further surgical proce‐
dure. Diagnosis of non-union can be done in case of healing failure from 6 to 9 months
after the first fracture. We consider appropriate to keep the attention of the reader on
the relevance that  more frequent  traumatic  mechanisms have in  relationship with
evolution and eventual failure of healing processes. In literature, non-union mean rate
for tibial pilon fractures is around 5% independently from the synthesis technique
used;  as  main  causes  we  can  recognize  a  significant  fracture’s  comminution  ad
eventual bone loss, vascular damage, and local infection. Risk factors can be divided
into  two  big  groups:  factors  proper  of  the  patient  at  the  moment  of  injury  (age,
diseases, drugs, smoke, etc.) and characteristics of the trauma itself (comminution and
dislocation of fragments, involvement of soft tissues, topography, distance between
fragments). Tibial pilon fractures are mainly caused by high-energy trauma. This kind
of dynamic determines not only more serious damage to the bone, but often cause
damage of the surrounding tissues. Following important lesions of the periosteum and
of the vascular network and after a suboptimal synthesis caused by comminution and
dislocation of fragments is frequent with the evolution toward a bad bone healing
process. Bone healing was, in the last 50 years, argument of intense research activity.
The incidence of non-union is growing steadily, although principles and materials of
synthesys are well standardized. Recently it has been codified the “diamond concept,”
which clarified different  appliances mechanical  and biological,  these distinguished
between cells, scaffolds, and growth factors. Under the mechanical profile, it must be
restored  the  spectrum  of  stability  that  consider  the  set  of  bone  and  synthesis
implanted. The spectrum of stability interprets Wolf’s law providing indications on
the need to modulate the rigidity of the synthesis in reason of the level of instability
of the pseudoarthrosis itself. During the years several kinds of non-union classifica‐
tions have been proposed. The most widespread until now is the one proposed by
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Weber–Cech  in  1976,  which  distinguishes  vital  forms  (hypertrophic  and  oligotro‐
phic) from non-vital forms (atrophic). In 2007 a new score classification system has
been processed, which is the “Non-Union Scoring System (NUSS),” which divides
patients in four big groups by score awarded based on the real non-healing risk. The
NUSS represents an innovative approach to the problem because it understand the
multifactorial  reasons  of  failure,  explains  why  in  a  variable  percentage  of  cases
(depending from de district affected), the healing is not obtained, even with a correct
treatment  and  above  all  make  possible  the  drafting  of  a  therapeutic  choice  algo‐
rithm. Biotechnologies at our disposal are synthetic growth factors, the autologous
growth factors  and platelet-rich plasma,  mesenchymal stem cells,  and scaffolds or
bone substitute. The biologic chamber represent the ideal site for bone regeneration;
it is a bio-reactor in which are present all those elements at the base of the concept of
diamond. The chamber needs to be aseptic, vital, mechanically stable, and sealed but
selectively  permeable.  Thanks  to  the  use  of  megaprosthesis  not  only  in  oncologic
orthopaedics, but also it is now possible to avoid the amputation or long and often
inconclusive  treatment  of  lengthening  or  ankle  arthrodesis.  The  new  frontier  in
treatment of non-unions will be genetic therapy, that is, the possibility to transport to
the patient those genes that con drive to the formation of good bone callus and his
maturation toward strong bone.

Keywords: Tibial pilon, tibial plafond, non-union, biological chamber, biotechnolo‐
gies, NUSS, megaprosthesis, stem cells, growth factor, diamond concept

1. Definition

Non-union is a fracture with no healing potential without a further surgical procedure. Diagnosis
of non-union can be done in case of healing failure from 6 to 9 months after the first fracture.
Time is variable between fracture types, at the level of the tibial pilon diagnosis can be done
only 9 months after trauma. Between long bones, tibia is the most frequently involved by this
complication.

We consider appropriate to keep the attention of the reader on the relevance that more frequent
traumatic mechanism have in relationship with evolution and eventual failure of healing
processes.

As known, tibial plafond fractures are mainly caused by axial overload more than torsional
forces, that are, responsible more frequently of malleolus fractures.

The mechanism of axial overload presupposes a major transfer of energy which leads to a more
rapid deformation of the bone tissue until resistance limit is reached. The energy released at
the broken point to soft tissues surrounding causes characteristics soft tissues lesions, which
are present in those kinds of fractures and make the healing more complex: associated
fractures, dislocation of the astragalus; vascular and nervous lesions; muscle and skin lesions
with comparison of enlarged edema.
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2. Incidence

The tibial pilon non-union incidence in the literature ranges between 2 [1] and 18% for Ruedi
and Ovadia [2], and those results have been confirmed even by McFerran [3].

Studies of Havet in 2006 and Bacon and Wang in 2010 [4–6] report similar statistic data from
which result in similar non-union rate independently from the kind of ostheosynthesis used.

After those premises and therapeutic compromises sometimes adopted in treatment of the
tibial pilon fractures, it is easy to understand the data present in literature for which non-union
mean rate is around 5% independently from the technique used, recognizing as main causes
a significant fracture’s comminution ad eventual bone loss, vascular damage, and local
infection [4–7].

3. Risk factor

At this moment, we are able to classify risk factors, related to the establishment of non-union,
in two big groups: factors proper of the patient at the moment of injury and characteristics of
the trauma itself.

Between general risk factors, we can found advanced age (especially in female population
penalized by hormonal imbalances resulting from the menopause); non-compensated diabetes
(besides the well-known vascular and nervous disorders, it was observed a decrease in the
formation of collagen and cells involved in bone callus formation and maturation); osteopo‐
rosis; muscle atrophy; lifestyle (food, smoke, alcohol); drugs as NSAD, often prescribed against
pain after surgery (the reason of their bad influence on healing time is to be found in decreased
macrophagic activity and prostaglandin synthesis induced by COX 1 and 2 inhibition) [8].

Local risk factors, that are inherent to the trauma itself, include

• High-energy trauma (very frequent in tibial pilon fracture) in which occurs a greater
comminution and dislocation of fragments and a greater involvement of soft tissues and
vascular system, with heavy impact on blood support at the fracture’s site. Experimental
studies have demonstrated as the physiological healing process is guided, with a peak 2
weeks after the trauma, by blood supply from the cortical bone. As a consequence, a wide
lesion of soft tissues and large hematoma, narrowing blood support to the cortex itself,
reduce the inflow of nutrients and osteogenic cell to the fracture site, condition that
determine an increased risk of necrosis and delayed healing, with possible evolution toward
atrophic pseudoarthrosis [9].

• Topography: metaphyseal and diaphyseal fractures have different healing time and a
different incidence of non-union, due to the bone callus synthesis process that involve
mainly spongy bone, highly vascularized, and with a faster regenerative kinetics [10].

• Interfragmentary distance: an excessive distance between bone fragments, or the presence
of a third fragment, induces to the onset of non-union [11]. In this situation, a correct
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anatomic reduction of fragments with the intent to preserve vascularization is a positive
prognostic factor.

Tibial pilon fractures are mainly caused by high-energy trauma. This kind of dynamic
determines not only more serious damage to the bone, but often cause damage of the sur‐
rounding tissues.

Following important lesions of the periosteum and of the vascular network and after a
suboptimal synthesis caused by comminution and dislocation of fragments is frequent with
the evolution toward a bad bone healing process.

After the end of the 1980s, thanks to statistic analysis proposed by authors as McFerran [3] and
Dillin [12] and, more recently Piper et al. [13], it was possible to clarify the importance of risk
factors that affect the prognosis of tibial pilon fractures.

Distal tibia is characterized by a relatively poor vascularization and skin coverage. These
structures, when seriously damaged from the mechanism of injury, penalize the healing of
fractures.

There are several factors to whom was charged complicity in the development of such an
eventuality; among the most important, we find:

• A residual bone loss after the reduction of the fracture;

• The precariousness of the metaphyseal vascularization;

• A loss of skin coverage after injury;

• An inadequate mounting in case of external fixation synthesis;

• A wide deperiostization during synthesis with plate and screws.

Its, however, not negligible the eventuality that fractures of patients treated correctly, and with
low-risk rate, could evolve toward non-union.

It seems that the population of patients affected by non-union is somehow selected toward
those patients that present a higher risk of this complication. For this reason, it seems even
more important to analyze and classify these patients to define better surgical program and
even in some way to clarify the risk of treatment failure.

Is not a rare observation that some subject, unfortunately few in number, even if treated not
correctly shows “miraculous healing.” Instead, is greater the number of patients that, although
treated in a good way, under go several in effective surgical procedures.

4. Bone healing

Bone healing was, in the last 50 years, argument of intense research activity. The number of
non-union is constantly growing although principles and material of synthesis are standar‐
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dized. This observation finds an explanation in increase of life expectancy, in a population of
female and “young” senior addicted to activities at risk of injuries and in survival to car crash
deadly until few years ago. But does not clarify the feedback of those cases which, even after
good cares, does not undergo to healing.

It can be reasonably supposed that the improvement of cares offered to the injured patient has
in some way modified the population of patients with non-union.

In the past surgical errors, lack of knowledge of biomechanical principles that guide a good
synthesis and low-quality materials created cases of non-union that need only a more correct
treatment.

Recently is been codified the “diamond concept” that clarified different appliances mechanical
and biological, these distinguished between cells, scaffolds, and growth factors [14].

Under the mechanical profile, it must be restored the spectrum of stability that consider the
set of bone and synthesis implanted. The spectrum of stability interprets Wolf’s law providing
indications on the need to modulate the rigidity of the synthesis in reason of the level of
instability of the pseudoarthrosis itself [15].

5. Non-union classification

To be able to encode treatment’s guidelines, we must first proceed to a correct nosological
assessment of the problem. During the years, it has been proposed several kinds of non-union
classifications.

The most widespread until now is the one proposed by Weber–Cech in 1976, which distin‐
guishes vital forms, hypertrophic, and oligotrophic, or rather with possible biologic response,
from non-vital forms or rather non-reactive atrophic kind, frequently accompanied by
osteonecrosis, and even by bone loss [16].

This classification is based on a descriptive radiological analysis of the kind of non-union
evaluating only the bone, we think that a more complete classification, even from a prognostic
point of view, should take into account even the quality of soft tissues and the general
conditions of the patient (comorbidity, lifestyle, drugs, genetic diseases).

For this reason in 2007 have been identified through the study of international literature all
possible risk factors in the healing of fractures [8].

After has been processed a score classification system, the “Non-Union Scoring System
(NUSS)” [17] with double finality: not to detect a “radiographic case” but a “patient” and then
detect, in relationship with the real non-healing risk, those cases in which is necessary, not
only a correct surgical treatment, but even a right biotechnological approach. The NUSS
represents an innovative approach to the problem because it understand the multifactorial
reasons of failure, explains why in a variable percentage of cases (depending from de district
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affected) the healing is not obtained, even with a correct treatment and above all make possible
the drafting of a therapeutic choice algorithm [18, 19].

6. The NUSS

In the new NUSS classification of 2008 are considered all the variables and all risk factors,
giving to anyone a score based on clinical experience and scientific evidences and defining so
a treatment guideline depending from the final score [17].

The final score, obtained by the sum of the individual score, allows to compare different
patients with different non-union, making them objectively comparable according to a
principle of complexity.

Atrophic forms of non-union can have better prognosis and greater chance of healing than
oligotrophic reactive forms, in patients affected by impaired general health condition, as in
example a non-compensated diabetes.

7. The variables considered are as follows:

• The bone (quality, kind of fracture, number of previous surgical procedures, and their
invasiveness, non-union classification according to Weber–Cech, adequate first surgical
procedure in order to mechanical stability, bone gap, alignment);

• Soft tissues (tissues conditions, vascurarization and possible surgical procedures on soft
tissues and skin coverage);

• The patient (ASA score—American Society of Anesthesiologists—diabetes, laboratorys
exams, infective condition, drugs, and smoke).

First group, score from 0 to 25, made mainly as mechanical problem, the treatment indicated
is the fracture stabilization, optimizing or changing the synthesis system.

Second group, score from 26 to 50, made the problem as both mechanical and biologic, the
treatment needs correction of the synthesis and biologic stimulation of the fracture site,
obtained with the help of physical means (magnetic electro-pulsated fields, extracorporeal
shock wave) or with the application of biotechnologies in monotherapy [20–22].

Third group with score from 51 to 75. Is a complex problem characterized by high gravity of
both biological and mechanical conditions? It is almost always required the resection of the
non-union site, and then, is present a bone loss that have to be restored. Next to bone transport
techniques with external fixator and tibiotarsal joint arthrodesis at the docking point, there is
indication to autologous bone transplant and biotechnologies (cells, scaffolds, and growth
factors) applied in polytherapy according to the principles of the “Biological Chamber” [23–
25] [case 1].
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Fourth group with score from 76 to 100. Are non-union of such gravity to be assimilated to an
almost unsolvable problem and so can require a limb amputation or the implant of megapro‐
thesis [case 2].

There are no doubt that the third group non-union (51–75 points) are the more difficult to treat
and often are those recalcitrant forms that come to experts after too many surgical procedures
without outcome.

In this group, we think is appropriate the application of biotechnologies in order to avoid
unnecessary use of economic resources.

8. Biotechnology

Biotechnology at our disposition are synthetic growth factors (GFs) as human bone morpho‐
genetic recombinant proteins (rh-BMPs), autologous growth factors (AGFs) contained in
platelet-enriched plasma (PRP), mesenchymal stem cells (MSCs), and scaffolds or bone
substitutes.

• Growth factors (GFs)

Since the second half of 1990s, it has been demonstrated that some growth factors act as
powerful stimulators of the in vitro osteoblastic proliferation and of the in vivo bone healing,
such as to turn out really useful in aiding the healing process if correctly applied at the site
of the lesion [26]. Thanks to the evolution of the tissue engineering, it is been possible to
produce the single growth factors with the recombinant-DNA technique, particularly the
rh-BMPs. Although they have been identified at least 40 different rh-BMPs, a clear clinical
demonstration of the osteoinductive potential is available only for the rh-BMP-7, also known
as osteogenic protein-1 (OP-1), and for the rh-BMP-2 [27], belonging to the transforming
growth factors family (TGF-β), whose receptors are expressed on chondrocytes and
osteoblasts [28]. The osteoinduction phenomenon is characterized by the transformation of
the perivascular mesenchymal cells in bone progenitor cells that can regenerate bone tissue.
The recombinant human osteogenic protein-1 (rh-OP-1), also known as rh-BMP-7 (epto‐
dermina-α), conveyed by type-I collagen, has been the first to be approved in the world to
treat non-union of long bones and in the USA as “humanitarian device exemption” (HDE)
in the treatment of spinal non-union. It allows, also, the regeneration from vascularized bone
and of healthy bone surrounding toward the inside deficient area. Thanks to several
preclinical and clinical studies, the efficacy of the use of rh-BMP-7 has been demonstrated
reporting in some studies success percentage between 85 and 89%; at the same time, it has
been found a real decrease of complications linked to the use of autologous bone, considered
even at this time the “gold standard” [29–38].

• Autologous growth factors (AGFs) and platelet-rich plasma (PRP)

The PRP is the most advanced product of the “blood management.” It is a biologically active
concentrate of mediators extracted from patient’s plasma and is a source of non-specific
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autologuos growth factors [platelet-derived growth factor (PDGF), TGF-β1-β2, insulin-like
growth factor type 1-2 (IGF1-2) and vascular endothelial growth factor (VEGF)] able to
stimulate bone, cartilage, and soft tissues healing processes on the site of use. It is charac‐
terized by an elevate concentration of trombocytes able to degranulate releasing several
growth factors and cytokines that can induce osteogenesis and angiogenesis with a chemo‐
tactic and mitogenic mechanism [39]. It can be obtained from autologous or heterologous
blood. Depending from the procedure used to treat the withdrawal can be obtained final
platelet concentration from 4 to 8 times higher from the initial situation. In a randomized
study of 2007 on 60 long-bones non-union has been demonstrated a minor healing capabil‐
ities by the PRP (63.8%) both in comparison with BMP-7 than to the autograft [30].

The AGFs contained in the PRP, as clarified by preclinical and clinical data, are promoters
of the cellular division (mitogenesis) nonspecific for the bone cells, unable to promote the
differentiation of the mesenchymal cells and to induce the formation of new bone tissue.
They seem to be not useful when used alone or in association with scaffold in treatment of
tibial pilon non-union.

• Mesenchymal stromal cells (MSCs)

Studies based on cellular therapies are concentrated on a rare non-hematopoietic cells
population, the MSCs, which are present in patient’s bone marrow and can be increased in
colture in an undifferentiated state [40, 41]. In addition to their pluripotent properties, the
MSCs are considered osteogenic progenitor cells with demonstrated ability to repair bone
defects [42]. Their concentration at bone marrow level, however, can result not ever elevated
[43, 44]. The influence of this factor seems to be fundamental to the aim to obtain the healing,
and there are clinical evidences that a better prognosis is obtained with a progenitor cells
concentration >1500/cm3. Recently, new techniques have become available to obviate to this
problem, between these patient’s bone marrow aspirate permit the mesenchymal stem cells
concentration directly in the operatory room. Those new methods have demonstrated two
big advantages: a reduction in costs respect to the in vitro expansion of the MSCs and a
drastic decrease of the donor site morbidity compared to the traditional collection in open
surgery of the iliac crest [44, 45]. The clinical use of the MSCs, especially if associated with
the BMPs, it has proven effective determining the non-union healing [46].

• Scaffold

The osteoconduction mediated by the scaffold is determined by the chemical–physical
characteristics of the substratum act to favor the adhesion and the growth of the cells on the
surface. The mechanical characteristics of the bone graft, and their resistance to the com‐
pression and torsion, are influenced from their shape (massive, cortical splint, spongious
block, morcellized), from the withdrawal modality, processing, conservation, and from the
kind of synthesis meaning used.

The synthesis substitutes used are mineral structures similar to human bone kind. They
have only osteoconductive power. Between synthesis substitutes you can find calcium
phosphate as hydroxyapatite, coralline hydroxyapatite (absorbable), tricalcium phosphate
(TCP, absorbable), and biphasic calcium phosphate (BCP = HA + TCP). For small defects,
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the hydroxyapatite is good filler ad favorite, thanks to their osteoconductive properties, the
progressive revascularization and reossification of the treated area. All materials available
have some limit. Ceramic, particularly, presents three important disadvantages: the
difficulty to remain in place, the long time needed to absorption, and the complete substi‐
tution with neoformed bone and the impossibility to fill important bone gap.

The allogenic transplant from bone bank and heterologous animal origin (porcine, bovine,
or equine) have demonstrate osteoconductive power but not osteoinductive. They need,
then, to be revascularization and repopulated from the outside, needing a surrounding
enabling environment. Con be used as filler (morcellized/granules) or as mechanical support
(wedges, blocks, splints) [47, 48].

9. Biological chamber and polytherapy

The biological chamber is a concept that represents the ideal site in which to brought out the
bone regeneration processes. Is a natural bio-reactor within which are present all the elements
at the base of the diamond concept. It is even, physically, the site of non-union or of bone loss
specially prepared from the surgeon with the aim to create the best condition for the regener‐
ation. The chamber has to be aseptic, mechanically stable, and sealed in a selectively permeable
way [25].

To use the chamber is necessary to remove completely the pathologic non-union tissue,
removing all external bodies and meaning of synthesis. Is important to remove in a complete
way all the necrotic tissue up to a bleeding bone resection that means vitality. The non-union
tissue can be assimilated to a “meta-traumatic tumor” and as such, it must be removed entirely.
In case of non-union or septic bone loss is important to do cultural withdrawal with the aim
to identify the pathogen responsible of sepsis and perform targeted antibiotic therapy. Over
the removal of the infected bone tissue is important to do a debridement and an accurate toilette
of the soft tissues.

In septic cases is always preferable to do a two times treatment, then, once performed the
removal of the pathologic tissue need to be implanted a cement spacer usually two antibiotics
added (the choice of the active principle has to be done on the base of the antibiogram, when
available) able to sterilize the site and create a reactive pseudo synovial membrane (described
by Masquelet) extremely useful in the second reconstructive time [49].

In non-septic cases you can run a single surgical time reconstruction. Once created the
biological chamber is then possible to insert within it polytherapy, or rather the simultaneous
application of the three elements at the base of the diamond concept (growth factors, mesen‐
chymal stem cells, and scaffolds). The fourth element, that is mechanical stability, will be
provided by ostheosynthesis meaning (angular stability plates).

Case 1 (Figures 1–4)
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Figure 1. Clinical case 1—Man, 49 years, initial trauma following a motorcycle accident in which suffered exposed tibi‐
al pilon fracture, four ineffective treatments previously, comes to our attention (see X-rays and TC images) with a pic‐
ture of septic non-union with serious bone loss and varus deformity, NUSS: 56 points.

Figure 2. Intraoperative pictures that evidence: non-union site (a). Osteotomy with cruentation and removal of the
pathologic tissue saving the joint surface came to healing after all previous treatments (b). The creation of the “biologi‐
cal chamber” (c). The implantation of antibiotic cement added with gentamicin and clindamycin (d).
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Figure 3. Radiographic post-op images that evidence the stabilization with external fixation, the positioning of the ce‐
ment spacer and the deformity correction.

Figure 4. X-rays post-op images after the second reconstructive surgery performed by grafting biotechnologies in poly‐
therapy and stabilization with double angular stability plate (a). CT control after 9 months (b).
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10. Megaprosthesis

The development of megaprosthesis in serious segmental bon defects happened thanks to the
biomedical application of the metallurgic industry on the field of surgical oncology. The
development of new prosthesis for large resections offered important opportunities to
oncologic orthopaedic surgeons for the substitution of skeletal segment, as long bones of the
upper and lower limbs and near joints.

Our experience in treatment of non-union and serious bone loss led us, sometimes, to confront
with the reality of some failure, after futile attempts to reconstruct the bone, eve with the use
of advanced technologies as biotechnologies in monotherapy or polytherapy. In case of
patients with a NUSS score of 76–100, the severity of the lesions and the clinical conditions
usually makes sure that the surgical options of arthrodesis and amputation are implemented.
In front of these drastic situations, radiologic and clinic, and to patients that have no intention
to consider the amputation as a solution of their problem, we decided to apply the principles
of the oncologic surgery, trying to remedy at their extreme cases with a solution of massive
prosthetic [50, 51].

Actually in commerce you can find modular prosthetic system able to replace the entire femur
including hip and knee joints up to the distal third of the tibia.

This surgical instrument presents peculiar characteristics:

• Custom-made realized on radiologic images,

• Stabilized with a tibial stem and a talocalcaneal stem locked with a screw,

• It allows to be stretched according to the necessity on the way to restore the correct length
of the lower limbs,

• It offers the possibility to be resurfaced by silver in septic cases, exploiting the bacteriostatic
action of this element.

Thanks to these new implants are now possible to avoid the amputation or long and often
inconclusive treatments of lengthening and arthrodesis of the ankle with external fixators.
Those patients, being part of the fourth NUSS category, cannot have benefit nor from the
application of biotechnologies because the real possibilities of regeneration of the subject are
too compromised. Therefore in those patients, we think more opportune to do a substitution
treatment that can give back the function to the patient rapidly rather than follow again useful
reconstruction attempts. More studies will be carried out to value the efficacy and the longevity
of those new instruments.

Case 2 (Figures 5–7)
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Figure 5. Clinical case 2—man, 46 years, initial injury following an accident on work in which suffered of comminuted
tibial pilon fracture treated with synthesis with plate and complicated by septic condition. Comes to our attention with
bone defect of the tibial distal epiphysis and severe bone loss with bone exposition and deep sepsis after the removal
of the synthesis means and stabilization with external fixation. NUSS: 78 points. On the left X-rays and CT images, on
the right intraoperative picture after the resection of the distal tibia, evident the severe skin loss that has been treated
by covering flap.

Figure 6. X-rays post-op images that evidence the stabilization with external fixator and positioning of antibiotic ce‐
ment spacer with gentamicin and clindamycin (a), and after 3 months, resolved the septic condition, after the removal
of the external fixator (b).
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Figure 7. X-rays post-op images (a) after the implant of arthrodesing megaprosthesis of the distal leg (b) and clinical
pictures (c) of the operated limb and of the skin condition.

11. Conclusions and future perspectives

The objective difficulty of those specific cases, evidenced or classified correctly by an elevated
NUSS, cannot be representative in cases in which, in front of presumable mechanic necessities
and correct surgical treatment, presents real biological difficulties.

This biologic difficulty is presumable to be searched in genetic expression [52, 53] but is difficult
to assess in her real essential components and even more in the single clinical case.

The even more depth study of those which are the causes that can induce to non-union is today
more important than ever. The new frontier will be the gene therapy or rather the possibility
to transport inside the patient those genes acted to determine the succession of events that
conduce to the formation of a bone callus and his maturation to strong bone.

Several studies, on animals, evidence today show that the gene therapy is viable both with the
use of carrier virus [54, 55], both with the use of other non-viral carrier as for example particular
pulsed electric fields (DNA electroporation) [56]. These therapies are still futuristic realities
and provide an ulterior wide preclinic and clinic evaluation. A lot of road has been done until
today on the ground of knowledge and of clinic treatment of non-union, and we think that in
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the near future there will be understanding of how the non-union pathology could be by herself
a pathology on a vulnerable patient.

In these patients in which the regeneration possibilities are compromised, a valid solution is
offered from the biological chamber and from the new mega prosthetic implants that can avoid
the amputation and restoring the function to the patient.

Is today recognized the importance of a global and polyspecialists approach in the treatment
of non-union and of large bone loss of the tibial pilon? Recent studies costs–benefits on the
choice of the most appropriate treatment have demonstrate that the probabilities of a better
outcome offered by multidisciplinary approach with biotechnology have a fewer impact on
the sanitary economy compared to that expected for long-time care in case of repeated features
[57].

It is therefore our opinion that the use of secure and trusted traditional techniques must be
accompanied by the best is offered today by new technologies both on the respect of the quality
of patient’s life, both keeping in mind of the economic feasibility.
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Abstract

Today, as the need of new regenerative solutions is steadily increasing, the demand
for new bio-devices with smart functionality is pushing material scientists to develop
new synthesis  concepts.  Indeed,  the  conventional  approaches  for  biomaterials  fail
when it comes to generate nano-biocomposites with designed biomimetic composi‐
tion and hierarchically organized architecture mimicking biologically relevant tissue
features. In this respect, an emerging concept in material science is to draw inspira‐
tion  from  natural  processes  and  products,  which  we  may  consider  as  the  most
advanced examples of smart nanotechnology. Natural processes of supramolecular
assembly and mineralization of  organic  macromolecules,  known as  biomineraliza‐
tion, generate complex hybrid 3D constructs that are the basis of skeletons, exoskele‐
tons, nacre and shells. On the other hand, natural structures such as woods and plants
exhibit multi-scale hierarchic organization that is the source of smart and anisotropic
mechanical properties associated with high porosity and lightness. The association of
nature-inspired nano-technological products with smart functionalization can provide
new advanced  solutions  to  critical  and  still  unmet  clinical  needs.  In  this  respect,
magnetic activation of biomaterials by the use of a recently developed biocompati‐
ble,  resorbable  magnetic  apatite  promises  to  represent  a  new  safe  and  effective
switching  tool,  enabling  personalized  applications  in  regenerative  medicine  and
theranostics that so far were not feasible, due to the cytotoxicity of the currently used
magnetic materials.

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.
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1. Introduction

Materials science today is experiencing a paradigmatic change in the development of new
smart devices for biomedical applications. Particularly, the regeneration of hard tissues (i.e.
bone, cartilage, tooth) is one of the most demanding issues in medicine and requires smart
devices showing high mimicry of the host tissues and ability to instruct and drive progen‐
itor  cells  to  activate  the  regenerative  cascade.  Therefore,  among the  various  approaches
pursued so far for the synthesis of bone biomaterials, wide consensus is now consolidated
around the concept of “biomimetics”. Such a definition indicates the ability of a synthetic
material to closely reproduce the chemical composition, physical properties, and architec‐
ture of native tissues, with the purpose to create 3-D environments able to deliver signals
stimulating cell chemotaxis and specific differentiation of autologous stem cells [1]. In this
way, the main concept is that bone regeneration can be greatly aided by the fact that, by
implantation of a biomimetic scaffold, the patient body acts as a natural bioreactor guid‐
ing proper tissue regeneration without the need of complicated tissue engineering proce‐
dures or of the use of biological factors, thus improving the safety of clinical approaches.

In this respect the chapter highlights some emerging concepts related to the development of
bio-inspired materials addressed to hard tissue regeneration. In particular, the focus is on
assembling/mineralization techniques that reproduce the cascade of phenomena acting in the
formation of hybrid nanocomposites such as bone and shells, that can generate hybrid fibrous
structures with excellent regenerative ability. This process, pinning on the exchange of
information stored in the structure of natural polymers, is characterized by great versatility
that enable the synthesis of smart multifunctional scaffolds for regeneration of tissue com‐
plexes such as joints and periodontium.

On the other side, the chapter is focused on the emerging concept of biomorphic transforma‐
tions by which natural structures with hierarchic architecture are converted into apatitic
biomaterials with unpreceded bioactivity and structure, by multi-step chemical processes. In
fact, as the process bases on heterogeneous reactions at the interface between a solid template
and a gaseous phase, the obtained scaffolds result well consolidated without the need of
sintering treatments and exhibit enhanced mechanical properties, due to the hierarchical
architecture, thus being very promising for regeneration of load-bearing bones such as those
of the limbs. Finally, the chapter highlights the recent development of an iron-substituted
hydroxyapatite (HA) nanophase that, thanks to its excellent biocompatibility and intrinsic
magnetic properties, demonstrated ability to be activated by remote magnetic signalling, thus
representing a new switching tool for the development of a multifunctional platform gener‐
ating smart bio-devices for various applications in regenerative medicine and theranostics.
This new material, overcoming the limitations of toxic iron oxide nanoparticles currently used
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in nanomedicine, is very promising for the future establishment of new and more effective and
personalized approaches for bone regeneration and cancer therapies. Moreover, the possibility
of boosting bone regeneration by magnetic stimulation in patients with reduced endogenous
potential is a key issue, in consideration of the progressive ageing of the population for which
more effective and personalized regenerative therapies will be increasingly demanded in the
incoming decades.

2. Bio-inspired synthesis processes: hybrid biomimetic scaffolds through
biomineralization

In the last decade bio-nanocomposites emerged as a new class of materials including a natural
polymer (biopolymer) in combination with an inorganic phase, rather than using synthetic
polymers. Indeed the need of biomimetic materials and the limitations of the current fabrica‐
tion methods are increasingly stimulating material scientists to explore this new class of
compounds, thus benefitting of the presence of a polymer matrix that can be subjected to
physiological, cell-mediated resorption in vivo, rather than to processes of chemical dissolu‐
tion. In fact, the chemical leaching of polymeric scaffolds is one of the possible cause of failure
in vivo, as the dissolution process can be too fast with respect to the new bone formation
process, and also, the degradation products of many polymers can result in harmful effects,
jeopardizing the regenerative cascade so that fibrous scars may form, rather than healthy,
organized bone tissue. The inspiration for the design and development of bio-nanocomposites
takes place from living organisms that are able to produce natural nanocomposites showing
an amazing hierarchical arrangement of their organic and inorganic components from the nano
to the macro scale (Figure 1).

Figure 1. Natural bio-nanocomposites.
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These outstanding architectures are the key of the insuperable performance of natural
structures, particularly by a mechanic perspective: nacre, shells, bones, ligaments, tooth
enamel, and dentine are just some examples of hierarchical, hybrid bio-nanocomposites found
in nature. The mechanism at the basis of this outstanding structural arrangement is the
establishment of hybrid building blocks formed upon heterogeneous nucleation of inorganic
nanophases (such as carbonates and apatites) onto natural polymers, driven by several control
mechanisms acting at the molecular scale [2]. In particular, during new bone formation, type
I collagen, extruded by fibroblast cells, acts as a template for the nucleation of the mineral
phase through a hierarchical assembly of collagen molecules into fibrils and ever thicker fibres,
whereas HA nano-nuclei nucleate onto specific positively charged sites located in the collagen
molecules. This process is governed by several control mechanisms inherent in the molecular
structure of collagen that guide the formation of new bone at all scale sizes: a) the chemical
interaction of HA with collagen prevents the crystallization and growth of the mineral phase,
which results in a nearly amorphous material characterized by an apatite-like lattice; b) the
growth of mineral nuclei is controlled by the organic matrix, so that the size of the nuclei are
constrained up to few nanometers; c) the topotactic interaction induces specific crystal
orientation of the mineral phase growing on the collagen fibers and evolving into lamellae; d)
finally, lamellae are organized through different hierarchical levels to form the structure of the
macroscopic bone [3–8]. The use of scaffolds able to guide cells to the re-growth of new bone
tissue is an approach now considered as necessary for bone regeneration. Native extra-cellular
matrix contains multiple signals whose presentation follows precise spatial and temporal
patterns. In designing scaffolds for hard tissue regeneration, such signals must be reproduced
so as to give chemical, physical, structural, and morphological information to cells and compel
them to express specific phenotypes. Besides, ideal scaffolds guiding tissue regeneration
should also have adequate properties with respect to degradation, cell binding, cellular uptake,
non-immunogenicity, and mechanical performance. In particular, the essential characteristics
of regenerative bone scaffolds are: surface activity enabling the establishment of a tight
interface between the scaffold and the new tissue; osteoconductivity i.e. the ability to function
as a template for 3D cell colonization; appropriate degradation profile without host tissue
responses such as inflammation or fibrous encapsulation of the implant [9].

The reproduction of the bone biomineralization process in laboratory enabled the synthesis of
hybrid HA/collagen composites reproducing most of the relevant features of newly formed
bone and osteochondral tissues [10, 11]. Type I collagen extracted by equine tendon and
dispersed into acetic acid in the form of nanofibrils can be subjected to controlled assembly in
aqueous environment by pH variation, simultaneously to the mineralization with apatite
nanophases where the content of foreign ions can be tailored to reach bio-competent compo‐
sitions. In fact, the maintenance of a disordered crystal structure allows the entrapment of ions
naturally present in the physiological environment (i.e. Mg2+, CO3

2−, Sr2+, Na+, K+, SiO4
4−) into

the structure of the mineral phase. The molecular habitus of type I collagen acts as a 3D
substrate for heterogeneous nucleation of the mineral phase but also as a constraint for the
growth and long-range ordering of the mineral crystals (Figure 2).
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Figure 2. Scheme of collagen assembling and mineralization.

By this process CO3
2− ions can be introduced to preferably occupy the phosphate site of the HA

lattice (B type position) [4], thus providing the mineral phase with enhanced activity for cell
adhesion and resorbability. Carbonate ions are abundant in young and newly formed bone
tissue, and decrease in mature bone, thus evidencing their role in bone development. Among
the foreign ions present in biologic apatite, Mg2+ have the marked property of increasing the
nucleation kinetics of HA on collagen fibres but, in the meantime, hampering crystal growth,
thus generating nano-size HA nuclei, strongly enhancing the bioavailability of the mineral
phase. In fact, magnesium is found in much higher concentrations in young and newly formed
mineralized tissues and is considered today as a fundamental element governing the first
stages of bone formation [12]. Silicon is a minor element, essential for healthy skeletal devel‐
opment in higher biological organisms [6, 13], in particular for its role in the formation of
crosslinks between collagen and proteoglycans [14], that provide stabilization of the new bone
matrix and prevent enzymatic degradation.

The bone-like features of HA/Collagen hybrid composites reflect in bio-resorbability at
physiological pH and high surface activity, particularly referred to the crystal size (i.e. ranging
from 30–50 nm long, 15–30 nm wide, and 2–10 nm thick) [7, 8, 15–17] and to the specific
orientation of the apatite nuclei, in respect to the long axis of collagen. The preferential growth
of apatite nuclei along the c axis, as induced by the presence of particular functional chemical
groups on the surface of the organic template, affects the surface polarity of the final hybrid
composites, and consequently protein adhesion and cell attachment. The hierarchical assembly
of these nano-size building blocks into macroscopic objects occurs upon supramolecular
arrangement of collagen fibrils into thicker fibres, thus resulting into a final hybrid composite
where, on a macroscopic scale, the mineral phase assumes a complex and hierarchical
architecture, strictly dependent on the combination of the various above-described phenom‐
ena, which hierarchically occur on different dimensional scales in correspondence with the
sites of heterogeneous nucleation.

The HA/Col composites assume a fibrous structure as well as high and interconnected
porosity, the amount and morphology of which can be tailored by customized freeze drying
processes (Figure 3).
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Figure 3. Bio-hybrid HA/Collagen composites.

The final dried scaffolds exhibit high activity towards cells; therefore they can be easily
resorbed in vivo whereas new tissue forms. However, to limit the enzymatic degradation
possibly preventing successful cell colonization and integration, cross-linking methods can be
applied by using physical or chemical approaches addressing specific links among functional
groups of collagen, thus enabling fibre bridging and tailored stability against resorption.

The in-lab reproduction of the phenomena occurring in biological processes can be considered
as a conceptually new approach for nanotechnology and may pave the way to the development
of new devices with outstanding properties. On the basis of the recognition of the different
requirements to regenerate cartilaginous and bony part, such processes can be directed to
graded scaffolds reproducing different histological areas in the osteochondral tissue by simply
varying the degree of mineralization and the alignment of collagen fibres [11]. Therefore,
hydrogels with designed features can be engineered into three-layered devices reproducing
the sub-chondral bone (mineralization = 60-70 wt%), mineralized cartilage (mineralization =
30-40 wt%), and the hyaline cartilage (mineralization = 0 wt%) (Figure 4).

Figure 4. Scheme of osteochondral scaffolds.
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In particular, the collagen-like layer, based on collagen and added with hyaluronic acid to
create microstructural features improving the hydrophilic behaviour of the construct, repro‐
duces some cartilaginous environmental cues such as the formation of a columnar-like
structure converging towards the external surface where it forms horizontal flat ribbons,
resembling the morphology of the lamina splendens [10, 11].

Such composites have demonstrated enhanced cell proliferation with very spread cell mor‐
phology, as well as high osteoinductivity and regenerative potential. The HA/collagen graded
composites differentially support cartilage and bone tissue formation in the different histo‐
logical layers, as demonstrated by comparative in vivo study carried out on adult sheep, where
HA/collagen graded composites have been implanted on femoral condyles [18]. In particular,
histological evaluation showed the formation of new hyaline-like tissue and good integration
of scaffolds with host cartilage, with a strong proteoglycan staining and columnar rearrange‐
ment of chondrocytes, and an underlying well-ordered sub-chondral trabecular bone.

In this section it has been discussed that biologic processes pin on information exchanged at
the molecular scale and on environmental boundary conditions that guide the process towards
the establishment of 3-D hybrid composites with defined characteristics. This implies that bio-
inspired syntheses are flexible processes that can be directed to fabricate specific devices on
demand. In this respect, hybrid HA/Col composites can be developed to assume specific 3D
morphologies, thus mimicking human multifunctional tissues such as periodontal regions.
Indeed, human tooth is a tissue complex formed by the periodontium, in turn including
alveolar bone and cementum, linked together by the periodontal ligament firmly bound to the
root, and the dentin, a highly mineralized collagen matrix with tubular organization that is
protected by the enamel (Figure 5).

Figure 5. Scheme of dental tissues.

All the components of tooth form upon biologic phenomena close to those leading to formation
of bone and cartilage [19]. The relevant differences are related to the mineralization extent of
the different tissues (i.e. alveolar bone ~70 wt%, cementum ~50 wt%, dentine ~75 wt%, enamel
~98%), the degree of aggregation of collagen fibres, and the structural organization. Therefore,
bio-inspired in-lab mineralization can be directed to develop new biomimetic scaffolds
mimicking the different parts of the tooth by varying the concentration of calcium and
phosphate ions with respect to collagen thus achieving the desired mineralization extent. Then,
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oriented channel-like porosity mimicking the tubular organization of dentine can be obtained
by ionotropic gelation techniques applied to the as-synthesized hydrogels (Figure 6).

Figure 6. Dentin-like scaffolds.

Preliminary research shows that the application of bio-inspired synthesis techniques can
enable the development of new implantable devices for the complete regeneration of dental
tissues. This is a major and highly demanding clinical need and a target of high impact for
materials science and medicine.

In perspective, the in-lab biomineralization process may be in principle translated to wider
applications, possibly extending the range of natural polymers that can be combined to form
composite matrices activating self-assembly and mineralization with specific inorganic phases.
Non-mineralized constructs can be used as scaffolds for soft tissues and organs, where the
biologic and mechanical performance can be tailored by combining various raw materials such
as gelatin, nanocellulose, chitosan, alginate, and fibroin characterized by different hydrophilic
behaviour and stiffness. On the other hand, the simultaneous mineralization of composite
polymeric matrices with nano-apatites can generate scaffolds with improved mechanical
performance, thus enabling wider applications in bone surgery, particularly referred to load-
bearing applications where the soft nature of hybrid scaffolds does not allow to withstand
strong biomechanical loads in the early stages of new bone formation.

3. Nature-derived biomaterials: biomorphic bone scaffolds with hierarchic
architecture

The regeneration of load-bearing bone parts is still a high demanding challenge. Particularly,
therapies to solve serious diseases involving the limbs, due to trauma or tissue degeneration,
are today restricted to reconstructive approaches based on multiple surgery and the use of
metallic parts that often give rise to secondary effects such as infections, pseudoarthrosis, and
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non-unions which can also lead to the complete loss of the limb functionality and also to
amputation [20–22]. The incidence of such events is great and steadily increasing globally due
to the modern lifestyle and also to the progressive ageing of the population, thus leading to
high disability with huge impact on the healthcare costs and the patient’s life.

Today the use of grafts to assist the regeneration of long segmental bones is considered as a
promising approach, with different alternatives including autologous vascularized bone
grafts, homologous bone graft, heterologous bone graft (xenograft), or prostheses, each one of
them dealing with both specific advantages and drawbacks, such as: donor site morbidity and
limited available amount, possible immune response and viral transmission, possible animal-
derived pathogen transmission and risk of immunogenic rejection, high invasiveness and
surgery-related systemic risks, long recovery time and need of prostheses revision [23–27].

Due to these very serious drawbacks, the use of synthetic bone substitutes with osteogenic and
osteoconductive ability may offer clear benefits compared to natural bone grafts. Adequate
osteogenic ability is required to stimulate the formation of new bone by exhibiting highly
exposed active surfaces, favouring cell adhesion and proliferation. Also, osteoconductivity
enables the penetration of the scaffold by cells which is a key aspect to achieve early osseoin‐
tegration in turn enabling adequate stability of the bone/implant construct and the possibility
for the patient to stimulate bone regeneration by progressively increasing loading [28, 29].
Adequate osteoconductivity is provided by the presence of open and interconnected porosity
in the bone scaffold, in association with high surface affinity with bone cells. However, most
of the bio-devices today developed exhibits tortuous porosity that hampers the development
of extensive angiogenesis and penetration of blood vessels in the inner parts of the scaffold; in
consequence, even though a good surface integration occurred, bone penetration is limited
thus penalizing the stability of the bone/implant construct and the mechanical performance.
[30–32].

HA, and particularly ion-doped apatites are the golden materials for bone scaffolding.
However, the feasibility of synthesizing large porous HA bodies with high bioactivity,
osteoconductivity, and mechanical strength is hampered by the need of thermal consolidation
that destroys the bioactivity features of HA, that means: segregation of the foreign ions outside
the HA lattice, thermally-induced grain growth with strong reduction of the specific surface
area and reduction of the hydrophilic character and surface reactivity. Moreover, the weak
mechanical properties of HA make it difficult to develop large scaffolds with high porosity
extent. However, it can be envisaged that early and extensive penetration of new bone into the
scaffold pores may significantly enhance the strength of the bone/biomaterial construct and
enable mechanical loading. This process may lead to the complete recovery of limb function‐
ality by progressive and assisted stimulation of the implanted part [32].

Since the unique biomechanical properties of bone mainly depend on its hierarchically
organized structure ranging from the molecular to the nano-, micro-, and macro-scales, only
scaffolds endowed with a 3D structure capable of exhibiting complex biomechanical perform‐
ances may activate mechano-transduction processes in a biological-like fashion and yield
regeneration of well-organized bone [33–39].
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In consideration to the limits imposed by the ceramic technology (particularly by means of the
existing forming techniques and the sintering), new manufacturing approaches are required
for synthesis of scaffolds with adequate requisites for regeneration of long segmental bones.
In this respect, the complex structural organization exhibited by living beings such as woods
and plants is an interesting source of inspiration for material scientists towards the generation
of smart devices with strongly improved performances. Indeed, these structures possess a
hierarchic organization on multiple size scales that provide high strength and lightness (Figure
7).

Figure 7. Structure of various woods and plants.

Among these, ligneous structures endowed with open porosity and suitable interconnection
enabling extensive permeability to cells and fluids, as well as, at the same time, with adequate
anisotropic mechanical behaviour, may be investigated as templates to develop new porous
scaffolds with bone-like structural features [40–42].

Porous woods like pine and rattan were recently transformed into HA scaffolds with hierarchic
organization, by a multi-step biomorphic transformation process (Figure 8) enabling precise
control of phase composition and crystal ordering, as well as of the microstructure, since the
different reactions occurred between a gas and the solid template at a molecular level, where
calcium, oxygen, carbonate, and phosphate ions were progressively added, while building the
HA molecules [43].
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Figure 8. Biomorphic transformation process generating hydroxyapatite scaffolds.

By this process, it was possible to incorporate foreign ions, such as carbonate, in the final
consolidated apatite scaffold [43] and to control the chemico-physical features related to the
scaffold bioactivity and resorbability, such as the Ca/P ratio and the extent of crystal ordering
of the HA phase. Among the existing ligneous sources rattan possesses a structure particularly
suitable for bone scaffolding, i.e. a channel-like porosity very close to the Haversian structure
with wide pores having diameter adequate for enhanced cell hosting and 3D colonization
(Figure 9), thus being very promising for the activation of extensive vascularization through‐
out large volumes.

Figure 9. Bone mimicry of rattan wood.
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Moreover, the endowment of the bone scaffolds with the channel-like structure of rattan
resulted into anisotropic mechanical properties with values in the range of the trabecular bone,
that reflect the complex bone response to directional loading. Preliminary biologic tests
reported an outstanding affinity with cells, with complete coverage of the scaffolds by well
spread cells (i.e. MG63 osteoblast-like cells) after 1 week and enhanced osteogenic ability
compared to sintered HA scaffolds (Figure 10). Also, preliminary in vivo tests reported
extensive bone formation and colonization in femoral bone defects, also showing good
morphological organization after one month from implantation [20].

Figure 10. MG63 cells morphology in contact with wood-derived HA scaffold.

The first results obtained with this new type of bone scaffolds are very promising for further
development and application into more clinically-relevant models, for assessing the feasibility
of regenerating long segmental bone parts. In this respect the exploitation of natural sources
as models for generation of new hierarchically organized scaffolds can be considered as a
completely new synthesis approach that may open to still unexplored applications in the
incoming years.

4. Biocompatible magnetic materials: a new smart, multifunctional tool in
nanomedicine

The use of biomimetic scaffolds can be an effective approach for bone tissue regeneration,
however the patients’ metabolism plays an important role in the regulation of the kinetics and
extent of new bone formation. Indeed, metabolic diseases, as well as degenerative conditions
induced by aging, can seriously penalize new bone formation and fracture healing. In
consideration of the ever increasing ageing of the world population, the occurrence of
degenerative diseases is expected to steadily rise in the next decades, thus new therapeutic
approaches are strongly required to boost and assist tissue regeneration in patients with
reduced endogenous regenerative potential. Tissue engineering approaches and the use of
drug delivery systems able to deliver growth factors are two main approaches for enhancing
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tissue regeneration. Particularly, a great effort is being dedicated to the development of
scaffolds with the ability of controlled biochemical stimulation that should be delivered in
temporo-spatially defined fashion [44].

In this respect, recent advances in material science suggest that the use of weak magnetic fields
is appealing as remote signalling for non-invasive controlling and on demand activation of
biomedical devices in vivo [1]. The use of magnetic materials in nanomedicine is thus raising
a steadily growing interest, as they can open to new personalized applications including cancer
therapy by hyperthermia, magnetic resonance imaging, and other diagnostic approaches
based on the guiding of such particles to specific targeted areas in vivo and their use as nano-
probes [45–52]. A serious drawback in the use of magnetic materials in nanomedicine is their
long term cytotoxicity [53, 54]. Intense effort is therefore dedicated to engineering SPIONs (i.e.
superparamagnetic iron oxide nanoparticles) with surface treatments to achieve enhanced
biocompatibility and affinity with cells [55–57]. A significant advance can be the development
of magnetic materials with intrinsic biocompatibility and resorbability. In this respect, it has
been shown that the doping of the apatite lattice with Fe2+/Fe3+ ions in specific calcium sites
yields a new phase with intrinsic paramagnetic behaviour (FeHA) [58]. By virtue of its chemical
composition very close to the one of mineral bone, FeHA is characterised by excellent bio‐
compatibility, as also confirmed by in vitro studies revealing that FeHA nanoparticles do not
reduce cell viability and at the same time enhance cell proliferation compared to undoped HA
particles [59]. Moreover, a pilot animal study of bone repair (a rabbit critical bone defect model)
demonstrated the in vivo biocompatibility and biodegradability of FeHA [59]. The achieve‐
ment of biocompatible nano-biomaterials with magnetic properties opens new perspectives
in regenerative medicine. Particularly, the development of bone scaffolds with the ability of
remote magnetic activation is now an emerging concept in regenerative medicine [60], since
it has been demonstrated that weak magnetic or pulsed electromagnetic fields are effective in
promoting bone fracture healing, spinal fusion, and bone ingrowth in various animal models
[61–65]. However, the incorporation of FeHA phase into ceramic bone scaffolds is made
difficult by the need of consolidating green ceramic bodies by high temperature treatments
provoking lattice destabilization and loss of magnetic properties [59]. In this respect FeHA can
also be synthesized by suitable modification of the biomineralization process to induce
heterogeneous nucleation of FeHA nanophase on Type I collagen [66]. This method yielded
biomimetic hybrid scaffolds with paramagnetic ability and mineralization extent that could
be tailored from cartilage to bone-like level. The presence of a mineral phase with bone-like
features and ability to be activated by remote magnetic signal make this new biomaterial very
promising to boost regeneration of extended bone and osteochondral regions, even in patients
with reduced endogenous regenerative potential [67–70].

Besides, the use of biocompatible magnetic materials can open to further, different approaches
for enhanced bone regeneration. It is accepted that a key limiting factor in the regeneration of
extended bone defects is the inability of cells to self-propagate in the inner part of the scaffold
and to establish new bone and vascular tissue [20]. Recent progresses show that it is possible
to locally guide the migration of magnetic nanoparticles and nanoparticle-labelled cells
through the use of an externally applied magnetic field gradient [71]. In this respect FeHA
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nanoparticles can be easily incorporated into cells by endocytosis, thus obtaining “magnetic
cells” without negatively affecting cell behavior (e.g. proliferation, morphology, differentia‐
tion). Through the application of an external magnetic field of low intensity, these cells can be
guided within a scaffold, in order to have faster and more selective seeding for tissue engi‐
neering application (Figure 11).

Figure 11. Scheme of magnetic guiding enabling enhanced scaffold colonization.

Biocompatible magnetic media can also be associated to polymeric or hybrid carriers to achieve
new smart drug delivery systems with the ability of magnetic activation [72–77].

Hollow micro- and nano-spheres with controlled size and magnetization level, made of
polycaprolacton coated with adequate amounts of FeHA displayed dose-dependent biocom‐
patibility towards bone marrow mesenchymal stem cells, thus highlighting the positive effect
of the mineralization extent on cell behaviour [78–80]. These carriers could be developed as
magnetically-responsive drug delivery systems with activation and delivery kinetics modu‐
lated by phenomena of magnetoshaking or hyperthermia [81]. To explore these new ap‐
proaches for controlled drug delivery, careful investigation is needed to investigate the most
suitable conditions, by means of intensity and frequency of alternated magnetic fields that
shall provide the energy needed for the release of the linked bioactive molecules. Therefore,
in the incoming years further development of this approach may represent a new tool enabling
the release of different chemical species under defined temporo-spatial patterns, thus opening
to more advanced and personalized therapies.
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5. Conclusions and future perspectives

The incoming decades will experience a growing role of smart biomaterials in therapies for
bone regeneration. In this respect, a significant effort to develop nature-inspired synthesis
approaches will generate new scaffolds endowed with high mimicry of host tissues and smart
functions that will greatly improve the existing therapies and, might also generate new ones
that were prevented so far by the inadequateness of the existing biomaterials. On the basis of
some existing examples of nature-inspired biomaterials showing effective regenerative ability,
and on the increasing effort of material scientists in the synthesis of biomimetic devices, it can
be envisaged that significant advances will be reached in the next decade. In this respect, new
emerging concepts of fabrication, such as biomineralization or biomorphic transformation,
will overcome the limitations of current manufacturing techniques that, particularly in the case
of ceramics, are not able to provide highly organized structures with details defined at the
micron size. In this respect, due to the innumerable examples of natural structures exhibiting
smart properties that are not achievable by conventional fabrication approaches, there are
virtually no limits to the potential applications of biomorphic materials in various high-impact
fields other than the biomedical one. Besides, the attainment of smart functionalization is
another key topic that is engaging a significant part of the biomaterials researchers, particularly
due to the increasing need to overcome the systemic drug administration and to provide more
effectiveness and targeting to the existing therapies. In this respect, as safety, effectiveness,
and targeting are key objectives for real applicability in nanomedicine, the use of magnetic
stimulation can be considered as a promising concept that is raising ever increasing interest
among scientists and will probably experience extended diffusion in the incoming years.
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Abstract

Currently,  there  are  several  tissue  engineering  strategies  meant  to  overcome  the
incomplete or insufficient bone regeneration conditions offered by autologous bone
graft or surgery approaches. In the last decade, attention has been focused toward
finding the equilibrium between a suitable scaffold with osteoinductive properties, a
cell  source with evident potential to develop bone tissue and the appropriate pro-
osteogenic factors to condition the differentiation process after cell-scaffold implanta‐
tion. Consequently, this chapter aims to discuss the benefits that graphene and its
derivatives, graphene oxide (GO), bring both to the scaffold biomaterial and to the
interaction  between  the  material  and  the  cellular  component  in  order  to  create  a
favorable micro-environment for efficient osteogenic differentiation process. Several
advantages of including GO in the composition of the materials are shown in relation
to cell viability, proliferation, attachment, and osteogenic differentiation.

Keywords: graphene oxide, bone regeneration, cell-scaffold interaction, cell adhesion,
cytocompatibility

1. Introduction

New materials with outstanding osteoinductive properties and abilities to promote osteogen‐
esis at the implant site are constantly developed for bone tissue engineering applications. One
of these new-generation materials with documented pro-osteogenic effects is graphene [1–3].
Graphene and its derivatives are nanomaterials with specific physical and chemical proper‐
ties compatible with bone regeneration, and therefore, they possess high potential for bone

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
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tissue engineering approaches. To date, the information about graphene and its derivatives
contribution to bone tissue engineering is relatively limited. In this perspective, superior results
were reported after graphene functionalization and immobilization of the derivative on different
scaffold biomaterials. This approach was successful probably due to the fact that functional
groups can reduce the hydrophobic interactions between graphene and the cellular compo‐
nent [4], thus enhancing improved biocompatibility of the resulted material. In particular,
graphene oxide (GO) have been promoted as one of the most valuable graphene derivatives
with excellent results in bone regeneration [5, 6]. Nowadays, the beneficial effects of graphene
and  its  derivatives  are  tested  in  various  biomedical  applications—anti-cancer  therapy,
biosensors, drug delivery, and tissue engineering [7–9].

2. GO impact on material bioactivity and cytocompatibility

A very strong interconnection exists between the structural, physicochemical properties, and
cytotoxic potential of the materials. Characteristics such as the flat shape, surface charges, and
uncontrolled nanobiodegradability of graphene and its derivatives condition a relative
nanocytotoxicity that has been reported [10] and currently represents a challenge for the use
of graphene-based nanomaterials in clinical applications. Although a lot of positive observa‐
tions related to the beneficial effects that graphene and GO have on cell growth, expansion,
proliferation, and even differentiation of stem cells, caution and safety issues should still be
taken into consideration when materials designed with graphene/GO are included in practical
tissue engineering.

Most of the in vitro studies, which have aimed to evaluate different material compositions with
GO content for biocompatibility, have reported a slight decrease in cell viability after contact
with GO [11, 12]. However, cell response in contact with biomaterials can vary depending on
the GO concentration and the material form of synthesis. Chng and Pumera study from 2013
[13] revealed that GO degree of cytotoxicity was related to the carbon/oxygen (C/O) ratio and
the number and distribution of carbonyl residues on the surface of the material. Additionally,
the particular conformation adopted by the GO sheets inside a material structure can have an
impact on cell behavior in contact to the material [14]. Particularly, a higher degree of com‐
paction in GO sheets determined a lower viability in dermal fibroblasts. This decrease in
viability was also associated with the increase in the levels of reactive oxygen species (ROS)
in human dermal fibroblasts [14, 15]. Related to this, the activation of caspase-3 pro-apoptotic
marker, as well as the release of lactate dehydrogenase (LDH) by PC12 cells, was also reported
when the cells were cultured in highly condensed GO sheets materials. These observations
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indicated that the increase in graphene nanoplatelets concentration could decrease bone cells
viability over 5 days of culture, possibly due to the agglomeration of particles [16].

Other experiments have shown the contrary—that GO added in certain concentrations in the
material has no influence upon cell viability or in some cases even has a positive effect on cell
proliferation. In this respect, Sahu et al. [17] has published a study dedicated to thermosensitive
hydrogel with GO content in regard to cytotoxicity and concluded that the addition of GO in
the composition had no pro-inflammatory effects and that the hydrogel was biocompatible.
Studies performed on titanium substrates coated with GO [18] also confirmed that graphene
derivatives are biocompatible, present low toxicity, and a large dosage loading capacity, thus
being able to function as a carrier for delivery of therapeutic proteins.

Conversely, a series of studies highlighted the importance of functionalizing graphene-based
materials in order to minimize its potential cytotoxic effects. Graphene is hydrophobic and
easily aggregates in solutions with salts, proteins, ions that can produce toxic effects. Covalent
or non-covalent modifications can be performed in order to counteract the cytotoxic-suscep‐
tible properties of this material [19]. First, it was observed that the addition of polyethylene
glycol (PEG) to GO ensures stability in physiological solutions [20]. Another study [21]
emphasized that carboxylated graphene displays higher hydrophilicity and reduced cytotox‐
icity, due to the fact that carboxylation weakens the hydrophobic interactions between
graphene and cellular membranes [19].

Based on positive results reported on grapheme derivates, we have recently tested for
cytocompatibility nanomaterials based on polysulfone (PS) and different concentrations of
carboxylated graphene (PS/G-COOH). Preliminary observations indicated that cells displayed
a very good viability and adhesion in contact with these materials and that proliferation rates
were improved as compared with control materials (pure polymer materials) (manuscript
under revision).

In the same context, our group published a series of studies highlighting the importance of
GO present in either bidimensional (2D) or tridimensional (3D) biomaterials for cell viability
and proliferation.

When testing the cytocompatibility of chitosan/GO composite films [22], with 0.5, 1, 2.5, and
6 wt% GO content, MC3T3-E1 murine preosteoblasts adapted faster and proliferated more in
contact with the chitosan/GO biocomposites with a higher content of GO. The biocomposite
chitosan/GO 6 wt% proved to be biocompatible and displayed the most equilibrated ratio
between the pro-proliferative and cytotoxic potential. In this case, viability and proliferation
potential was assessed at 2, 4, and 7 days both quantitatively by MTT assay and qualitatively
by LiveDead assay and by means of fluorescence microscopy. Fluorescence microscopy images
revealed that cells progressively proliferated and reached confluent monolayers on all
chitosan/GO biocomposite films, but the cellular density was found to be higher on the
composite materials with 2.5 and 6 wt% GO content than that on the chitosan/GO composite
films with lower GO content or 2D control. Additionally, a particular cell distribution was
noticed for 2.5 and 6 wt% GO biomaterials, suggesting that GO could have an influence on cell
behavior and distribution. The composites with 2.5 and 6 wt% GO content registered increased
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cell proliferation than the films with low GO loading and controls, particularly after 7 days of
culture, as shown by MTT. Conversely, LDH quantification showed a significantly lower
profile for chitosan/GO 6 wt% biocomposite than for control chitosan, thus supporting the
hypothesis that increase in GO content in material’s composition positively influences cell
proliferation.

Further on, similar studies were carried out for graphene oxide/chitosan–polyvinyl alcohol
films (CS–PVA/GO) in order to determine the cytocompatibility of these materials and the
possible interference of GO with cell viability and proliferation [23]. Scanning electron
microscopy (SEM), transmission electron microscopy (TEM), and X-ray diffraction (XRD) were
first employed to assess CS–PVA/GO nanocomposites structural and surface properties. Good
GO nanosheets dispersion within the polymer matrix and excellent thermal stability and
mechanical strength were shown for these composites, while the highest tensile modulus was
obtained for CS–PVA/GO 6 wt%. During biocompatibility tests, an interesting cell distribution
was highlighted when the GO concentration increased in the composition of the nanomaterials.
Cell alignment and behavior were correlated with the observed GO nanosheets small aggre‐
gations within the polymer matrix. Simultaneously, no significant cytotoxic potential was
reported for the composites even when increasing the GO concentration to 2.5 or 6 wt% and a
general increasing profile of cell viability and proliferation was described during 7 days of in
vitro culture. Particularly, the composite material with 6 wt% GO proved to display the lowest
cytotoxic potential by levels of lactate dehydrogenase released in the cell culture media and
to favor most efficiently the proliferation of murine preosteoblasts during 1 week of culture in
standard conditions. Statistical significant differences were observed in terms of viability and
proliferation between nanomaterials with low GO content (0.5 and 1 wt%) and high GO content
(2.5 and 6 wt%).

Similar results were obtained for nanofibrous biocomposite scaffolds of PVA/GO [24] using
the same MC3T3-E1 preosteoblasts. In this case, cells were able to grow and attach to the surface
of the materials and not change in cell viability was indicated when increasing GO concentra‐
tion up to 5 wt% in the composition.

A composite with particular good results, holding promises for future biomedical application
as a filtration membrane, nanocarrier, or support for bone regeneration, is a bidimensional
film based on polysulfone (PS) and GO nanosheets [25]. In this case, PS composites with 0.25,
0.5, and 1 wt% GO were compared in terms of cytocompatibility with PS controls. Based on
special conditions of synthesis, the GO nanosheets were uniformly distributed within the PS
matrix, thus ensuring a more ordered structure, as revealed by XRD analysis. Clear improve‐
ment of thermal and mechanical properties of the composites was revealed when GO was
added in the matrix. These changes in the structure were correlated with the bioactivity tested
for PS/GO nanomaterials. Very low levels of cytotoxicity were detected during 1 week of
culture for all compositions, and no relevant increase in LDH levels was found when 0.25–1
wt% GO was added, suggesting that the low cytotoxic potential of the composite was due to
the basal cytotoxicity of the PS substrate. Conversely, quantitative data showed a slight
increase in cell viability during 7 days of in vitro culture, but statistically significant values
were obtained only for the composite with 1 wt% GO, when comparing cell viabilities at 7 and
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4 days of culture. Additionally, the tendency of cell grouping was emphasized by fluorescence
microscopy only for PS/GO 1 wt%, as compared to the other composites and to the PS
membrane [25].

Similarly, membranes based on poly(ε-caprolactone) (PCL) reinforced with GO nanoplatelets
revealed good results toward use in bone regeneration due to the improvements in bioactivity
[26]. PCL/GO nanocomposites showed better mechanical properties than PCL films due to the
fiber organization and strengthening offered by GO, reflected also in better bioactivity due to
the anionic functional groups on GO surface.

Due to the tridimensional structure of the bone, in certain bone reconstruction applications, a
tridimensional porous scaffold is required to mimic bone and to resemble the appropriate
conditions for regeneration. Thus, tridimensional materials with mechanical and physical–
structural properties close to bone were investigated for biocompatibility and potential for
bone tissue engineering. In this respect, the cytocompatibility of chitosan/GO scaffolds
improved with 0.5 and 3 wt% GO has been tested both by means of indirect and direct studies
[27]. Previous reports have shown that chitosan is particularly attractive for bone reconstruc‐
tion medical applications due to its good biocompatibility, biodegradability, and ability to
support osteoblast attachment and proliferation [28, 29]. Remarkably, the addition of GO to
the composition of the scaffolds did not affect cell viability, but even resulted in a lower
cytotoxicity of the extract collected from chitosan/GO 3 wt% after 24 h of contact with cells.
These observations were correlated with the increasing proliferation profile obtained by MTT
assay after 7 days of direct contact between murine preosteoblasts from MC-3T3 line and the
materials. The data showed that the addition of 3 wt% GO to the chitosan matrix greatly
improved the composite properties and bioactivity, suggesting that GO could have positive
effects on cell behavior and metabolic activity [27].

Another combination of chitosan (CS) and GO was used as a template to fabricate hydroxya‐
patite (HA) nanocomposites resembling bone structure [30]. CS–GO–HA and GO–HA
matrices displayed good properties to support murine fibroblast and human osteoblast-like
cells proliferation, but when compared in terms of viability and bioactivity toward minerali‐
zation, chitosan functionalized GO matrix provided better conditions for bone repair.

Preliminary positive results for tridimensional GO-containing scaffolds designed specifically
for bone tissue repair were also recently reported for gelatin–poly(vinyl alcohol) biocomposites
reinforced with GO [31]. In this case, the combination between a naturally occurring compound
(gelatin), a synthetically derived one (polyvinyl alcohol) and GO resulted in a biocomposite
with equilibrated physical–chemical properties and low cytotoxic profile that allowed murine
preosteoblasts viability.

Further tests are required to select the most appropriate biocomposites to serve as platforms
to study osteogenic differentiation and thus to validate the most promising biomaterials with
application in bone regeneration therapies.
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3. GO effects on cell adhesion

In general, it has been shown that the addition of GO favors the interaction between a cellular
component and a material substrate, thus ensuring a positive effect on cell adhesion. Several
studies [32, 33, 1] have demonstrated that bone marrow mesenchymal stem cells (BM-MSCs)
developed a fusiform phenotype with multiple elongations and focal adhesion points in
contact with graphene derivatives. These observations support the idea that GO favors
cytoskeleton development and enhances cell adhesion to the material that contains GO.
Experimental conditions used for 3D scaffolds based on chitosan ± GO or nylon ± GO [34, 2,
6] also concluded that osteoblasts or preosteoblasts adhered better in the presence of GO to
the substrate materials. The mechanism underlying GO enhancement of cell adhesion has not
been elucidated yet, but Kim et al. [35] suggested that the initiation of focal adhesions is in
direct correlation with the nanotopography conditioned by GO.

From our experience, GO also induced a positive effect on murine preosteoblasts adhesion to
polysulfone/GO biofilms [25]. A more developed F-actin cytoskeleton has been identified in
the presence of 3 wt% GO by confocal microscopy, as compared to the cell cytoskeleton
observed for pure polysulfone or plysulfone with 0.5–1 wt% GO addition.

To support this hypothesis, a substrate based on collagen and GO was developed and tested
together with rat BM-MSCs for bioactivity in terms of cell viability, cell adhesion, and cell
differentiation to bone cells [36]. An obvious dependency of F-actin fiber distribution with the
GO content in the biomaterial was reported in this case, confirming our observations.

Other studies [37] described an increased cell adhesion when using GO in conjunction with
fibronectin and titanium substrates. In this case, adhesion was evaluated by looking at focal
adhesion molecules expression and localization. Vinculin was found to be highly active in the
central and peripheral contact area of the cells cultivated in contact with fibronectin and GO.

Good adhesion of cells to their substrate is crucial for cellular processes such as survival,
growth, and activation of molecular pathways involved in proliferation. In particular, it has
been shown several times that adhesion to the material is essential to induce the molecular
program underlying osteogenic differentiation and maturation to functional osteoblasts and
osteocytes capable to produce bone-specific extracellular matrix.

4. GO benefits for cell differentiation processes

Scaffolds with different GO content have been previously reported as good substrates for
osteogenic differentiation and consequently, for bone tissue regeneration therapies. The ability
of graphene and GO to improve the characteristics of scaffold materials and to promote
mesenchymal stem cells adhesion, proliferation, and differentiation toward osteogenic
lineages has been intensely studied and demonstrated [3, 38, 1, 2, 39]. Lee et al. [33] have
reported a proportional correlation between GO presence in the substrate material and the
degree of cell osteogenic differentiation. Particularly, this study has highlighted the possibility
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that graphene-based substrates behave like concentration platforms for pro-osteogenic
induction factors. Nayak et al. [1] have also shown that GO-covered materials accelerated
osteogenic differentiation of human mesenchymal stem cells, as compared to the non-GO-
treated-substrates. They concluded that the rate of differentiation conditioned by the GO
scaffold is comparable to the osteogenic differentiation induced by specific growth factors and
inducers in a conditional media.

Great emphasis has been placed on the development of biomaterials that mimic the structure,
composition, and properties of endogenous tissue using the biomimetic method [10]. Since the
osteogenic process is based on a combination of signals that will promote the nucleation of
hydroxyapatite [40–42], it is essential that the bioengineered scaffold has properties that will
induce the assembly of bone-like apatite, resembling the natural bone [10]. Considering that
charged groups can resemble extracellular matrix proteins and induce the mineralization
process, functionalization of GO by bioactive molecules such as dopamine and carrageenan
[43] or creation of an interface by modification of GO by gelatin [42] resulted in biomimetic
mineralization of hydroxyapatite. Correlated to this enhancement in mineralization, higher
cell proliferation, adhesion, and osteogenic potential as shown by alkaline phosphatase activity
were reported for MC3T3-E1 preosteoblasts cultured in contact with GO–gelatin surface, as
compared to the negative controls [42]. Consequently, these observations can further contrib‐
ute to the development of more efficient cell–scaffold interfaces based on GO properties for
successful application in bone surgery.

Although it was confirmed by an increasing number of studies, the molecular mechanism
underlying the ability of graphene or GO to induce by itself the osteogenic differentiation
process has not yet been elucidated. Xie et al. [44] designed bidimensional and tridimensional
graphene-based substrates to comparatively evaluate the crucial molecular events taking place
during periodontal ligament stem cells differentiation to bone cells in these substrates. Bone-
specific markers such as RUNX2, collagen type I, osteocalcin were found to be upregulated at
gene and protein levels of expression in GO substrates, as a proof of differentiation. A
combination of physical and chemical properties of graphene act synergistically to control the
osteoinductive effect of graphene [44].

Since they did not show significant cytotoxicity during the biocompatibility studies, graphitic
nanomaterials based on carbon nanotubes and carboxylated graphenes were evaluated for
capacity to stimulate osteogenesis in the perspective of bone regeneration nanomedicine [45].
The study showed that the activation of the osteogenic differentiation program, synthesis of
specific bone markers, and mineral deposition was possible for murine preosteoblasts in
MC3T3-E1 cells cultivated in contact with these materials.

An interesting approach in order to evaluate the positive effects of GO on cell differentiation
to bone was to incorporate GO nanoparticles in the structure of a scaffold designed for bone
tissue reconstruction. Hybrid nanoparticles resulted from reduced GO nanosheets and
strontium metallic nanoparticles were then incorporated in poly(ε-caprolactone) matrix with
the purpose to test the composite for osteoinductive properties [46]. Increased rates of
osteoblast proliferation and differentiation were detected for the scaffold containing GO
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nanoparticles, as compared to the control, and this bioactivity was associated with the release
of strontium ions from the system.

Apart from its positive influence on cell viability and proliferation, functionalized graphene
or GO proved also to favor efficient osteogenesis. By coating fibrin on the surface of GO, a
novel nanocomposite (FGO) resulted as a potential solution for bone tissue engineering
applications. Based on the analysis of bone markers’ profile, release of calcium ions and
alkaline phosphatase activity registered in osteoblast-like cells MG-63 cultivated in contact with
this material, FGO was confirmed to have osteoinductive properties and to be a good candidate
for medical applications [47]. Following the same trend of functionalized GO, another group
of researchers [48] developed a gelatin functionalized GO composite with the purpose to use
the surface charged proteins to mimic mineralization of hydroxyapatite and to obtain func‐
tional bone tissue and matrix. The gelatin–GO surface allowed bioactivity as cell adhesion and
proliferation, and additionally, it promoted the formation of osteoid mineral matrix during
murine cells osteogenic differentiation when compared to control glass surfaces.

The success and efficiency in bone regenerative medicine applications greatly depend on the
structure and properties of the implantable biomaterials, but also on the source and type of
cells used to condition regeneration. In the past few years, attention was focused on the use of
adult stem cells that display the capacity to differentiate toward bone lineage. In this respect,
mesenchymal stem cells became most widely used for bone replacement therapies since it was
observed their preferential tendency to differentiate to osteogenic lineage when exposed to
mechanically stiff scaffolds resembling bone tissue structure. One study [49] showed that when
including GO flakes in the composition of soft collagen scaffolds, the resulted composite
acquired the necessary stiffness and properties to support MSCs differentiation to bone-like
cells. Moreover, enhanced osteogenesis was found in cells exposed to GO composite conditions
as a result of good MSCs adhesion to the substrate.

An enhanced cell adhesion to the scaffold appears to be crucial for an efficient osteogenic
differentiation process. Preosteoblasts, which were previously shown to strongly adhere to
fibronectin/GO surface (Fn-Tigra) developed on titanium materials by electrodropping [37],
were also shown to differentiate to mature osteoblasts able to produce osteocalcin, type I
collagen, and calcium during 2 weeks of culture in contact with this substrate.

Bioceramics became very important in the context of bone tissue engineering. A group of
researchers [50] designed a β-tricalcium phosphate covered in modified GO (β-TCP-GRA) and
studied the interaction between this bioceramics, GO and stem cells, for bone reconstruction.
This combination was found favorable for bone production, since the bioceramics significantly
enhanced human BM-MSCs proliferation and osteogenic differentiation, as shown by alkaline
phosphatase gene expression levels. Successful osteogenesis was also reported in the case of
graphene nanogrids, which promoted the differentiation of human mesenchymal stem cells
isolated from umbilical cord toward bone cells [51].

Mesenchymal stem cells isolated from goat cultivated on graphene-coated plates were also
used as a potential platform for testing osteogenic differentiation in the view of bone tissue
engineering [52]. This study emphasized the ability of oxidized graphene alone to induce
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osteogenesis process in goat MSCs in the absence of osteogenic inducers, thus proving the
osteoinducing character of graphenes.

However, a small number of studies have focused until present on the effect of GO on human
adipose derived stem cells (hASCs) osteogenic differentiation in 3D biomaterials designed for
bone tissue engineering [53, 35]. hASCs have revealed encouraging results for adipose and
cartilage tissue engineering and proved to be a valuable and more accessible source of adult
stem cells than MSCs isolated from bone marrow. Thus, we have developed a strategy for in
vitro differentiating hASCs inside chitosan-based biomaterials improved with 0.5–3 wt% GO
for 28 days in order to study (i) the correlation between GO concentration and the degree of
osteogenic differentiation; (ii) osteogenic markers gene expression evolution by qPCR; (iii)
osteogenic markers protein expression by confocal microscopy; and (iv) accumulation of bone-
specific extracellular matrix by histological staining in our experimental conditions (manu‐
script in preparation). Our results suggested that the degree of differentiation is strongly
influenced by the content of GO in the material and that these materials are suitable for bone
regeneration therapies.

Another hybrid scaffold between chitosan and GO was used as a template material for
biomineralization of hydroxyapatite and tested as a possible material for bone tissue engi‐
neering. This combination proved to be beneficial for cellular activity including proliferation
and attachment to the HAP–CS–GO system. Additionally, the scaffold allowed osteoblast
growth and an increasing rate of mineralization during in vitro cell differentiation, confirming
our results and the potential of chitosan/GO nanomaterials for bone regenerative therapies
[54].

In the idea of creating an experimental platform for the evaluation of graphene properties for
bone regeneration, Lu et al. [55] developed a self-supporting graphene hydrogel film (SGH),
which proved to be cytocompatible and to allow cell adhesion and proliferation.

Nevertheless, the great potential of graphene and its derivatives for biomedical applications
and their positive effects on cell viability, proliferation, adhesion, and osteogenic
differentiation process have been already well documented. At this point, the challenge
remains to elucidate the molecular pathways, which are active in the interaction between
graphene and the cellular component and to explore and maximize the potential of graphene/
GO-based biomaterials as platforms for bone repair therapies and tissue engineering.

5. In vivo GO effects during bone regeneration therapies

Regeneration of large bone defects requires development of bioactive scaffolds with distinct
properties of promoting stem cells osteogenic differentiation and inducing the in vivo new bone
formation. There are just few studies with graphene-based composite materials, which
demonstrated potential to stimulate osteogenesis in vivo (Table 1).
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Material In vivo model Post-
implant
analysis

Biological effects References

Nanocomposites of
reduced graphene
oxide (rGO) and
hydroxyapatite
(HAp) (rGO/HAp
NCs)

Rabbit
calvarial
defects

4 weeks • relative mRNA expression levels of interleukin 6 (IL-6)
and tumor necrosis factor-α (TNF-α) showed no specific
inflammatory responses in the HAp grafts and
rGO/HAp grafts

• relative micro-CT values for new bone formation were
11.68 ± 8.99, 609.30 ± 308.58 and 1157.83 Å ± 224.52 in the
control, Hap grafts, and rGO/HAp grafts

• new bone density (%)in the control, HAp grafts, and
rGO/HAp grafts were 17.66 (±8.81), 26.80 (±8.32), and
52.85 (±12.04), respectively

• conclusion: graphene-based composite materials have
potentials to stimulate osteogenesis

[56]

GO-coated titanium
implants

Mouse
calvarial
defects

8 weeks • BMP-2 delivery using GO-coated Ti found out a higher
alkaline phosphatase (ALP) activity in bone-forming
cells in vitro compared with bare Ti

• substance P (SP), which is known to recruit
mesenchymal stem cells (MSCs), was co-delivered using
Ti or GO-coated Ti to further promote bone formation

• GO-coated Ti induced dual delivery of BMP-2 and SP
and increased new bone formation on Ti implanted in
the mouse calvaria compared with other groups

[57]

Graphene-oxide-
modified
β-tricalcium
phosphate
(β-TCP-GRA)
bioceramics

Rabbit
calvarial
defects

2, 4, and
8 weeks

• micro-CT analysis showed significantly increased new
bone formation in the β-TCP-GRA group compared with
the β-TCP group;

• the volume of the newly formed bone (BV/TV ratio) of
the β-TCP-GRA group (26.12 ± 4.44% and 44.83 ± 10.82%)
was significantly higher compared with control (16.64 ±
4.57% and 30.41 ± 4.10%) at weeks 4 and 8 post-implant;

• trabecular number (Tb.N) in the β-TCP-GRA group (0.39
± 0.065 and 0.63 ± 0.102) was significantly higher
compared with control (0.25 ± 0.049 and 0.41 ± 0.05) at
weeks 4 and 8 post-implant;

• histomorphometrically analysis of the mineralization
area expressed as percentage resulting from the
fluorochrome labeling with tetracycline (TE) at 2 weeks,
alizarin red (AL)

• at 4 weeks, and calcein (CA) at 6 weeks after the
implantation surgery, showed increased % of

[50]
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• conclusion: graphene-based composite materials have
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and increased new bone formation on Ti implanted in
the mouse calvaria compared with other groups

[57]

Graphene-oxide-
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(β-TCP-GRA)
bioceramics

Rabbit
calvarial
defects

2, 4, and
8 weeks

• micro-CT analysis showed significantly increased new
bone formation in the β-TCP-GRA group compared with
the β-TCP group;

• the volume of the newly formed bone (BV/TV ratio) of
the β-TCP-GRA group (26.12 ± 4.44% and 44.83 ± 10.82%)
was significantly higher compared with control (16.64 ±
4.57% and 30.41 ± 4.10%) at weeks 4 and 8 post-implant;

• trabecular number (Tb.N) in the β-TCP-GRA group (0.39
± 0.065 and 0.63 ± 0.102) was significantly higher
compared with control (0.25 ± 0.049 and 0.41 ± 0.05) at
weeks 4 and 8 post-implant;

• histomorphometrically analysis of the mineralization
area expressed as percentage resulting from the
fluorochrome labeling with tetracycline (TE) at 2 weeks,
alizarin red (AL)

• at 4 weeks, and calcein (CA) at 6 weeks after the
implantation surgery, showed increased % of

[50]
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Material In vivo model Post-
implant
analysis

Biological effects References

regeneration and mineralization for β-TCP-GRA group
compared with control

Graphene (GO)
flakes suspended in
fibrin gels (GO/F) for
BMP-2 delivery

Mouse
calvarial
defects

8 weeks • micro-CT examination and histological analysis with
Goldner’s trichrome staining showed that the delivery
of various doses of BMP-2 using GO/F resulted in
significantly greater bone regeneration than that using F
without GO;

• a half-dose of BMP-2 delivered by GO/F resulted in bone
regeneration similar to that resulting from a full dose of
BMP-2 delivered by fibrin gel;

[58]

Graphene
hydrogel film

Subcutaneous
sites of rats

• stimulate osteogenic differentiation of stem cells,
without additional inducer and adequate
biodegradability

[55]

Calcium silicate (CS)
ceramic reinforced
with 1.5 wt%
graphene plates (GPs)

Rabbit femur
condyle defect

1–3
months

• bone–implant contact ratio reached 84.3 ± 7.4% for GPs/
CS coating and 79.6 ± 9.4% for CS coating after 3 months
implantation

[59]

Table 1. Platforms to study in vivo bone regeneration therapies using graphene-based biomaterials.

Up to date, there is a small number of in vivo studies investigating the ability of graphene-
based nanomaterial platforms to induce and support production of functional de novo bone
tissue when practical approaches in bone regenerative medicine require it. Although the
implications and benefits for patients experiencing bone defects are of great importance,
research toward validation of novel bioimplantable materials designed for bone repair
advances in small steps due to safety and ethical requirements. Graphene and its derivatives
hold great promise for the synthesis of efficient osteoinductive materials and in-depth research
looking at the interplay between graphene effects and molecular pathways active in bone
formation will contribute to bringing graphene from bioengineering labs to clinical practice.
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Abstract

Bone is a complex organ with the capacity to regenerate. Even with this healing potential,
healing results in fractured bone are unsatisfactory in a considerable patient cohort even
with a good treatment regimen. These delayed healing cases encourage further research
into possible new treatment approaches. The recently developed field of osteoimmunol‐
ogy addressing the tight interconnectivity of the skeletal system and the immune system
could be a promising opportunity in this regard. In this review, the complexity of bone
and the bone healing process are highlighted with an emphasis on the early healing phase.
Specific immune cell subsets are considered for their potential to enhance bone healing
and thus to develop new treatment strategies for patients in need.

Keywords: Regeneration, Fracture, Immune system, Inflammatory reaction, Healing

1. Introduction

1.1. Fracture Incidences

Bone injuries are frequent occurrences in daily life. Considering Germany as an example for a
country with a health system guaranteeing treatment for fracture patients at a high standard,
fractures of the extremities ranged between 560,000 and 640,000 cases per year over the past 10
years, with around 150,000 fractures of the femur and tibia, respectively (Figure 1). The statistical
federal ministry recorded 802,662 fractures in Germany in the year 2014 (Statistisches Bundes-
amt, Wiesbaden, 2016-01-11). These numbers can be split up even further by age, where 38% of
the patients with fractures of the extremities were older than 75 years, 33% between the age of
50 and 75 years, 16% between 25 and 50 years, and only 13% were younger than 25 years
(Figure 2A, B).

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.



Figure 1. Fracture incidence in Germany (Gesundheitsberichterstattung des Bundes, 2016-01-11)—fractures of hand,
arm, shoulder, leg and foot—incidence for 2004–2014.

Even in an environment with a good healthcare system and the normally very good healing
potential of bone, 10–20% of all fracture patients still experience a delayed or nonunion after
osseous injury [1–3] (Figure 2C). To overcome these delays in healing or reduce the nonhealing
ratio, further research to gain understanding on the causes of healing delay or lack of healing
is essential to enable new treatment strategies that support bone regeneration even under
compromised conditions. With respect to the development of our population, the research into
fracture treatment strategies becomes even more important as demography predicts an aging
of the population. In Europe, it is Germany with the highest percentage of people over 65 years
of age, and this percentage is rising (Figure 2A). In 1990, about 15% of the Germans were older
than 65 years, and in 2011, this percentage had grown to 21% of people being over 65 years
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old (Statistisches Bundesamt, Eurostat 2011). This is important because the fracture incidence
is higher in elderly people (Figure 2B). The demographic projection of the UN World Popu‐
lation Projections for the years up to 2025 foresees an increase of over 50-year-old people of
20%, which equals 219 million people in 2025. Further stratifying this by age groups, the highest
growth of 32% is expected for people aged 80 years or older. Consequently, the fracture
incidence in elderly will increase by 28% of the 4.5 million fractures estimated for 2025. With
this high number of fracture patients with an advanced age, it is eminent to consider age-
related alterations that might influence the capacity of osseous tissue to regenerate normally.
With increasing age, it is the immune system that undergoes major transformation influencing
bone regeneration considerably. To provide adequate treatment options, it is essential to
unravel the interactions of the immune and skeletal system.

Figure 2. (A) Age distribution in Germany 2014 and (B) fracture incidence according to designated age groups. (C) Un‐
satisfactory healing results in fracture patients in corresponding age groups are shown, this includes malalignment,
delayed healing and pseudarthrosis (nonunion) (M84 classification) (based on Statistisches Bundesamt, Wiesbaden
2016).

1.2. Primary and secondary healing

Bone is a remarkable organ because it is capable of regeneration and complete restoration of
the osseous integrity both in form and function. Bone repair and fracture healing are unique
because they recapitulate many of the ontological events that occur during the embryological
development of the skeleton [4, 5]. To reach the “restitutio ad integrum,” bone provides two
mechanisms of scarless healing and regeneration: primary and secondary bone healing.
Primary bone healing is only possible when the bone fragments are realigned anatomically,
and the fracture zone is held under compression by an adequate fixation without a gap between
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the bony ends (Figure 3A). Stable fixation and no relative movement are required when basic
multicellular units consisting of cutting cones with osteoclasts and following bone-forming
osteoblasts cross the fracture line to directly rebuild bone and thus re-establishing the osseous
integrity at the fracture side [6, 7]. During this process, the new bone is directly organized as
osteons and oriented along the dominant mechanical loading direction [8, 9]. Primary bone
healing was for a long time considered as the best possible healing process and thus was the
aim when fractured bone was clinically treated [10].

Figure 3. X-ray images from fracture patients: (A) fracture treated with an open reposition and internal fixation (ORIP)
procedure with correct anatomical reconstruction of the fracture ends without fracture gap consistency—the bone will
heal without callus formation through primary bone healing. (B) Comminuted fracture treated with an internal nail.
Several gaps between the fractured bone ends remain and healing takes place by secondary bone healing as the callus
visible in the image B2 taken 3 months after treatment clearly shows.

Secondary bone healing occurs whenever a gap persists between the fractured ends or when
there is instability and thus interfragmentary movement (Figure 3B). This for example is the
case if anatomical repositioning is not possible due to comminuted fractures or large bone
defects. In secondary bone healing, a substitute tissue is formed to regain stability as fast as
possible: an intermediate cartilage callus ensues. While intramembranous bone formation
starts to consolidate the injured bone in the periosteal regions of the fracture gap, endochondral
ossification processes start with the formation of cartilage islands in the gap between the
fracture ends, forming an intermediate soft callus. Cartilage mineralization starts the woven
bone formation process, which results in a hard callus. The final remodeling then restores the
form of the continuous bone [11]. The intermediate cartilage step that provides a fast regaining
of stability and reduces any interfragmentary movements often has a larger diameter than the
original bone, especially if, as it would occur in nature, the bone remains untreated. It provides
an increased polar moment of inertia against torsion and also withstands bending loads [12,
13]. While the large callus provides an evolutionary advantage to quickly regain mobility, it
can be prevented in clinical settings by a stable fixation of the fractured bone [14].
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1.3. Fracture treatment

In the wild, a fractured long bone often leads to death of the injured animal. However, it seems
that the younger the animal is when the fracture occurs, the higher are the chances of survival
[15]. If an animal survives a long bone fracture, the bones most likely heals with a severe
misalignment. The potent remodeling capacity of the bones will however strive to restore the
mechanically defined form of the bone, which is dictated by the surface strains the bone sense
during physiological activities.

In our society, most fractures are treated in such an efficient way that only in rare cases bone
fractures lead to death. Fracture treatment in the form of stabilizing the fractured bone goes
back at least to 2400 years before Christ as excavated mummies from an Egyptian tomb proved.
Prof. G. Elliott Smith discovered the splintered bones during the Hearst Egyptian expedition
at Naga-ed-Der in 1903 on two mummies [16]. Both died shortly after the fracture because no
healing signs were observed on the bones even though the Egyptians seemed to have reached
some proficiency in fracture treatment as other relicts with healed fractures, found later on,
could prove. In most cases, healed femoral fractures showed limb shortening or deformation,
whereas forearm fractures healed well, demonstrating the challenge of reestablishing weight
bearing capacity with the fracture treatment. An Arab surgeon, El Zahrawi (936–1013 AD)
described in his treatise “The Surgery” a splinting technique, which was used for a long time,
consisting of several layers of bandages combined with splints to provide stability for the
fractured limb [17]—a fracture treatment also described by Hippocrates and Celsus [18] and
one that is to an extend still valid today.

In the early 1770, first records on internal fracture fixation using ligatures or wire fixation are
reported from France [19]. This was followed by the introduction of screws around 1850, again
in France [20], and the development of plate fixation reported in 1886 by Hansmann [21] of
Hamburg.

Robert Danis (1880–1962) furthered the development of the concept of internal fixation to
permit functional rehabilitation. He stated that an osteosynthesis is not entirely successful until
it provides immediate mobilization, complete restoration of the form of the bone, and enables
primary bone healing without the formation of a callus. This thesis was published in “Danis
R.: Théorie et Pratique de l’Ostéosynthèse, Paris, Masson, 1949”. Between the 15th and 17th of
March 1958, a number of orthopedics met in the Kantonsspital of Chur and based on the work
of Danis they formulated a number of papers on osteosynthesis and thus the AO—Arbeitsge‐
meinschaft für Osteosynthesefragen—was founded. The AO has continued to improve the
principles of fracture treatment since then and is still a renowned entity in the orthopedic
community.

Even with these tremendous progresses in fracture treatment, there are still several open
questions concerning the treatment regimen: mal-fixation with too stable or too unstable
fixation [22–25], critical gap size [26, 27], a deficit in angiogenesis together with the formation
of atrophic pseudarthrosis [28–31], and deficits in the control of the inflammatory cascades
[32–34] are challenging clinical situations that still lead to unsatisfactory healing results for
patients and surgeons as well.
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2. Immune cells and bone regeneration

2.1. Bone – a complex organ

Bone is not simply a hard nonorganic material that functions as an anchor for muscles and
tendons providing stability and form for our bodies and enabling movement through the
interplay of our musculoskeletal system; it is also protecting vital organs, such as the brain,
lungs, and heart, and it is a living organ regulating homeostasis. Additionally, it is an organ
that is essential for our immune system, as these cells arise and/or mature from stem cells in
the bone marrow, it is also an organ that interacts with our hormonal balance through a
multitude of factors, including the hormone osteocalcin [35], and acts as a storage not only for
calcium, phosphate, and magnesium but also for growth factors, as for example transforming
growth factor-β (TGF-β).

Figure 4. Bone is a complex organ. A long bone can be divided into epi-, meta-, and diaphyseal regions. The epiphy‐
seal region contains the growth plate—the region of length growth of the bone. The epiphyseal zone is broad in young
individuals and diminishes with age. Details are shown in a histological image where the transition from cartilage to
trabecular bone is shown (A). Bone building cells are the osteoblasts. On the bone surface, they are arranged in pali‐
sade formation while synthesizing new bone matrix, the osteoid. They mature while they encase themselves in osteoid
and finally mineralized bone matrix and become osteocytes (E). Osteoclasts on the other hand degrade bone; they are
large multinucleated cells with a ruffled border directed at the bone surface (D). To emphasize the size difference, scale
bars are enclosed in the image of the osteoclast and osteoblast. The bone marrow cavity is filled with bone marrow
cells and a network of vessels (C). The vessel structure is explained more in detail with a cross section of long bone on
the right-hand side. The cortical bone is covered by the endosteum on the inside and the periosteum on the outside.
The periost is a rich source of cells, which are located in the stratum cambium (indicated in the histological out take),
here visible by their dark nuclei. The stratum fibrosum covers the stratum cambium and is followed by a fascia and
muscle closely adjacent to the bone (B). Blood vessel structure in the bone marrow: The bone is highly vascularized,
next to a central vein and an artery system of sinusoids, arterials and transient zone vessels pervade the bone marrow
cavity as indicated in the cross section of the bone on the right. Osteon structure of lamellar bone: The histological out
take of the cross section shows the osteon structure of lamellar bone with its Haversian system. The bones are depicted
as μCT 3D reconstruction images of mouse femura. Histological stainings are HE, hematoxylin eosin; MP, Movat pen‐
tachrome; and Ab, Alcian blue on paraffin- or plastic-embedded sections of long bone samples of mouse and sheep.
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Bone healing is a complex process that involves a variety of different cells and signaling
molecules, which originate not only from the bone, and here specifically from the periosteum,
the cortical or cancellous bone, the endosteum and the bone marrow, but also from surround‐
ing muscle tissue (Figure 4). An important supplier for cells and signals is the vasculature and
thus the blood as a carrier. Bone is a very well-vascularized organ. Osteons are tube-shaped
structures within the bone with an open space for blood vessels, veins, and nerves in the center.
Small capillaries are found in the bone marrow near the endosteum, which continue into
arterioles and sinusoids (with fenestrated basal membranes) towards the center where a large
artery and central sinusoid transverse longitudinally through the bone marrow space [36].
Through the vessel connectivity, any osseous injury is prone to be influenced by systemic
effects and vice versa to influence the systemic homeostasis. For example, the callus formation
of injured bone is heightened in patients with traumatic brain injury. In this case, systemic
changes caused by the brain injury influence the bone healing, most likely due to a competition
for nutrients between the two injury sites and an altered hormone homeostasis [37, 38].
Another systemic effect that is most likely communicated to the bone is a change in the
inflammatory state of an injured person—a higher systemic inflammatory reactivity will
disturb the bone healing process and prolong the healing time necessary to achieve bridging
[39]. Upon fracture, the vascular system of the bone is disrupted at the injury site, and it is
imperative that revascularization swiftly occurs in order for a successful healing process.
Tissue formation relies on the supply through the vasculature with oxygen, nutrients, signaling
molecules and cells [29, 31, 40–42]. Restoration of the vasculature also enables cell recruitment
of circulating regenerative cells towards the fracture site [41–44].

The cells partaking in the bone healing process do not only originate from the bone itself, but
they also migrate out of different cell sources, which contribute finally to the healing process.
A rich cell source for cells contributing to bone healing after injury is the periosteum as well
as the bone marrow from where cells are attracted to migrate towards the injury site [45–47].
The muscle surrounding the fractured bone is also a valuable source for growth factors and
stem cells, promoting revascularization and thus the bone healing process [48].

On analyzing bone healing, it is important to keep in mind that there are several different
compartments involved, including the bone itself, the medullary cavity, the surrounding
muscle and connective tissue, the blood supply, the metabolism, and the immune system.

2.2. Fracture healing

The fracture healing process itself is a strictly controlled complex process composed of
consecutive and partly overlapping phases, which progress towards rebuilding bone integrity
in form and function. Different cell types (immune cells, progenitor cells, and mesenchymal
cells) [11] and their signaling molecules (cytokines, growth factors, and chemokines) [49] are
partaking during a successful regenerative process.

Several growth factors involved in the healing cascade are currently under investigation to
develop new therapeutic approaches to enhance bone healing: fibroblast growth factor [50],
insulin-like growth factor [51], platelet-derived growth factor [52], transforming growth factor-
β [53], vascular endothelial growth factor [50], and growth and differentiation factor 5 [54,
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55]. However, the only growth factors so far clinically applied to further bone healing are bone
morphogenetic protein 2 and 7 [56, 57].

The bone healing process can be roughly divided according to the healing steps into an
inflammatory phase, a soft callus phase, and a hard callus phase (Figure 5). Upon closer
observation, however, it becomes apparent that the healing process is more complicated than
that. A more in-depth sequence of the healing cascade would be hematoma phase, proinflam‐
matory phase, hypoxic phase, anti-inflammatory phase, revascularization phase, organized
connective tissue phase, cartilage phase, hypertrophic cartilage phase, revascularization
phase, cartilage mineralization phase, woven bone formation phase and remodeling phase
[58].

Figure 5. Fracture healing cascade: On closer examination, the inflammatory phase can be divided into at least six con‐
secutive and partly overlapping phases showing the transition from the hematoma (red blood cells with some lympho‐
cytes with dark stained nuclei) towards fibrocytes in the organized connective tissue (hematoxylin–eosin staining,
different magnifications and an immunohistological staining for alpha smooth muscle for the revascularization phase).
Soft callus phase can be divided into three phases (Movat pentachrome staining and Safranin van Kossa staining for
the revascularization). The hard callus phase is divided into cartilage mineralization, woven bone formation and re‐
modeling (Movat pentachrome staining).

Due to the complexity of the bone healing cascade with the multitude of different cell types
involved and the plethora of tightly interacting and simultaneously highly controlled signaling
molecules aiming to rebuild an organ consisting of periosteum, cortical bone, endosteum, and
bone marrow in a way that optimally withstands the ruling mechanical strains, the process of
bone regeneration is so far not understood. Therefore, research is compelled to use heuristic
approaches to gain a more in-depth understanding and in conclusion develop new treatment
approaches for patients in need.

2.3. Osteoimmunology

For a long time, bone homeostasis was explained with the balanced interaction of bone-forming
osteoblasts and bone resorbing osteoclasts (Figure 4), however, this simple concept has
changed. The interconnectivity of the skeletal system and the immune system has come into
the focus of current research, consecutively leading to the founding of the new research field
of “osteoimmunology.” This new research field aims to elucidate the complex interactions
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of “osteoimmunology.” This new research field aims to elucidate the complex interactions
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between these two systems in health and disease and already more and more knowledge has
accumulated [59–63], enabling us to consider new treatment possibilities for regeneration in
general and also specifically for bone [64]. The opportunity to control the inflammatory cascade
to stimulate successful bone healing has now been confirmed [32–34, 65].

Both cell systems, the skeletal system and the immune system, originate in the bone marrow.
They share progenitor cells (e.g. osteoclasts/macrophages) and signaling pathways, and due
to their colocalization, which often cross react with each other. This is apparent for example
when considering the RANK/RANKL/OPG system, the system controlling osteoclast differ‐
entiation/activity and thus bone resorption. Activated T cells and osteoblasts are able to express
the membrane-bound and the soluble form of RANKL (receptor activator of nuclear factor
kappa-B ligand) promoting osteoclastogenesis. B cells and osteoblasts produce and secrete
OPG (osteoprotegerin), a decoy receptor blocking the RANK-RANKL ligation, thus inhibiting
osteoclastogenesis [59, 62, 66]. This example illustrates that immune cells are involved in bone
homeostatic processes directing either bone resorption or bone apposition.

Due to the interdependency of the two systems, any considered treatment option of immune
modulation must take into account that by affecting the immune system the skeletal systems
could also be targeted unintentionally.

2.4. The initial inflammatory phase

Vessels are disrupted and bleeding occurs upon injury and the fracturing of bone. The
infiltrating blood coagulates and forms the initial hematoma in the fracture gap. The formation
of a fracture hematoma in the early healing phase is an indispensable step for successful healing
because it develops an angiogenic and osteogenic potential [29, 67]. The removal of the early
fracture hematoma can delay bone healing as it has been demonstrated in animal studies,
where the transplantation of a fracture hematoma can lead to ectopic bone formation [68, 69],
demonstrating its osteogenic potential. The coagulation process and a simultaneous proin‐
flammatory reaction are phylogenetically connected [70]. During evolution, the closure of a
breached outer shell and the defense against possible pathogenic intruders were performed
by one cell, the amebocytes, capable of clotting and a defensive immune response. This
connection has survived evolutionary diversification of the clotting system and the immune
system—both reactions still occur simultaneously upon bleeding. The amebocytes can still be
found today in living fossils, such as the horse shoe crab [70]. Their immune response is so
potent that it is used to monitor endotoxin levels within solutions by pharmaceutical compa‐
nies. The limulus amebocyte lysate (LAL) test is capable of detecting contaminations as low
as one part per trillion [71]. In evolutionary younger organisms, this highly effective immune
cell is being replaced by a whole array of immune cells, which can be divided into an innate
immunity and an adapted immunity, the latter is only found in vertebrates (Figure 6). Each of
these is composed of various different cells: macrophages, neutrophils/granulocytes, mast
cells, natural killer cells, dendritic cells and the complement system belong to the innate
immune system, whereas T and B cells and the humoral immunity belong to the adaptive
immune system. The cells of the adaptive immune system provide their host with a long lasting
and protective immunity by maturing from naïve T and B cells to effector cells, when they

The Role of Immune Reactivity in Bone Regeneration
http://dx.doi.org/10.5772/62476

177



come in contact with their cognate antigen, and in some cases to memory cells, which allow a
rapid immune response upon recurrent infection with an antigen previously encountered by
the host. It has to be pointed out that the immune system is not only a barrier for extracellular
microbes but also a regulatory system for body homeostasis. The immune system senses
alteration in the environment, for instance damaged or aged cells [72, 73], expressing Toll-like
receptors and other pattern-recognition receptors (PRRs).

Figure 6. Diversity of cells of the immune system. Cells from the bone marrow give rise to the immune cells of the
innate and adaptive immune system and also to the osteoblasts and osteoclasts of the skeletal system.

During fracture healing, both the cells of the innate and the adaptive immunity are involved,
and immune cells play essential roles during all the fracture healing phases [74–77]. The initial
inflammatory reaction ensuing upon hematoma formation initiates the healing cascade and
thus can significantly affect the healing outcome [33, 34]. This initial inflammatory reaction is
characteristic for bone, tightly controlled and different from other tissue healing with scar
formation [32]. In fracture repair, the anti-inflammatory signaling is up-regulated between 24
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and 36 hours after injury to terminate the proinflammatory reaction needed to attract necessary
cells to the injury side [32, 33]. In parallel, the angiogenic signaling is up-regulated to initiate
the essential revascularization process. The timely down-regulation of the initial proinflam‐
matory reaction has been shown to be important as a prolonged proinflammatory reaction
delays the bone healing process [29, 33].

The complexity of the initial immune reaction becomes even more apparent when considering
cytokines expressed by immune cells during the different stages of the bone healing cascade.
Tumor necrosis factor-α (TNF-α) has been reported to peak 24 hours after injury and return
to baseline levels afterwards. During the remodeling phase, TNF-α shows a second expression
peak during normal bone healing [64]. It is suggested that the first wave is due to activated
tissue-resident cells, like macrophages, triggered through PRRs, and the second wave directly
and indirectly by activated T cells. Looking closer into the role of this factor during bone healing
is has been shown that too little, but also too much TNF-α leads to a delay in bone healing [78–
80]. This demonstrates that the cytokine pattern has to be tightly controlled during the
regenerative healing cascade to lead to a satisfactory healing outcome. Interleukin (IL)-17 is
another cytokine that has been acknowledged to influence bone formation. On one hand, this
cytokine has been reported to enable osteoblast formation [81], thus supporting bone forma‐
tion; on the other hand, in the context of osteoporosis treatment, evidence occurred that IL-17
furthered osteoclastogenesis [82], thus supporting bone degradation. Contradictory reports
can also be found for IL-6, which enhances fracture healing [83, 84] but reduces the mechanical
strength of noninjured bone [85]. The microenvironment seems to be highly important for
determination of the effect the cytokines have on the bone healing process, a fact that indicates
the difficulties in using inflammatory cytokines to improve bone healing. The balanced
immune response is highly important for a successful bone regenerative cascade [32, 33, 67].

Upon injury and disruption of the blood vessels, the nutrient and oxygen supply as well as
the transport of metabolic waste is interrupted. The early tissue in the fracture gap consisting
of the hematoma becomes hypoxic because oxygen is no longer provided by the vasculature.
Therefore, cells trapped in the hematoma have to switch towards an anaerobic energy supply.
The use of the remaining glucose in glycolysis to produce adenosine triphosphate (ATP), the
energy molecule of the cellular metabolism, without the consecutive citrate cycle, results in
lactate, an acid that consecutively lowers the pH value during the initial healing phase.
Simultaneously, the sodium and potassium concentrations rise. These conditions present a
milieu that is difficult for some cells, such as progenitor cells [86]. However, innate immune
cells are well equipped to deal with these conditions and thus can be seen as the first responders
to an injury. They express a range of cytokines that attract scavenger cells to clear the detritus
that ensued upon tissue disruption and also direct the cells needed for the regenerative process
towards the injury side. They readily switch from an aerobic energy supply towards an
anaerobic and are often activated upon injury. Not only macrophages but also some T cell
subsets are the most important actors during this first response [87, 88]. Hypoxia is a strong
inducer of hypoxia inducible factor 1α (HIF1α), a transcription factor that is important for
revascularization, cell migration, energy metabolism and growth factor expression, and
therefore involved in the regenerative bone healing cascade [89]. HIF1α is expressed by most
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innate and adaptive immune cells, including macrophages and lymphocytes; they stabilize
HIF1α and are being influenced by HIF1α in their immune cell function [90].

The swift up-regulation of a proinflammatory reaction upon injury activates immune cells,
which are capable to withstand the unfavorable environment and initiate the healing cascade
through a very specific and highly controlled release of cytokines. Hypoxia is an important
trigger for the transcription factor HIF1α that in turn initiates gene expression to instigate
revascularization. For this process to succeed, effective anti-inflammatory signaling has to
begin to terminate the initial proinflammatory reaction. During this initial phase, the track for
a successful healing is thus determined, and it becomes apparent that a skewed first reaction
leads to a delayed healing by consecutively retarding the following healing steps.

2.5. Challenging immune constraints

The interdependency of the immune and skeletal system indicates that there is a change in the
interaction as the immune system changes with the advancement of age. Due to the memory
function of the adaptive immunity in vertebrates, the naïve T and B cell population diminishes
upon aging, whereas the compartment of memory T and B cells grows. More and more
lymphocytes encounter their antigens and the library of known pathogens enlarges. Recent
studies could show that CD8 positive terminally differentiated memory and effector cells
(CD8+ TEMRA cells) have a negative impact on bone healing and osteogenic differentiation of
stem cells [91, 92]. Elderly people with a longer exposure time to antigens thus are prone to
experience delayed healing.

Mice, a common laboratory animal to investigate bone healing, are mostly kept under sterile
conditions. If these animals are housed under less sterile conditions, their immune cell
composition changes so that after 4 weeks of semi-sterile housing the percentage of memory
and effector (CD8+) T cells was markedly enhanced. If bone healing is compared between
sterile raised mice and those exposed mice, our group could show that the regenerative
capacity was reduced [91, 93]. This is an important aspect that should be kept in mind during
future research questions, which are analyzed in mice.

Nonsteroidal anti-inflammatory drugs (NSAIDs) offer pain relief and are commonly used also
on fracture patients. As the name already indicates, these selective cyclooxygenase-2 (COX-2)
inhibitors have anti-inflammatory functions. After reviewing the importance of the initial
inflammatory reaction, the question arises whether this pain medication could delay fracture
healing or not. Indeed there are numerous reports that state that NSAIDs delay healing [94–
98]. The effect, however, depends on the dose and time frame of application and seems to be
more pronounced in older nonselective anti–COX-2 agents [99]. Clinically, NSAIDs are a
valuable alternative to opioids (painkillers directly addressing the nervous system) and still
remain in use also in fracture patients for short-term pain relief.

Several diseases have also been reported to delay bone healing through a changed immune
response. Diabetic-related delay of fracture healing has been linked to higher TNF-α levels
[100]. A weakened immune response in diabetic patients results in a dampened chemotactic
function and defective macrophage activity—two factors that are needed in a successful bone
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healing cascade [101]. A systemic disease with a high impact on the immune system is human
immunodeficiency virus (HIV), and these patients have a bone phenotype with a high
prevalence of osteoporosis and fragility fractures [102]. The impact on fracture healing,
however, is unclear and difficult to determine due to the highly active antiretroviral therapy
that these patients receive [102, 103]. Transplant patients receiving severe immune suppressive
medication also show a higher risk for fractures and delayed healing outcomes. In contrast to
these examples – where the immune system is weakened – conditions where a patient has a
heightened immune answer or is already in a chronic proinflammatory systemic state, such
as rheumatoid and arthritis patients, the prolonged proinflammatory reaction can result in
delays in fracture healing [104–106].

Currently, the patient’s immune status is not being evaluated when a fracture treatment is
considered. However, this could help in the future to stratify patients who would benefit from
an immune modulatory intervention to prevent a delay in fracture healing. This would
especially be true in elderly patients because being bed-ridden for longer periods of time
enhances frailty considerably.

2.6. Specific immune cell subsets that have been identified as important players in the bone
regenerative process

In fracture healing, immune cells from the innate immune system and from the adaptive
immune system are involved with specific and essential roles. Main cell types of the adaptive
immunity are B and T cells with highly specific antigen receptors. Another important aspect
of the adaptive immune system is its memory that enables its fast reaction towards recurring
pathogen invasion. Adaptive immune cells can be activated not only through their antigen
receptors, but also probably more important for the bone healing process through signals
released by the innate immune system. From the innate immune system, especially macro‐
phages have been in the current focus of osteoimmunology.

2.6.1. Macrophages

Macrophages are an important part of the innate immune system; they are among the first
responders in case of an injury. Not only do they prevent pathogen invasion, but they also
help in clearing ensuing cell debris [107]. However, their role in bone healing is even more
complex and even today we have not yet unraveled their participation completely. Tissue-
resident macrophages have been determined as key players in the orchestration of the recovery
process towards a re-establishment of tissue integrity [108]. It was only in 1992 that it was
recovered that macrophages are capable of a phenotype change from a proinflammatory type
towards a prohealing phenotype [109]. The proinflammatory phenotype is named M1 or
classically activated macrophage, and the second phenotype is termed M2 or alternatively
activated macrophage. Since then, these “M2” macrophages have been associated with the
resolution of wound healing in vivo in chronic leg ulcers [110], atherosclerotic lesions [111],
traumatic spinal cord injury [112] and inflammatory renal disease [113]. It turned out that the
M2 population is more divers and therefore subclassifications have been introduced: M2a
(anti-inflammatory), M2b (immune-regulatory) and M2c (remodeling) [114]. In bone healing,
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the prominent macrophage phenotype during the initial phase is M1. Upon attenuating of the
proinflammatory phase, the macrophage phenotype changes towards the M2 phenotype [77].
In a proof of concept study in mice, we were able to show that an induction of the M2 phenotype
early in the fracture healing cascade can enhance bone healing [77].

2.6.2. Regulatory T cells

The T cell population is highly divers and probably pleiotropic as well as interchangeable.
Among the T cells, there seem to be subpopulations supporting the fracture healing process
and also other subpopulations, which have negative effects on the healing process. CD4+ and
CD8+ T cell subsets have been addressed in this context. CD4+ T cells have been shown to
increase osteogenic differentiation in human mesenchymal stem cell cultures in in vitro assays
using their conditioned medium, whereas this effect was missing when observing CD8+ T cells
[115]. The osteogenic effect of CD4+ T cells was further supported through their positive effects
during wound healing [116], however without a more specific determination of the responsible
CD4+ T cell subset. In later studies, regulatory T cells came more and more into the focus as a
CD4+ T cell subset with positive effects on bone healing. Mice with an increased percentage
of regulatory T cells showed higher bone mass and decreased bone resorption when compared
to wild type mice [117, 118]. Regulatory T cells support osteoblast differentiation and have a
negative impact on osteoclast differentiation and function [119]. In a skull defect model in mice,
it was possible to enhance bone healing through the addition of regulatory T cells in combi‐
nation with applied autologous bone graft [120]. Currently under investigation is the possi‐
bility of a direct interaction of regulatory T cells and bone-forming cells or their progenitor
cells, the mesenchymal stromal/stem cells. This interaction is supported by the fact that
mesenchymal stromal/stem cells, as osteoblast precursors, and regulatory T cells use similar
suppression mechanisms for an immune response [121]. The direct interaction between
regulatory T cells and bone-forming cells as well as mesenchymal stromal/stem cells could
proceed through coordination of the CD39-CD73-(adenosine)-ADOR pathway. This puriner‐
gic signaling would potentiate the differentiation of mesenchymal stromal/stem cells and thus
facilitate bone regeneration [122]. Another direct interaction between osteoblasts and regula‐
tory T cells could be the induction of IDO (indoleamine 2,3-dioxygenase) and HO-1 (heme
oxygenase-1) by regulatory T cells [123] or the fact that regulatory T cells can inhibit CD40L
and thus regulating the RANKL-OPG balance in favor of osteoblast differentiation [124].

2.6.3. T helper 17 cells

The lead cytokine expressed by Th17 (T helper 17) is IL-17. The dual effect of IL-17 on
osteoclasts and osteoblasts has been mentioned before. However, these cells are of interest as
novel therapeutics targeting IL-12, IL-23, IL-17, and IL-17 receptor and which are now used to
successfully treat psoriasis by either repressing Th17 differentiation (IL-12/IL-23) or by directly
targeting IL-17. Psoriasis has two manifestations, one in skin (psoriasis vulgaris) and one in
bone (psoriasis arthritis), and the immune modulatory treatment shows positive results in both
[125]. Th-17 cell differentiation is induced by IL-1β, IL-6 and TGF-β [126, 127], with TGF-β
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being responsible for an increase in responsiveness of Th17 cells to IL-23. IL-23 is necessary
for stabilization, survival and proliferation of Th17 cells [128]. This IL-23/Th17 axis is the target
of the immune modulatory therapies currently introduced. For example, a cytokine
neutralizing antibody against the p40 subunit of IL-23 inhibiting Th17 differentiation and
survival, which in consequence lowers IL-17 concentrations, underwent clinical trials [129,
130].

2.6.4. CD8 + TEMRA cells

A direct crosstalk between activated T cells and bone-forming cells can be assumed during the
healing process. Among these T cells, CD8+ TEMRA cells were confirmed to have a negative effect
on the bone regenerative process. High expression levels of TNF-α and interferon-γ (IFN-γ)
of CD8+ T cells decreased the osteogenic differentiation capacity in vitro [91]. CD8+ TEMRA cells
can be triggered to express these cytokines without antigen-presenting cells and do not
necessarily need costimulatory molecules like CD80/86-CD28 but are activated by bystander
responsiveness [131–133]. These cells accumulate in the fracture hematoma due to their tissue
homing qualities and they occur in higher numbers in patients experiencing a delayed healing
[91]. In the clinical setting, the recognition of a delayed or missing bone healing is so far only
possible when these healing disturbances become visible in X-ray or computed tomography
evaluations of the fractured bone. An early identification of patients at risk of a delayed or
disturbed fracture healing is still missing. CD8+ TEMRA cells could proof to be a marker for
delayed healing risk in patients, since these cells also show elevated values in peripheral blood.
Predicting patients with an extended need for special fracture treatment could thus just be
done by analyzing the CD8+ TEMRA percentage in peripheral blood early on in the healing
process.

2.6.5. Outlook

Not only the interaction of the skeletal and immune system in fracture healing is not well
understood so far, the immune reaction in itself is also still not unraveled. Aside from the
complexity of the cytokine pattern guiding the regenerative process, the plasticity of the
immune cells is still a vast challenge: M1 macrophage phenotype changing towards M2, Th1
changing towards Th2 response, regulatory T cells changing into Th17 cells and vice versa, to
mention only a few aspects that still have to be understood. First approaches have been
successful in influencing the fracture treatment through immune modulation (NSAIDs or IL-23
neutralization antibodies) but the possibilities are far from being exploited. A stratification of
patients can help to decide, which treatment is optimal for which patient, especially with
respect to the current immune status of these patients. With the numbers of delayed healing
fracture patients still vastly unknown and possibly massively underestimated, and the
demographic prognostic of a substantial increase in the elderly population during the next
years, the need for further treatment options is rising together with the necessity of enhanced
basic research in the field of osteoimmunology.
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Abstract

The field of biomaterials is an exuberant and enticing field, attracting interest across a
number of scientific disciplines. Synthetic materials such as metals and ceramics have
helped civilisation accomplish many feats, and this can also be said for the achieve‐
ments in orthopaedic applications. Metals and ceramics have achieved success in non-
load-bearing applications and attempts are made to translate the accomplishments into
weight-bearing applications. For this, a material needs to be porous but with sufficient
strength to withstand daily loading; however, both properties are mutually exclusive.
The implant must also avoid causing adverse reactions and toxicity and, preferably, bond
to the surrounding tissues. Metals such as stainless steels and chromium-cobalt alloys
have been used due to their excellent mechanical properties that can withstand daily
activities, but retrospective studies have alluded to the possibilities of significant adverse
reaction when implanted within the human body, caused by the elution of metal ions.
Lessons from metals have also demonstrated that materials with significantly higher
mechanical properties will not necessarily enhance the longevity of the implant—such is
the complexity of the human body. Ceramics,  on the other hand, exhibit  excellent
biocompatibility, but their mechanical properties are a significant hindrance for load-
bearing use. Thus, the chapter herein provides a select overview of contemporary research
undertaken to address the aforementioned drawbacks for both metals and ceramics.
Furthermore, the chapter includes a section of how metals and ceramics can be com‐
bined in a multi-material approach to bring together their respective properties to achieve
a desirable characteristics.

Keywords: Bioactive Metals, Osseointegration, High Strength, Fabrication, Ceramics
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1. Introduction

The orthopaedic implant market is expected to grow from its current $30 billion value due to
the rising demands for orthopaedic implant procedures in a universally aging civilisation. A
plethora of synthetic materials capable of encouraging bone growth are available in the market,
referred to as bioactive materials. The clinical success rates of bioactive orthopaedic implant
validate the concerted research undertaken to enhance their abilities, underpinned by their
propensity to alleviate pain, expedite recovery, and ameliorate quality of life for the patient.
Applicable artificial implants can be in the form of plates, rods, screws, or scaffolds (a porous
structure used to substitute missing osseous tissue). Indeed, artificial implants can be fabricat‐
ed from metals, ceramics, polymers, and composites; however, due to the complexity of the
human skeleton, no one class of materials is suited for all applications. Moreover, bioactive
materials are not without their drawbacks. The aim of this chapter is to provide an overview of
how material science and engineering techniques are employed to maximise their potential and
thus ensuring long-term efficiency.

Figure 1. Schematic to show how implants are used for load-bearing applications.

1.1. Background

Bone resides in a perpetual resorption-regeneration state dictated by osseous cells and, like
the skin, has a natural tendency to heal when fractured over time. There are instances when
the healing cannot be accomplished, such as non-union fractures, which leads to medical
intervention. Bone grafting is considered a strong candidate in such cases. A graft can either
be natural or synthetic in its form but serves the purpose of encouraging the bone to grow.
Bone grafts can be retrieved from the patients' own skeleton (autograft) or from a donor
(allograft); however, concerns including but not limited to histocompatibility, disease transfer,
and lack of availability necessitate the use of synthetic materials—of which metals and
ceramics have been extensively researched.
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Synthetic materials can exert several responses within physiological environment. If no
adverse reaction occurs, then the material is said to be biologically compatible, or “biocom‐
patible.” This can further be subdivided into two groups: bioinert and bioactive, where the
former is used to refer to a material that does not interact with the surrounding tissues. A
bioactive implant can elicit an efficacious reaction that induces a phenomenon where a bone-
like layer is formed around the implant providing an initial rapid and robust bond between
the bone and implant that can culminate in complete integration. This type of response is
technically referred to as osseointegration. Materials can recruit pre-existing bone cells to lay
the groundwork for the integration, which is referred to as osteoconduction. Others stimulate
undifferentiated cells into bone cells are referred to as osteoinduction. Implants eliciting such a
response are associated with high success rates in clinical settings. Such exceptional attributes
are inherent in some materials, and others need additional processing to implement the trait.
An assortment of bioactive materials is capable of dissolving gradually within the human
body, under physiological environment. The concept of a synthetic material inducing bone
growth and vanishing, so to speak, when a new bone is remodelled is very attractive as it can
avoid added patient inconvenience and healthcare costs. Materials that can dissolve or degrade
under the physiological conditions are referred to as “biodegradable” or “bioresorbable.” The
aim for bioresorbable materials in load-bearing applications is for the implant to bear the
majority of the load when implanted, and as the bone heals and more bone tissue is formed,
the load is shared between the implant and healing tissues. As the scaffold is resorbed and
consequently weakened, the healing bone sustains the majority of the load until the scaffold
is completely resorbed and bone is fully restored. Preferably, if the graft resorption occurs in
tandem with bone regeneration, structural weakness can be mitigated and minimising
premature graft failure. A porous structure is also favoured because opportunities for bone to
grow within the implant (as opposed to solely on the surface) can be achieved that leads to
enhanced osseointegration and early implant stabilisation. Therefore, designing an artificial
implant should incorporate as many of the aforementioned attributes.

Figure 2. Figure depicting the hierarchy of biocompatible materials.
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A material's characteristics (e.g. its resorbability in the body, and at what rate) is ultimately
determined by their composition and the fabrication process employed. The overall process
involves multiple steps that determine the structure and properties of the final product,
ranging from structural modifications at the atomic level through to the gross level visible to
the eye, such as colour and surface roughness. All materials have their atoms arranged in some
manner, which can be altered through, for example, heat treatment. If the arrangement is
homogenous throughout the material's microstructure, then it is referred to as homogenous,
or single phase. However, if two or more discrete zones are evident within the microstructure,
then the additional zones will be referred to as secondary, tertiary, etc., phases. Alternatively,
a complete change in atomic orientation can occur, resulting in a transition of phases. Greek
letters are used to denote between different phases of a material, e.g. α-titanium, β-tricalcium
phosphate, etc.

Figure 3. Figure illustrating examples for composition, processing, microstructure, and properties.

Metals are a popular choice for synthetic implants and their strength lies in the various
processing routes available—owing to their mechanical properties. Their mechanical proper‐
ties are either comparable or exceed that of bone. Contrarily, their chemical makeup is a
limiting factor for both load and non-load-bearing orthopaedic implants. Ceramics, on the
other hand, offer far more options with respect to their excellent bioactivity, but the manufac‐
turing processes are a limiting factor that prevents them from producing the mandatory
physical and mechanical properties for load-bearing applications. Therefore, the scientific
interest varies for metals and ceramics. The chapter herein draws from contemporary research
to provide examples of how material engineering is capitalised to tackle the challenges faced.
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2. Metals

In general, metals possess a versatility that extends their application beyond that of other
material classes, ranging from mechanical strength to bioactivity. A favourable characteristic
of metals is the diversity of both the manufacturing processes available for shaping complex,
porous structures, and the range of properties attainable. Metals show appreciable plasticity
that allows them to be shaped either cold (ambient temperatures) or hot (high temperatures).
Equally, altering their chemical composition can be achieved through a number of engineering
routes. Alloying, from Old French to “combine,” is a useful method of altering a metal's
characteristics, including mechanical and chemical characteristics. Essentially, conventional
methods entail two metals melted and combined together. A solvent metal (the parent metal)
is combined with a solute metal where mixing occurs at the atomic level. The chemical outcome
results in either a homogenous distribution of the combined atoms, or heterogeneous mixture
with dissimilar atomic orientation.

Not all metals can be alloyed together due to factors such as atomic size, electrochemical
behaviour, and valency, as well as temperature discrepancies.1 As stated, the new changes at
the atomic level can lead to profound changes to the metal's properties, such as mechanical,
thermal, and wear-resistance behaviours. Moreover, subsequent fabrication processes are able
to influence the final performance of the metals such as shaping, work hardening, and coating.
Modifications can be made only on the surface, without a global change to the metal's structure.
Treatments to the surface are effective in improving biological properties and can be both
straightforward as well as cost-effective.

Metals used for implants are frequently formed from iron-, titanium-, and cobalt-based alloys.
However, common iron- and cobalt-based implants (steel and cobalt-chromium alloys,
respectively) are bioinert and possess mechanical properties that are deleterious to implant
fixation. Titanium-based implants can be made bioactive through alloying and surface
treatments, and their mechanical properties are less detrimental than steel and cobalt-
chromium. Furthermore, a few metals yield degradable behaviour under physiological
environment. The section herein illustrates examples of biodegradable and non-biodegradable
metals, starting with the metal considered as the gold standard of metallic implants.

2.1. Non-degradable metals

2.1.1. Titanium

Titanium (Ti) and its alloys, such as the widely used Ti-6Al-4V (shortened to TAlV; contains
aluminium and vanadium contents), have long been the favoured alloy for load-bearing
applications [1]. While priced higher than other metals, titanium contains standout properties
that make it a suitable choice for implants such as high specific strength, good corrosion
resistance and biocompatibility. The latter two are attributed to the titanium oxide (TiO2) layer

1 As an example, the boiling temperature of magnesium is lower than the melting temperature of titanium and attempts
to use the melt-driven alloy process results in partial evaporation of magnesium.
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produced in the presence of oxygen that reforms within milliseconds when damaged [2]. Ti
and its alloys exhibit high strength and good biocompatibility in contrast to 316L stainless steel,
cobalt-chromium implants (Co-Cr). Pure titanium is stronger but also lighter with respect to
steel; however, it possesses a stiffness (referred to as elastic or Young's modulus) that is several
times higher than cortical bone.2 The problem therein produces a phenomenon known as
“stress shielding”—where the implant absorbs the applied stress instead of the bone which
leads to the tissue resorption (i.e. dissolved). The dynamic state of bone regeneration-resorp‐
tion is dictated by stress, among other factors. Tissue resorption around the implant leads to
loosening and consequently a surgical revision is needed. Therefore, to ensure the longevity
of titanium-based implants, the stiffness should be reduced as much as possible.

Alloying of Ti allows the compressive strength and weight benefit to be maintained above the
threshold value but reduces the elastic modulus of the implant to lessen the effects of stress
shielding. Furthermore, although non-modified pure Ti is unable to, TAlV can in fact bond
with tissues, further securing the implant to the host's bone. Additionally, the alloy exhibits
mechanical properties that are more suited for implantation than ceramics and, considering
that pure titanium exhibited no cytoxicity, was conjectured to do the same. Clinical application
of the alloy include fixation plates, fasteners (screws, nails, etc.), and bone replacement;
however, it has been documented that aluminium and vanadium ion release from the surface
can induce a plethora of side effects, such as neuropathy, Alzheimer's disease, and immuno‐
logical responses, to name a few [1, 3].

In search of new alloying elements, potential metals have been evaluated in vitro, in their pure
form. Niobium (Nb) and zirconium (Zr) were found to have low toxicity and higher cell
proliferation detected with respect to other alloying elements, such as aluminium and
molybdenum [1]. Thus, a surge of interest was generated in Ti alloys that incorporated both
Zr and Nb (termed TNZ alloys). The improved biocompatibility of the TNZ alloys stems from
the fact that the added elements produce a metal with ions that are less likely to elute from the
implant surface as the elements are less soluble than aluminium and vanadium in biological
fluids. In addition, the spontaneous coating formed (technically referred to as self-passivation)
that provides greater protection to the substrate [4].

For load-bearing applications, TNZ alloys display excellent fatigue results that make them
compelling for long-term load-bearing application. They could also be fabricated with a lower
Young's modulus with adequate compressive strength and exhibit superior cold-forming
ability with respect to other TAlV. Moreover, the alloys are cheaper to manufacture. Most of
these qualities can be attributed to the rich β-phase found in TNZ. As mentioned, metals can
be composed of more than one phase. Titanium can exist in a number of forms, of which the
β-phase (not ordinarily seen at ambient temperatures), has been demonstrated to possess a
lower elastic moduli than its counterparts, including the (α + β) phase produced in Ti-6Al-4V
[4–6]. Furthermore, studies have demonstrated how porous TNZ alloys can be fabricated with
a physical structure and mechanical strength suitable for load-bearing applications. Indeed,

2 The human bone is truly a complex structure. It comprises of two sections referred to as cancellous and cortical bone.
The latter has the greater mechanical properties and thereof is used as a reference for load-bearing.

Advanced Techniques in Bone Regeneration200



produced in the presence of oxygen that reforms within milliseconds when damaged [2]. Ti
and its alloys exhibit high strength and good biocompatibility in contrast to 316L stainless steel,
cobalt-chromium implants (Co-Cr). Pure titanium is stronger but also lighter with respect to
steel; however, it possesses a stiffness (referred to as elastic or Young's modulus) that is several
times higher than cortical bone.2 The problem therein produces a phenomenon known as
“stress shielding”—where the implant absorbs the applied stress instead of the bone which
leads to the tissue resorption (i.e. dissolved). The dynamic state of bone regeneration-resorp‐
tion is dictated by stress, among other factors. Tissue resorption around the implant leads to
loosening and consequently a surgical revision is needed. Therefore, to ensure the longevity
of titanium-based implants, the stiffness should be reduced as much as possible.

Alloying of Ti allows the compressive strength and weight benefit to be maintained above the
threshold value but reduces the elastic modulus of the implant to lessen the effects of stress
shielding. Furthermore, although non-modified pure Ti is unable to, TAlV can in fact bond
with tissues, further securing the implant to the host's bone. Additionally, the alloy exhibits
mechanical properties that are more suited for implantation than ceramics and, considering
that pure titanium exhibited no cytoxicity, was conjectured to do the same. Clinical application
of the alloy include fixation plates, fasteners (screws, nails, etc.), and bone replacement;
however, it has been documented that aluminium and vanadium ion release from the surface
can induce a plethora of side effects, such as neuropathy, Alzheimer's disease, and immuno‐
logical responses, to name a few [1, 3].

In search of new alloying elements, potential metals have been evaluated in vitro, in their pure
form. Niobium (Nb) and zirconium (Zr) were found to have low toxicity and higher cell
proliferation detected with respect to other alloying elements, such as aluminium and
molybdenum [1]. Thus, a surge of interest was generated in Ti alloys that incorporated both
Zr and Nb (termed TNZ alloys). The improved biocompatibility of the TNZ alloys stems from
the fact that the added elements produce a metal with ions that are less likely to elute from the
implant surface as the elements are less soluble than aluminium and vanadium in biological
fluids. In addition, the spontaneous coating formed (technically referred to as self-passivation)
that provides greater protection to the substrate [4].

For load-bearing applications, TNZ alloys display excellent fatigue results that make them
compelling for long-term load-bearing application. They could also be fabricated with a lower
Young's modulus with adequate compressive strength and exhibit superior cold-forming
ability with respect to other TAlV. Moreover, the alloys are cheaper to manufacture. Most of
these qualities can be attributed to the rich β-phase found in TNZ. As mentioned, metals can
be composed of more than one phase. Titanium can exist in a number of forms, of which the
β-phase (not ordinarily seen at ambient temperatures), has been demonstrated to possess a
lower elastic moduli than its counterparts, including the (α + β) phase produced in Ti-6Al-4V
[4–6]. Furthermore, studies have demonstrated how porous TNZ alloys can be fabricated with
a physical structure and mechanical strength suitable for load-bearing applications. Indeed,

2 The human bone is truly a complex structure. It comprises of two sections referred to as cancellous and cortical bone.
The latter has the greater mechanical properties and thereof is used as a reference for load-bearing.

Advanced Techniques in Bone Regeneration200

TNZ has inherited the versatility seen in other Ti-based alloys and is a likely candidate to
replace TAlV [7–9].

Surface treatments are an alternative to ensuring a firm bone-implant bond, and can be applied
to both dense and porous titanium. Considering that host tissues first point of contact is with
the surface, such treatments are designed to avoid altering the bulk properties of the material
and, as is the case in titanium, can be an alternative to avoiding toxicological concerns. They
can be designed, however, in combination with desirable bulk attributes to further enhance
biological properties. There are more than one surface treatments available that can be used
to coat both dense and porous titanium, such as plasma surface modification [10] and hydro‐
thermal treatments [11, 12] that result in an improvement to the coverage of the bone around
the implant. One interesting method is ultraviolet (UV) light treatment to bioinert pure
titanium. The treatment is technically simple as it does not require any additional chemical,
high temperatures, or mechanical processing [13, 14], and can be applied to a range of Ti and
its alloys [15]. The process involves a chemical reaction where hydrocarbons that form on the
surface of titanium under ambient conditions are reduced and results in an osteoinductive
metal with good osteoconductive properties. Furthermore, the coverage of bone tissue on the
implant was found to be almost 100%, which is unprecedented for a titanium implant, and
thus the term “superosteoconductive” has been coined for such an accomplishment [14, 16,
17]. UV-light treatment was also found to prompt a similar biological effect on chromium-
cobalt alloys [17].

2.1.2. Other non-biodegradable metals

Titanium belongs to a group of metals known as refractory metals that are acknowledged for
their excellent corrosion resistance and, incredibly, biocompatibility—such as tantalum and
niobium [18, 19]. Both metals have displayed improved bone-implant binding with respect to
titanium, with tantalum (Ta) exhibiting rapid bond-binding abilities. Surface adhesion can be
further enhanced using hydrothermal treatments that form a Ta-OH layer, which is effective
for bonding to bone [20–22] without adverse effects. Porous Ta can be engineered using
methods such as solid-free form (see next section) and conventional powder methods, with
porosity of up to 85%, and pore sizes ranging from 400 to 600 μm. The compressive strength
and elastic modulus can also be tailored to that of cortical bone values [23, 24]. Short-term
clinical trials have shown immediate weight-bearing capabilities, as well as a high volume of
patient satisfaction in multiple orthopaedic implants [25]. Current limitations of the tantalum
are its high cost and high density (preventing development of larger implants). Tantalum also
displays a high melting temperature (>3000°C) that makes it difficult for processing using
traditional alloying methods, and thus relies on powder metallurgic3routes for shaping.

Niobium (Nb) has been largely used as an alloying element and a coating due to its excellent
biocompatibility but has been researched recently as a possible implant candidate in its pure
form due to its attractive properties [26]. Unsurprisingly, Nb can be surface treated to become

3 Techniques were extremely high temperatures needed for traditional alloying can be circumvented. Briefly, the metal
is mixed in its powder form, followed by compaction into a desired shape and sintered.
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bioactive and thus form a bone-implant bonding. With regards to load-bearing applications,
Nb can be combined with zirconia to form a metal-ceramic composite which is capable of
bearing high loads; however, more work is needed to determine the potential of pure niobium
[27].

2.2. Biodegradable metals

2.2.1. Magnesium

Unequivocally, refractory metals offer a flexibility as orthopaedic implants that are difficult to
match; however, for temporary implantations, bioresorbable materials are preferred as they
can prevent a second surgery. Magnesium (Mg), on the other hand, does exhibit biodegradable
capabilities in physiological conditions due to the presence of chlorides that react with the
surface's chemical structure. Degradation of magnesium occurs through corrosion where
Mg2+ ions are released and hydrogen gas is produced. Incidentally, Mg2+ is one of the essential
minerals found in our body [28], of which over half the average is located in our bone cells—
and deficiencies of the element results in several bone deformities. In addition, the release of
Mg2+ results in mineralised bone formed on the surface, with in vivo tests demonstrating strong
bone-implant bonding [29]. Moreover, in its dense form, the mechanical properties are more
akin with cortical bone, and, at 44 GPa, the elastic modulus of magnesium is much lower than
Ti and its alloys [30]. Current interest in magnesium is directed towards fasteners and fixation
plates; however, based on contemporary research, it may be conceivable to advance its usage
towards bone substitution.

Although biodegradability is a sought-after property, this is found to be rapid and uncontrol‐
lable in Mg, which causes the implant to lose much of its mechanical strength rapidly due to
the rate of corrosion [31]. In vitro studies of Mg have demonstrated that cracks are generated
through pits created by corrosion. Furthermore, the hydrogen gas released during corrosion
further exacerbates implant failure by causing brittleness to the metal [32], in what can be
referred to as “self-corroding,” along with damaging the surrounding cells. Fortunately, the
surface of magnesium is covered by a partial oxide film when exposed to air and aqueous
environments and is said that corrosion attacks are more likely to occur in interruptions in the
film [33]. Therefore, taking advantage of this phenomenon can be used to combat corrosion.

Alloying is again a favourable method in addressing the corrosion-assisted failure of Mg. There
are about 25 metals with an appropriate atomic size, but realistically, only a few are considered
to be appropriate alloying elements, due to the restriction in solubility. This number is further
reduced when considering the use of adverse-free elements. Mg can be alloyed with calcium,
strontium, and zinc, which are a plausible choice from a biological perspective considering
that all three alloying elements are naturally present within the human body, with both Ca
and Sr involved in bone metabolism [34]. Remarkably, all three have been implicated in the
retardation of corrosion in both short-term in vitro and in vivo studies, with a synergistic effect
observed when Ca and Sr are incorporated simultaneously, with respect to their individual
binary Mg alloys [35]. Such mechanisms included improvement to the surface coverage of the
oxide film, and higher resistance to corrosion via microstructural changes (via a reduction to
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the grain size). There are reports, however, that suggest that excess amount of calcium can lead
to a decrease corrosion resistance due to the formation of an intermetallic phase, Mg2Ca [36],
hence, tailoring the degradation rate can be made to suit the lifespan of an implant. Further
work is needed to elucidate the optimum composition for a suitable strike between good
strength and corrosion.

Surface treatment options with emphasis on altering the chemical structure of the surface have
not been studied to the same extend as titanium. Nevertheless, improving the thickness of the
oxide layer can be achieved through alkaline and heat treatment on the surface, with results
indicating a slower degradation rate without observable cytotoxic effects.

Corrosion pits are able to intensify crack propagation under loading. Defects formed during
manufacturing can also worsen corrosion resistance [37], which is further attenuated in porous
Mg due to the increased surface area (i.e. more area for the chlorine to react with the surface).
Therefore, in order to be seen as a candidate for bone replacement, the aforementioned setbacks
will need further investigations. Porous magnesium continues to be a matter of intensive
research.

2.2.2. Other biodegradable metals

Intriguingly, magnesium is joined by both iron and zinc as part of the resurrection of biode‐
gradable metallic implants seen over the past three decades. The metals also degrade via
corrosion. Iron (Fe) from an engineering perspective offers many advantages—such as low
cost, availability, and durability, to name a few. Fe is also one of the essential elements that the
human body requires, which further boosts its appeal. With respect to Mg, Fe and its alloys
exhibit a significantly lower degradation rate in physiological fluid [38] and higher mechanical
properties [39], with an elastic modulus of ~210 GPa, which once more, can be reduced
drastically by incorporating pores [40]. The degradation rate of iron can be controlled using
manganese or silicon alloying elements, to either increase or reduce the rate, respectively [38,
41]. Alternatively, Fe can be prepared as a porous structure to manipulate the degradation rate.

Zinc has a biodegradability that is in between pure Mg and pure Fe and hence could offer an
alternative option for biodegradable implants. Zn is generally used as an alloying element to
improve magnesium's properties, including corrosion and biological, and is also important for
numerous protein functions in the body [42, 43]. This has led to the notion of zinc as a possible
orthopaedic implant. Pure zinc has a low strength, plasticity, and hardness that limit its usage
as a biomedical implant, and thus it relies on alloying techniques to improve its strength.
Unsurprisingly, investigations were conducted on incorporating magnesium, calcium, and
strontium, and all were found to augment the mechanical strength of zinc [44, 45]. From an
engineering perspective, zinc-based alloys possess a low melting point and low reactivity in
molten state, thus can be prepared by simple melting techniques. As of yet, most research is
concentrated on the use of zinc as a fixation implant, but with Zn-Mg alloys boasting a
compressive yield strength double that of femoral cortical bone, its potential as a load-bearing
scaffold is very promising.
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2.3. Summary of metals with bioactivity

In summary, metals possess a versatility that extends their application surpassing other
material classes. New techniques are being developed and added to the existing large reper‐
toire, and clever processing tricks are used to address reservations that exist with traditional
methods, such cost and complexity. The emergence of metals that can be relied on to degrade
by way of corrosion as metallic grafts is encouraging, and further research could surprisingly
open more avenues. There are over 90 metals found on the periodic table; however, only a
select few find recurring usage as alloying elements, particularly those found naturally in the
human body. However, there are concerns regarding the metallic ions released into the human
body that can have debilitating consequences in the long term.

3. Ceramics and glasses

Bioactive ceramics and glasses are brittle in nature with poor tensile and fracture toughness
properties, which limits their application as orthopaedic implants. However, their excellent
biological properties and no cytoxicity cannot be discounted, and accordingly, there is ardent
interest in producing bone graft substitutes using bioactive ceramics and glasses. In contrast
to metals, there are a number of bioresorbable ceramics and bioactive glasses (BG) with
excellent osseointegration where degradation occurs as a consequence of dissolution (solution-
mediated) and cell-mediate degradation. Hydroxyapatite (HA) is the mineral component of
human bone4 and, alongside a number of other calcium phosphates (CaP), can induce bone
regeneration. CaP are a non-toxic group of ceramics with excellent bioactivity, which can be
modified based on the calcium-to-phosphate ratio present resulting in a different structure.
For example, a Ca/P ratio of 1.66 is associated with hydroxyapatite, whereas a Ca/P ratio of 1.5
results in a CaP with a significantly faster rate of degradation, known as tricalcium phosphate.
Synthetic HA, (Ca10(PO4)6(OH)2), can be synthesised in a number of ways, where the quantity
of raw materials, as well as heat treatment applied, can modify the Ca/P ratio. Other ceramics
are also biocompatible with the human body and have been extensively used as orthopaedic
implants, such as alumina (Al2O3) and zirconia (ZrO2), but despite having high strength and
excellent corrosion resistance, they are not bioactive. BGs have excellent bioactivity, where
implantation of the material is able to bind to bone by producing a layer of carbonated HA
between the glass and the host's bone [46]. In general, they have better biological properties
as they are both osteoinductive and osteoconductive (see chapter introduction). Clinical
indications for ceramics and bioactive glasses include vertebral arthrodesis, tibial osteotomy,
and for filling femur, tibia, and humerus voids caused by fractures, resection, or tumour
resection. Ceramisys' ReproBone™ and Keramat's Keramedic® are commercially available
ceramic bone substitutes.

4 In its carbonated form.
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Figure 4. Schematic to illustrate the steps involved in forming ceramics using additives.

3.1. Fabrication of porous grafts

Dense hydroxyapatite displays a compressive strength that is markedly higher than cortical
bone, and although it degrades at a rate well below the threshold for clinical use, it can be
expedited with the implementation of pores. The quid pro quo for increased resorption due
to porosity results in a substantial loss in mechanical strength. Moreover, as brittle materials
with no appreciable plastic deformation (as anyone who has dropped a ceramic plate or glass
beaker can attest to!), shaping of ceramics and glasses is difficult. Consequently, the outcome
is a catastrophic failure in material due to microstructural flaws introduced throughout the
processing stages. One possible solution is to use near-net shaping methods. Ceramic and glass
in their powder form are combined with additives that introduces plasticity leading to
complex, porous shapes produced. The powders are then evolved into a single solid mass
through heating to remove the additives, and then subsequently heated at elevated tempera‐
tures to densify the solid mass—a process known as sintering. Plasticised ceramics with
additives and a solvent are referred to as slurry or pastes. It has to be noted that removal of
the non-ceramic contents presents its own problems.

Of relevance is not only complex shaping of the ceramics but the degree of porosity. Porosity
and mechanical strength are mutually exclusive. The inclusion of pores contributes towards
structural failure, as they are sites for crack initiators and propagation. Traditional fabrication
routes have resulted in a porous scaffold with compressive strength well below the prescribed
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value. Such techniques are also difficult for producing a porous structure in a controllable
manner because the pores are formed randomly. Moreover, the pores generated tend to have
a spherical or ellipsoidal shape, where both pore morphologies experience tensile forces under
compression loading—and it is the tensile forces established that give rise to crack nucleation.
Preferably, engineering a scaffold where the majority of pores are in the shape of a columnar
profile (i.e. parallel and aligned) is desired as the tensile forces are limited [47], and thus
improve mechanical integrity. Moreover, a scaffold with interconnected pore channels leads
to enhanced bone-binding abilities, hence is also sought after in pore designs. Therefore, there
is pressing concern in seeking new fabrication routes with well-defined pore architecture. The
knowledge can then perhaps be used to better the commercially available scaffolds. The section
hereafter details innovative methods used to improve the compressive strength.

3.1.1. Freeze casting

Freeze casting is a novel method that provides a highly porous ceramic with a well-controlled
structure. Initially developed for highly dense ceramics. A porous scaffold with an aligned
interconnectivity can be attained, with the added option for a hybrid porous structure if needed
[48]. Freezecasting is a cost-effective method that provides a wide range of porosity in ceramics
[48] and does not require the use of complicated equipment with minimal additives needed.
The method entails preparing a colloidal slurry of ceramic powder with a liquid (aqueous or
not), then pouring it into a mould where one end is attached to a cooling mechanism able to
initiate freezing. The frozen solvent acts as a temporary binder holding the suspension together
before demoulding [49]. During the freezing step, the liquid portion pushes and packs the
ceramic particles as the ice crystals grow until further packing cannot occur. The frozen slurry
is subjected to sublimation (i.e. converted from solid to gas state) in a freeze-dryer where the
ice crystal remnants form the porous phase of the structure. The final step is sintering of the
powder. Freezing liquids have a tendency to expel impurities and ceramic solutes rather than
incorporating them into the crystal lattice during crystal growth which results in a preferential
arrangement where spaces between ice grains are enriched with solutes [50].

One distinguishable benefit of the technique is that benign liquids can be used [51], including
water and camphene without the use of solid polymeric additives, which can limit pre-
sintering defects (although they can be incorporated for additional modification or improving
the green strength of the scaffold). Each liquid vehicle allows for further modification of the
final product as different liquids can produce a different crystal structure when frozen, thus
different pore morphologies can be achieved. Opting for camphene can further reduce the
complexity and the overall cost of the technique as it can form its frozen crystals at room
temperature and therefore does not require complex operations below 0°C. Other processing
parameters, including freezing rate, time, and holding temperature, can be adjusted to control
the scaffold, along with solid loading and particle size. Particles have an extra role in that the
particle surface is able to influence the nucleation of the ice crystals, thus particle morphology
can be assigned to generate different pores.
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Figure 5. A schematic of the steps involved in freeze casting. The dashed arrow represents the direction of crystal
growth, and the solid arrows represent the direction of densification.

With freeze casting, the removal of non-ceramic segments diminishes the drying stresses and
shrinkage that are detected in other fabrication methods, therefore subsequently mitigating
cracks and other defects observed before sintering [52]. Moreover, the technique allows for
complex shapes to be generated, including a graded porosity where the scaffold comprises of
regions with varying porous morphology [53], which is more representative of human bone.
The process does not depend on chemical but on physical interaction and accordingly can be
used to engineer other materials, such as bioactive glasses—or composites of bioactive glass/
ceramic [54–56].

A remarkable compromise between porosity and compressive strength can be obtained using
freeze casting, with recent research illustrating pore sizes ranging from 200 to 500 μm with a
relatively high compressive strength comparable to that of cortical bone [49, 51, 57]. The
controllable manner of porosity, as well as a high solid loading5 of ceramic powder, is a
contributory factor [58]. Equally impressive, high levels of porosity and powder loading were
achieved in glass-only casts, in conjunction with compressive strength comparable to that of
cortical bone [56]—hence, freeze casting is an encouraging technique for load-bearing appli‐
cations.

3.1.2. Solid free form

Solid free form (SFF) is a relatively new technique developed towards the end of the last
century and has gained tremendous attraction because of their ability to address key barriers
faced by conventional fabrication methods. Although significant measures have been taken in
mould-based fabrication routes with respect to mechanical properties, the lack of realising
complex geometries, high spatial resolution of scaffold architecture, and labour-intensive
procedures are considered a hindrance. Fortunately, SFF methods, also referred to as rapid
prototyping or additive manufacturing, are able to address such shortcomings. SFF is an
assortment of computer-controlled processes that build a scaffold from powders based on an
iterative method, using a 3-dimensional (3D) computer-aided design (CAD). The computer‐

5 A high solid loading, or ceramic content, equates to improved powder packing and subsequently a densified structure
with minimum unwanted gaps.
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ised assistance delivers excellent reproducibility of outstanding spatial resolution. The CAD
design can be based on an accurate reconstruction of the fractured site, using popular non-
invasive imaging modalities such as computed tomography and magnetic resonance imaging
scans, obtaining the geometry of the defect site. Thus, the techniques eliminate the need for
post-processing machining of the scaffold to the desired, or incorporating “pockets” for the
addition of protein carriers for a synergetic effect on healing rate if needed. The final outcome
is a reduction in surgical time and cost before surgery, despite SFF techniques themselves are,
by and large, more expensive than the conventional techniques used to manufacture biocer‐
amics.

As mentioned in the previous section, SFFs can be used to engineer metallic structure, which
is a testimony to their versatility. There are distinct methods for SFFs to assemble an implant,
which are divided into two classes: extrusion based or powder based. In general, the latter
offers improved flexibility for complex 3D shapes and their internal architecture but it is the
former, extrusion based, that has been known to realise high compressive strengths sufficient
for load-bearing use. Notably, a technique known as robocasting, colloidal HA pastes with
compressive strengths reaching approximately 300 MPa were achieved, whereas direct ink
writing and freeze-form extrusion fabrication attained 136 MPa and 140 MPa, respectively, for
bioactive glass (13–93). All three SFF techniques are capable of attaining porosity of over 40%,
but the range of pore size is restricted with respect to other techniques [59–61]. Direct ink
writing fabrication of the primordial 45S5 Bioglass® has also been attempted, but the com‐
pressive strength was insufficient for bearing loads [62]. SFFs are rapid and can incorporate
other processing conditions such as porogens for additional customisation [63, 64]. The high
spatial finesse of SFF leads to superior mechanical properties because of their structured
architecture [65]. Although bespoke grafts for clinical use can be developed, whether such
complex geometries are able to maintain their structural strength will need to be investigated.
SFF are still in their early stages and their potential is yet to be realised.

Figure 6. Schematic representing the two forms of solid free form.
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3.2. Ionic substitution

Ionic substation, also known as doping, is analogous to alloying in metal in that essentially,
elements are incorporated to produce a material where the base is still a ceramic but with a
modified (and desirable) atomic structure that consequently results in altered properties.
Doping of CaP is a simple technique, and more than one ionic substitution can be readily
incorporated to occur simultaneously (i.e. double- or multi-substitution). Doping with fluorine
is particularly favoured due to the improvement to both mechanical and biological properties
in contrast to un-doped hydroxyapatite.

3.3. Summary

The strength can be enhanced if microstructural defects can be avoided, and hence the pressing
concern is to seek a fabrication route that can eliminate such flaws. The section introduced
examples of engineering routes capable of attaining sought-after compressive strengths, and
despite their difference, the resultant research has elucidated structured porosity results in
improved mechanical attributes.

Strengthening bioresorbable ceramic and glass can be achieved through minimising the
processing steps in obtaining the final design, and/or minimal inclusion of non-ceramic
components. The techniques described reveal that arranged pores are less susceptible to early
fracturing. Such techniques carry a positive outlook and whence the fabrication methods have
been perfected, they can be applied to other bioactive materials not mentioned in this section,
such as calcium silicates. Incorporation of pores in a tightly controlled manner is of scientific
interest because of the results on mechanical and biological properties are affected by pore
morphology, and an aligned porous structure that allows for a high compressive strength to
be achieved.

Figure 7. Extrusion schematic.

The fabrication of such pore architecture using traditional ceramic extrusion is of significant
interest to the author. Extrusion is the technique of choice for imparting high strengths to
ceramic in the catalyst support industry, and the aim is to transfer the accomplishment to
bioactive ceramics. Essentially, a ceramic paste is forced through a honeycomb die followed
by removal of additives and sintering. The desirable columnar and interconnected pores can
be generated spanning the length of the scaffold as the cross-sectional features are maintained
throughout the paste; and the die opted for can be designed to alter pore size, shape, and
orientation. Large pressures can be generated to extrude a high solid-loading (67+ wt%)
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ceramic paste that also compacts and reorients the ceramic particles for improved particle
packing—thus minimising defects associated with shrinkage during drying and sintering.

4. Combined metal-ceramic approach

The human bone is fundamentally a biological composite composed of two phases where one
instils strength and the other flexibility. Hence, it infers the use of synthetic composites. In
principle, synthetic composites can be used to prevent elution of alloying elements in metals
by applying a coating. If an enhanced bioactivity is desired throughout the implant then
powder blending can be employed to embed CaP throughout the implant. The aim, once again,
is to engineer an implant with both excellent mechanical properties and excellent osseointe‐
gration. Composites differ from alloying or ionic substitution in that the two amalgamated
materials maintain their individualistic properties. Therefore, synthetic composites can
provide an alternate route to developing new bioactive materials for load-bearing applications.
The section herein provides examples of how osseointegration is improved in metallic
implants through coating and powder blending.

4.1. Ceramic-metal composites

Combining ceramics and metals can be achieved through many routes, including coatings and
powder blending. To reiterate, the first contact made between implant and the host occurs on
the surface of the material, and thus, coating an implant can alter the host's response. This is
an alternative method to addressing the ions released from metallic implants as coating with,
for example, a CaP layer prevents the release of the harmful ions, effectively acting as a shield.
Such coatings can be achieved either through physical or wet-chemical deposition methods.
As the name suggests, physical deposition coats the designated substrate using a physical
process that vaporises a solid form of CaP under vacuum (to eliminate contamination and
ensure directional control). The atoms are then transferred to the surface where condensation
of the vaporised atoms occurs culminating in a film coating of the substrate. Suffice it to say,
this method of coating is costly as some methods require high power, and not to mention extra
care is needed to ensure the method of vaporisation does not conduce decomposition of the
specific CaP desired. Moreover, the physical deposition techniques are associated with “line-
of-sight” coating, where the vaporised atoms coat the surface that is in-plane, and complex
shapes with corners and holes are not well coated, if at all. Wet-chemical deposition on the
other hand is less complex and better suited for coating intricate shapes. These techniques
involve immersing or spraying a solution of highly saturated CaP to form the coating. The
process does not require the same level of high temperatures allowing for organic components,
such as antibiotics, to be incorporated into the process.

The two coating categories offer a range of techniques that allows for a range of possibilities
—such as coating multi-doped HA, nano-range thickness, controlled porosity, and incorpo‐
rating polymers, to name a few. Similarly, the substrates can be dense or porous, biodegrad‐
able, or non-biodegradable. In any case, the key considerations for a coating is to ensure
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excellent long-term adhesion with the surface of the implant and to resist delamination due to
stresses caused during the processing stage, or stresses caused by degradation under physio‐
logical milieu that will expose the substrate surface. Additionally, the purity of the CaP will
need to upheld and not decompose during the process, and in the case of load-bearing
application, the mechanical properties are met. Hydroxyapatite and its doped derivatives have
been comprehensively used to coat metals in order to alter their biological responses—such as
imparting bioactivity to a pure Ti scaffold to elicit tissue bonding [66], and on Mg and its alloys
to reduce their rapid corrosion and safeguard against localised toxicity of hydrogen gas [67,
68]. Coatings are able to act as a protective layer and stop the dissolution of harmful alloying
elements, in the case of Ti-6Al-4V alloys, and can also be added to ceramic-metal composites
(see Section 4.3). Relatively straightforward techniques with low temperature and low energy
consumption requirement, as well as environmentally conscious are available—such as
electrolytic deposition—and have been experimented with positive outcomes. Nevertheless,
the added processing steps of applying the coating result in the overall fabrication process
incurring costs.

Figure 8. A representative of (a) physical and (b) wet deposition.
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Other forms of ceramic-metal composites can be attained through the powder blending route.
Metallic powders of iron and magnesium can be homogenously mixed with CaP powders,
followed by consolidation and densification. This can be an ideal method if the strategy is to
impart the desired qualities (e.g. ductility) throughout a porous structure rather than purely
on the surface. Considerations such as mixing time and sintering temperatures need to be
determined without resulting in contaminations by milling apparatus6 or decomposition of
CaP, respectively. In order to avoid the latter issue, Choy et al. [69] used microwave synthesis
of a Ti-CaP composite to avoid using high temperatures, where materials absorb electromag‐
netic energy that are produced by the microwave and subsequently convert it into heat energy.
Additional benefits of the technique include fast reaction rate and efficient energy transfor‐
mation. A Ti-CaP composite with excellent mechanical properties comparable to cortical bone
was fabricated by mixing and reacting Ti with two precursors of HA (calcium carbonate and
dicalcium phosphate dihydrate in this case). Interestingly, it was discovered that the in situ
synthesis method chosen resulted in the presence of Ti, HA, TTCP, and CaTiO3, indicating that
the calcium precursors were able to react indiscriminately with the Ti. Incidentally, CaTiO3

was claimed to facilitate apatite formation in vitro.7

4.2. Same material composites

A titanium-magnesium porous composite is one example of two metals combined, and can be
achieved in a number of ways to form a semi-biodegradable metallic implant—including
powder blending, melt infiltration casting, or as a layered structure. Porosity and compressive
strength suitable for bearing loads are attainable, but this depends on the amount of magne‐
sium, which is significantly altered in situ as corrosion of Mg takes place.

5. Conclusion

Contemporary research in bioactive metals and ceramics for load-bearing application is
focused on bridging the gap between mechanical properties and biocompatibility. The
fabrication techniques detailed in this chapter have demonstrated that great strides have been
made and in doing so, can potentially be applied to improve on existing orthopaedic implants.
The chapter also presented materials that are yet to be used in load-bearing application, such
as zinc and niobium, but have great potential in doing so. With regards to metals, mitigating
the toxicity of their respective ions is the major focus. This can be achieved through alloying
with elements that are less toxic, or improving the coating on the implant to ensure ion release
is minimised. Emerging biodegradable metals, such as magnesium and iron, are highly
promising as they can reduce the overall healthcare cost. These metals degrade in the body
through corrosion, and, as they are naturally found in the body, they can be excreted. The
message from bioactive metals is that if the metal is naturally found in the body, then it is

6 Wear from the container for example in which the powders are mixed can form into the mixture.
7 Intriguingly, this is a clear example of how an attempt to address an issue results in more questions and possibilities in
biomaterial engineering.
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corroded and thus resorbed. If not, then if binding should occur, improved binding is achieved
if a ceramic coating is formed, for example, TiO2 on titanium-based implant. This is interesting
considering that metals such as titanium and tantalum are extracted in their oxide form and
are followed by arduous processing to achieve high levels of purity, for only osseous tissues
to show preference to their oxide form. Perhaps if certain steps necessary for achieving high
purity can be avoided, then this could lessen the costs associated with the manufacturing steps,
and thus implant fabrication.

Many ceramics and glasses display excellent bioactivity and are toxic-free. This is to be
expected considering that they have been synthesised based on the composition of natural
bone. Forming ceramics and glass into complex shapes is difficult irrespective of the applica‐
tion due to their inherent properties; however, progress is being made to eliminate such factors.
The chapter on ceramics and glasses focused predominantly on fabrication routes with “ideal”
porous structure. Such techniques have elucidated to how compressive strength for load-
bearing application is attainable in porous CaP if excellent control over the physical properties
can be achieved. However, the bone exhibits multiple stress states which will all need to be
addressed before clinical application is considered. To achieve desirable flexural (bending)
strength and fracture toughness, the fabrication method could use a CaP reinforced with
ceramics that possess high toughness and flexural strength. Reinforcing dense β-TCP compo‐
site with varying amounts of the bioactive TiO2 is known to increase the fracture toughness
and flexural strength similar to that of cortical bone. Recent progress showed that an eight-
fold increase in compressive strength in HA reinforced with TiO2 above the required amount,
with respect to TiO2-free HA. Alternatively, hydroxyapatite rod-like particulates, also known
as whiskers, can be incorporated into the CaP matrix. Although a form of CaP, the whiskers
are able to preserve their morphology during sintering, forming a distinct phase from the
surrounding CaP. When dispersed throughout the microstructure, whiskers improve the
fracture resistance by deflecting microcrack propagation, as well as absorbing the energy
generated by the microcrack. Factors such as the aspect ratio, whisker orientation, and content
volume influence their effectiveness. Incidentally, natural bone exhibits crack deflection
behaviour. Therefore, in theory, fabricating CaP using freeze casting or extrusion with
reinforced whiskers or TiO2 can enhance flexural strength and/or fracture toughness, and thus
CaP implants can be made suitable for multiple stress states.

The final section of the chapter presented examples of how ceramics and materials can be
combined to produce synthetic implants with excellent bioactivity and mechanical properties.
A CaP coating can be applied to titanium or magnesium to impart bioactivity or improve
corrosion resistance, respectively. However, the extra process required additional costs.

Titanium-based materials still remain as the exemplary implant for load-bearing application.
The fatigue resistance and analysis of multiple stress responses of biodegradable materials
have not been concluded, and indeed, there are concerns with their ability to reach the
benchmark set by titanium-based materials. However, if they can be engineered to withstand
the initial load and allow for natural bone to remodel, then what synthetic material currently
available (and possibly for the very long foreseeable future) is able to outperform the natural
bone? Furthermore, the great diversity in bone morphology means that there is no ideal
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scaffold and thus each application requires a bespoke graft with matching mechanical
properties, which will need to be addressed.

It is evident from this chapter that material engineers are exhausting their resources and
developing ingenious methods in the process to improving bioactive implants. There are issues
regarding the rate of degradation of bioresorbable implants; however, different materials (e.g.
magnesium and zinc) degrade at varying rates. It will be interesting to see if technology can
allow for a multi-layered bioresorbable implant can be engineered (the different layers
corresponding to different bioresorbable materials). Investigations into finding ways of
degrading titanium could be interesting. The conjecturing of future directions in the field is
limitless and thus it can be said with confidence that the future of the field is very encouraging.
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Abstract

The aim of this chapter is to describe the main issues of bone tissue engineering. Bone
transplants are widely used in orthopedic, plastic and reconstructive surgery. Current
technologies like autologous and allogenic transplantation have several disadvantages
making them relatively unsatisfactory, like donor site morbidity, chronic pain, and
immunogenicity  and  risk  hazard  from  infectious  disease.  Therefore,  regenerative
orthopedics seeks to establish a successful protocol for the healing of severe bone damage
using engineered bone grafts. The optimization of protocols for bone graft production
using autologous mesenchymal stem cells loaded on appropriate scaffolds, exposed to
osteogenic inducers and mechanical force in bioreactor, should be able to solve the current
limitations in managing bone injuries. We discuss mesenchymal stem cells as the most
suitable cell type for bone tissue engineering. They can be isolated from a variety of
mesenchymal tissues and can differentiate into osteoblasts when given appropriate
mechanical support and osteoinductive signal. Mechanical support can be provided by
different cell scaffolds based on natural or synthetic biomaterials, as well as combined
composite  materials.  Three-dimensional  support  is  enabled  by  bioreactor  systems
providing several advantages as mechanical loading, homogeneous distribution of cells
and adequate nutrients/waste exchange. We also discuss the variety of osteoinductive
signals that can be applied in bone tissue engineering. The near future of bone healing
and regeneration is closely related to advances in tissue engineering. The optimization of
protocols of bone graft production using autologous mesenchymal stem cells loaded on
appropriate scaffolds, exposed to osteogenic inducers and mechanical force in bioreac‐
tor, should be able to solve the current limitations in managing bone injuries.
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1. Introduction

Tissue engineering is a multidisciplinary field that applies basic concepts and techniques of life
science and engineering. It is generally understood as a process of taking human or animal
tissues, isolating cells from the tissues, culturing the isolated cells in a supporting material, i.e.,
scaffold to fabricate cell-scaffold complex, and transplanting the fabricated cell-scaffold complex
into human or animal subject. It is applied to fabricate almost every human organ including
artificial skin, artificial bone, artificial cartilage, artificial cornea, artificial blood vessels and
artificial muscles.

Bone is one of the few organs/tissues capable of spontaneous regeneration rather than simple
repair. In other words, after disruption of its structure (fracture), its unique microanatomy and
biological properties enable complete structural restoration without the creation of fibrotic scar
tissue. However, in certain clinical situations where extensive injury, disease or malformation
cause such large defects, it is necessary to resort to bone reconstruction, restoration and/or
regeneration by a surgical procedure that replaces missing bone, i.e., by bone grafting. A bone
graft is an implanted material that promotes bone healing alone or in combination with other
material(s), through osteogenesis, osteoinduction and osteoconduction, in combination or
alone [1].

The selection of an ideal bone graft relies on several factors such as tissue viability, defect size,
graft size, shape and volume, biomechanical characteristics, graft handling, cost, ethical issues,
biological characteristics and associated complications. The materials used in bone grafting
can be divided into several major categories, including autografts, allografts, and xenografts.
Synthetic and biologically based, tissue-engineered biomaterials and combinations of these
substitutes are other options. Altogether, tissue-engineered bone graft requires the optimal
selection of cells that are seeded on biomaterial-based scaffolds and exposed to specific
biochemical and physical signals known to induce osteogenesis. The development of the
successful bone tissue-engineering protocols depends very much on our understanding of
bone structure, physiology and development.

Bone is a dynamic biological tissue consisting of metabolically active cells. The cell component
of bone consists of the precursor cells (progenitors), osteoblasts, osteoclasts, osteocytes and
bone marrow hematopoietic elements. Osteoblasts are metabolically active mature bone-
forming cells. They secrete osteoid, non-mineralized organic corpuscle that in turn undergoes
mineralization process. Osteocytes are mature osteoblasts trapped within the bone matrix.
Every osteocyte extends network of cytoplasmic tubules to the blood vessels and other cells.
These cells are involved in the control of extracellular calcium. Osteoclasts are large multi‐
nucleated cells that degrade bone. Beside cells, bone is also composed of organic and inorganic
elements. Approximately 20% of the weight of bone is water until the weight of dry inorganic
bone makes calcium phosphate (65–70%) and the organic matrix of fibrous proteins and
collagen (30–35%). Bone formation models in vitro are based on the fact that cell differentiation
and function can be modelled according to factors that are important for embryonic develop‐
ment. Stem cells represent the building blocks of our bodies, functioning as the natural units
of embryonic generation during development and adult regeneration following tissue
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damage. Stem cells are undifferentiated cells that can, under certain influence, differentiate
into specialized cells and tissues. During development, the potency of stem cells decreases
from totipotent stem cells (morula stage), capable of differentiating into all embryonic and
extra embryonic tissues, to pluripotent stem cells (PSCs) (blastocyst stage), forming all
embryonic tissues, and to multi- or unipotent adult stem cells (ASCs), forming tissues within
their germ layer or tissue compartment [2]. Here, we discuss clinically relevant multipotent
ASCs found in various adult tissues. Adult stem cells, also called somatic stem cells, in adult
organism act as repair system for the body, replenishing adult tissues, prompt tissue homeo‐
stasis throughout life and ensure tissue regeneration following damage and they have great
potential in regenerative medicine. Mesenchymal stem cells replenish connective tissues
including bone. Therefore, they are the first choice among ASCs for regeneration of bone tissue.

Osteogenic differentiation in vitro is induced by ascorbic acid, b-glycerophosphate and
dexamethasone. Ascorbic acid is essential for the development of osteoblasts, serves as a
cofactor in the synthesis of collagen and stimulates the production of extracellular matrix,
proliferation and differentiation of cells. b-Glycerophosphate serves as a source of phosphate
for the formation of calcium phosphate in vitro. It is also responsible for the formation of three-
dimensional bone nodules between cells as proof of realized osteoblast phenotype. Dexame‐
thasone (DEX) is composed by a synthetic glucocorticoid, which regulates the expression of
osteoblast genes, enhances differentiation in vitro, alkaline phosphatase activity and mineral‐
ization of bone. Understanding of osteoblast differentiation provided us the information on
key pathways’ components and enabled us the induction of differentiation using different
recombinant proteins like BMP-2, -6 to -9. Also, mechanical stimulation promotes osteoblast
differentiation and induces mineralization of extracellular matrix. Mechanical stimulation can
be achieved using steady and dynamic fluid flow in bioreactors. For this purpose, different
dynamic culture systems have been developed. These systems improve nutrient delivery to
the cells and generate shear stress that promotes cell differentiation into osteoblastic pheno‐
type. Bioreactors for bone engineering applications are broadly classified in few main catego‐
ries, including rotating wall vessels, spinner flasks, perfusion bioreactors and compression
systems. In addition to these, combinations of different bioreactors types have been explored
in order to better mimic the bone physiological environment in vitro, such as for example
compression bioreactors with added perfusion [3]. The process of bone tissue engineering in
three-dimensional dynamic bioreactor system is a recapitulation of bone healing process in
vivo in which progenitor cells, due to signals in the microenvironment, are stimulated to
differentiate into osteoblasts [4].

2. Cells in bone engineering

2.1. MSCs as the best choice

The important step in bone engineering is the choice of human cell sources that can efficiently
produce bone grafts when attached to proper mechanical support with the addition of
osteogenic supplements. Cell types that can be potentially used in bone engineering are
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primary osteogenic cells isolated from adult bone tissue and periosteum, embryonic stem cells
(ESCs), induced PSCs (iPSCs) and ASCs.

The selection of appropriate cell source for bone tissue engineering depends on several factors
such as:

• Possibility of application of patient’s own (autologous) cells or another person’s (allogeneic)
cells;

• Availability and ease of tissue harvesting with minimal donor site morbidity;

• Efficiency of cell isolation and cell yield;

• Potential of cell proliferation;

• Use of cells that have both osteogenic and vasculogenic potential to support the formation
of vascularized bone;

• Homogeneity of the obtained cell population;

• Control of induction of osteogenic phenotype;

• Phenotype stability and cell safety;

• Automation and good manufacturing practices production.

Among the mentioned candidates, mesenchymal stem cells (MSCs), as a member of the ASC
group, currently possess characteristics that make them the most appropriate cell source for
bone tissue engineering. Unlike ESCs which are pluripotent and have unlimited potential for
proliferation in vitro [5], MSCs possess multilineage differentiation potential and have limited
proliferation capacity [6, 7]. In bone tissue engineering, ESCs gained enormous value as a cell
source for the derivation of multiple lineages present in adult bone, such as osteogenic cells,
vascular cells, osteoclasts, nerve cells and others. Despite increasing interest in the application
of ESCs in bone regeneration strategies, use of this cell source is limited due to political issues
and ethical concerns as well as safety reasons. The primary concern is the source from which
ESCs are derived. The most commonly referenced pluripotent cells are ESCs derived from the
inner cell mass of blastocyst which results in destruction of the embryo [8]. It has also become
clear that pluripotency is a double-edged sword; the same plasticity that permits hESCs to
generate hundreds of different cell types also makes them difficult to control. Transplantation
of hESCs into immune-deficient mice leads to the formation of differentiated tumors compris‐
ing all three germ layers, resembling spontaneous human teratomas [9, 10]. Karyotype
abnormalities have been observed in ESCs as well as in human iPSCs [11]. Therefore, further
studies are needed to ensure the stability and safety of ESC-derived progenitor populations
before their potential use in clinical applications. Because these particular cells have created
an ethical debate, the researchers have investigated fetal stem cells derived from voluntary
interruption of pregnancy as a potential cell source for bone tissue engineering [12]. The cells
that have potential medical applications, especially in organ regeneration [13–17], and
importantly posess no ethical issues concerning their employment are amniotic stem cells.
They are mixture of stem cells that can be obtained from the amniotic fluid [18–20] and the
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source for the derivation of multiple lineages present in adult bone, such as osteogenic cells,
vascular cells, osteoclasts, nerve cells and others. Despite increasing interest in the application
of ESCs in bone regeneration strategies, use of this cell source is limited due to political issues
and ethical concerns as well as safety reasons. The primary concern is the source from which
ESCs are derived. The most commonly referenced pluripotent cells are ESCs derived from the
inner cell mass of blastocyst which results in destruction of the embryo [8]. It has also become
clear that pluripotency is a double-edged sword; the same plasticity that permits hESCs to
generate hundreds of different cell types also makes them difficult to control. Transplantation
of hESCs into immune-deficient mice leads to the formation of differentiated tumors compris‐
ing all three germ layers, resembling spontaneous human teratomas [9, 10]. Karyotype
abnormalities have been observed in ESCs as well as in human iPSCs [11]. Therefore, further
studies are needed to ensure the stability and safety of ESC-derived progenitor populations
before their potential use in clinical applications. Because these particular cells have created
an ethical debate, the researchers have investigated fetal stem cells derived from voluntary
interruption of pregnancy as a potential cell source for bone tissue engineering [12]. The cells
that have potential medical applications, especially in organ regeneration [13–17], and
importantly posess no ethical issues concerning their employment are amniotic stem cells.
They are mixture of stem cells that can be obtained from the amniotic fluid [18–20] and the
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amniotic membrane [21]. They represent a novel class of PSCs with intermediate characteristics
between embryonic and ASCs, as they are able to differentiate into lineages representative of
all three germ layers but do not form tumours when injected in vivo [22]. They can develop
into various tissue types including skin, cartilage, cardiac tissue, nerves, muscle and bone [23–
25]. In 2006, Kazutoshi Takahashi and Shinya Yamanaka established for the first time murine
ES-like cell lines from mouse embryonic fibroblasts (MEFs) and skin fibroblasts by simply
expressing four transcription factor genes encoding Oct4, Sox2, Klf4 and c-Myc [26]. They
called these somatic cell-derived cell lines iPSCs. iPSCs exhibit similar morphology and growth
properties as ESCs and express ESC-specific genes. The discovery that somatic cells can be
reprogrammed into iPS cells has already had major effects on research in stem cell biology and
regenerative medicine, but many obstacles remained and need to be resolved to take full
advantage of this technology in research and therapy [27]. Therefore, the current clinical
protocols are based on the use of autologous MSCs as the cell population that is safe and easy
to obtain.

2.2. Sources of human MSCs

Extensive research of adult MSCs started in 1970 when Freidenstein et al. discovered these
cells in bone marrow tissue [28]. Later, the presence of MSC-like population was discovered
in a wide range of adult tissues, including trabecular bone [29], synovium [30], adipose tissues
[31], skeletal muscle [32], periosteum [33], dermis [34], blood [35, 36] deciduous teeth [37],
amniotic fluid [38] and umbilical cord blood [39]. Bone marrow-derived mesenchymal stromal
cells (BM-MSCs) have become one of the main cell sources for bone tissue engineering [40,
41]. Isolation of MSCs from bone marrow requires invasive procedures that can be quite
painful. Bone marrow aspirate could be obtained from the iliac crest, tibia or femur. Typically,
the frequency of MSCs in whole bone marrow of adults is between 5 × 10−4 and 10−5, which
corresponds to yield of a hundred MSCs per milliliter of marrow. Even though BM-MSCs are
rare, they are readily separated from the hematopoietic stem cells in culture by their prefer‐
ential attachment to the plastic surface [42] and can be easily expanded ex vivo. The presence
of MSC in adipose tissue has gained considerable attention because of the ease of accessibility
of adipose tissue and its abundance in the body. Adipose tissue-derived mesenchymal stem
cells (AD-MSCs) were first identified in 2001 by Zuk et al. A major advantage of AD-MSCs is
their relative abundance as well as their faster proliferation rate compared to BM- MSCs, which
allows more rapid expansion to obtain clinically relevant cell numbers [43, 44]. AD-MSCs have
similar osteogenic potential to BM- MSCs with the added advantage of being highly abundant.
For example, as many as 1 × 107 AD-MSCs can routinely be isolated from 300 ml of lipoaspirate,
with purity greater than 95% [45, 46]. Comparative analysis of human BM-MSCs and AD-
MSCs by Li et al. revealed that AD-MSCs have biological advantages in the proliferative
capacity, secreted proteins (basic fibroblast growth factor, interferon-γ and insulin-like growth
factor-1) and immunomodulatory effects, but BM-MSCs have advantages in osteogenic and
chondrogenic differentiation potential and secreted proteins (stem cell-derived factor-1 and
hepatocyte growth factor) [47]. These biological advantages should be considered systemati‐
cally when choosing the MSC source for specific clinical application. Nevertheless, the
utilization of human AD-MSCs in scaffolds for bone tissue engineering has been heralded as
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the alternative strategy of the twenty-first century to replace or restore the function of
traumatized, damaged or lost bone.

MSC-like cells can be derived from the umbilical cord from a newborn baby which contains
two arteries and a vein covered with mucus connective tissue rich in hyaluronic acid, referred
to as a Wharton's jelly [48]. The blood from the umbilical cord is a rich source for pluripotent
cells named as umbilical cord blood derived MSCs (UCB-MSCs). These cells are quite similar
to bone marrow-derived MSCs and have osteogenic potential in an optimized culture [49].
Many investigations have thus far been conducted on bone engineering by using these cells
and various scaffolds [50].

Several stem cell types in dental tissue have been reported including dental pulp stem cells
(DPSCs), stem cells from human exfoliated deciduous teeth (SHED), stem cells of the apical
papilla (SCAP), periodontal ligament stem cells (PDLSCs) and dental follicle progenitor cells
(DFPCs) [37, 51]. Since DPSCs can be easily isolated by enzymatic digestion of pulp tissue,
many studies have been conducted regarding bone engineering with these cells and appro‐
priate 3D scaffolds [52, 53].

2.3. Phenotypic characterization of MSCs

Phenotypic characterization of MSCs is usually carried out using immunocytochemical
detection or fluorescence-activated cell sorting (FACS) analysis of cell surface molecule
expression [54, 55]. Methods of immunodepletion using such techniques as magnet-activated
cell sorting (MACS) have also been used in the negative selection of MSCs [56]. However, the
lack of specific markers renders the characterization of MSCs difficult and sometimes ambig‐
uous, especially because many of these epitopes are shared between hematopoietic and
mesenchymal stem cells. It is interesting that MSCs from different species do not express the
same markers. The use of multiple markers such as cell surface cluster of differentiation (CD)
markers, ECM proteins, cell adhesion molecules, integrins, cytokines genetic and proteomic
fingerprinting can help identify MSCs. The most commonly used markers to identify MSCs
are CD markers. Positive MSC markers include: Stro-1, SH2 (CD105), SH3 (CD73), SH4, CD29,
CD44, CD54, CD90, CD133, CD166 and p75LNGFR, whereas negative markers are CD11,
Cd14, CD19, Cd31, CD34, Cd45, CD79 and HLA-DR [57]. The International Society for Cellular
therapy has provided minimum criteria for defining MSCs. Acceptable MSCs meet the
minimum requirements of CD73, CD90 and CD105 positive and CD14, CD34, CD45 and HLA-
DR negative expression [58].

2.4. Nonimmunogenic properties and immunosuppressive nature of MSCs

Previous studies have shown that yield of MSCs is affected by age and health of a donor. The
trend is that yield is decreased with donor age. Patients with degenerative diseases, such as
osteoporosis and osteoarthritis, tend to have lower MSC yield although they would benefit
the most from MSC-based therapies. The alternative is the use of allogeneic MSCs because they
have low immunogenic potential and immunosuppressive properties. Immunologic pheno‐
types of hMSCs are: positive expression for major histocompatibility complex (MHC) class I
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molecules, minimal expression for MHC class II and do not express the co-stimulatory
molecules CD40, CD40 ligand, CD80 and CD86 [59–62]. MSCs do not fully activate T cells
owing to the absence of CD80 and CD86 in their membrane. Apart from not being recognized
as alloantigens, MSCs are able to suppress the activation and proliferation of different cells of
the host immune system [59, 63–66]. Interleukin-10, transforming growth factor beta (TGF-β),
hematopoietic growth factor (HGF), prostaglandin E2 (PGE2), indoleamine 2,3-dioxygenase
(IDO) and nitric oxide (NO) were some of the soluble molecules associated with the immu‐
nosuppressive effect of MSCs [67–69]. Another important soluble molecule involved in the
immunoregulation of MSCs is HLA-G5, a non-classical human leukocyte antigen (HLA) class
I protein that protects the fetus against rejection from the maternal immune system [70]. The
HLA-G5 isoform released by MSCs can suppress allogeneic T cell proliferation and can also
induce the expansion of CD4+CD25highFOXP3+ regulatory T cells (Tregs). With regard to innate
immunity, HLA-G5 is able to inhibit the lysis of MSCs mediated by NK cells, as well as the
secretion of IFN-γ by these cells [71].

2.5. Tumor formation risk in MSCs application

In general, it is believed that MSCs can be safely cultured in vitro without risk of spontaneous
malignant transformation [72], but there have been no reports of human trials demonstrating
the formation of tumors with culture-expanded MSCs [73]. Concerns have been raised about
the safety of MSCs for clinical use as there have been some reports of sarcoma formation by
cultured murine MSCs in vitro and in vivo [74, 75]. The mechanism by which MSCs are
transformed into malignant cells is known to be related to chromosomal abnormalities,
including structural and numeric aberrations, and increases with higher passage numbers.
Rubio et al. showed that although MSCs can be managed safely during the standard ex vivo
expansion period (6–8 weeks), human MSCs can undergo spontaneous transformation
following long-term in vitro culture (4–5 months), and the transformed cells lead to the
formation of tumors in mice [76].

2.6. Osteogenic differentiation of MSCs

Various in vitro protocols have been developed to induce hMSCs to differentiate into meso‐
dermal lineages, such as osteoblasts, chondrocytes, adipocytes, as well as transdifferentiate
into tissue cells derived from different germ layers, such as neuronal cells or insulin-producing
cells [55, 77, 78]. Osteogenic differentiation is a highly programmed process consisting of many
stages, including proliferation, differentiation, matrix deposition, mineralization and matrix
maturation. The general protocol for in vitro bone differentiation of MSCs involves incubation
of the cell monolayer in a culture medium containing DEX, β-glycerophosphate and ascorbic
acid for a period of 2–3 weeks (Figure 1) [79]. DEX is a synthetic glucocorticoid that stimulates
MSC proliferation and is essential for osteogenic differentiation [80, 81]. Although the
mechanisms underlying DEX's effects are not well known, it has been speculated that DEX
upregulates the beta catenin-like molecule TAZ, which results in upregulation of Runx2-
related transcription factor and osteogenic differentiation [82]. The optimal concentration of
this reagent for MSC bone differentiation is approximately 10 nM, which corresponds to
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physiologic concentrations [83]. Organic phosphate released after enzymatic hydrolysis of beta
glycerol phosphate plays an important role in matrix mineralization. This free phosphate is
usually applied in 5–10 mM concentrations for MSC bone differentiation. Ascorbic acid is a
cofactor in the hydroxylation of prolines and lysine moiety of collagen molecules and is an
abundant protein in the ECM. This reagent is used in 50–500 μM concentrations [84]. When
MSCs are cultured in osteogenic media, they express the same markers as bone-forming
osteoblasts that are responsible for laying down the matrix and mineral during new bone
formation in vivo. The osteogenic differentiation of MSCs in vitro has been divided into three
stages. The first stage (days 1–4) is the proliferation stage where a peak in the number of cells
is seen. This is followed by early cell differentiation (from days 5 to 14), which is characterized
by the transcription and protein expression of alkaline phosphatase (ALP). After this initial
peak of ALP, its level starts to decline. Also found at an early stage is the expression of a
collagen type I matrix onto which the mineral is deposited. The final stage (from days 14 to
28) results in a high expression of osteocalcin and osteopontin, followed by calcium and
phosphate deposition [4, 85].

Figure 1. Monolayer of mesenchymal stem cells derived from human bone marrow before (A) and after 3 weeks of (B)
differentiation. Arrows mark bone-forming nodules.

In addition to osteogenic supplements, there are other substances that act as biochemical
signals capable of triggering cellular processes like growth, proliferation or differentiation.
The most common growth factors in bone tissue engineering are listed below.

Bone morphogenetic proteins (BMPs) are a family of cytokines that stimulates the proliferation
of chondrocytes and osteoblasts and increases extracellular matrix production. BMPs induce
the differentiation of MSCs into osteoblasts. BMPs allow not only skeletal tissue formation
during embryogenesis, growth, and adulthood but also bone healing process. In newborns’
skeletons, BMPs can be found in the collagen fibers of the bone matrix and also in cells located
in the periosteum and the bone marrow. After a fracture, BMPs’ growth factors diffuse from
bone matrix and activate osteoprogenitor cells which, in turn, produce more BMPs [86].

Fibroblast growth factors (FGFs) stimulate the proliferation of mesenchymal cells, osteoblasts
and chondrocytes. FGFs enhance the growth of different tissues due to their angiogenic
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properties. FGF-2 or bFGF is the most studied cytokine of this family for bone regeneration
applications [87].

Insulin-like growth factors (IGFs) promote the proliferation of osteoblasts and chondrocytes and
induce matrix secretion from both cell types [87]. IGFs stimulate collagen synthesis and
mineralization of bone tissue [88].

Platelet-rich plasma (PRP) is another known source of various growth factors, namely, platelet-
derived growth factor, transforming growth factor-β and vascular endothelial growth factor.
The applicability of PRP for the repair of bony defects is well established [89] and several
investigators have advocated the use of this product in combination with MSCs [90].

3. Scaffolds in bone engineering

3.1. Scaffold properties

The evolution of bone implant devices has resulted in an increase in knowledge about the
microenvironment where the replacement will occur, which results in changes in requirements
and properties of the biomaterials used. This evolution can be measured by defining three
different generations. However, these generations are not chronological but technological
since there is currently active research and development for each. First-generation bone graft
substitutes require the biomaterial to match the physical properties of the tissue to be replaced,
while maintaining inertness with the tissue microenvironment. These include metals such as
stainless steel, titanium and alloys; ceramics such as alumina and zirconia; and polymers such
as silicone rubber, polypropylene and polymethylmethacrylate. Second-generation bone graft
substitutes are made biodegradable with the aim that the rate of degradation matches the
healing rate of the injured bone tissue. These biomaterials are based on the use of synthetic or
natural polymers that can provide a controlled chemical breakdown under physiological
conditions into inert products that can be resorbed by the body. Examples of the synthetic
polymers include polylactide, poly(ε-caprolactone) and polyglycolide; and collagen, chitosan
and hyaluronic acid for natural ones. The mechanical and osteoconductive properties of these
polymers can be improved by forming composites with bioactive ceramics. Third-generation
bone graft substitutes try to get closer to the autograft standard by using biomaterials capable
of inducing specific cellular responses at the molecular level, by integrating the bioactivity and
biodegradability of second-generation devices. This type of bone graft is based on the concept
of bone tissue engineering, which focused on creating a device that enhances bone repair and
regeneration by incorporating bone progenitor cells or/and bioactive signals (e.g., growth
factors, small molecules) to stimulate cells into a scaffold made of various natural or synthetic
biomaterials or their combination and with sufficient vascularization to allow access to
nutrients to support this process. Nowadays, many groups worldwide seek to develop
scaffolds with osteoinductive properties that would enhance bone healing. These scaffolds
have to accomplish certain requirements and have to be:

Biocompatible—cells must populate the scaffold, adhere and proliferate. They should be able
to migrate as well as differentiate. Overall, cell function should not be compromised. The
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scaffolds should enable unobstructed transport of nutrients, gases, signaling molecules,
proteins and waste products in, out and within the scaffold.

Biodegradable—the scaffold should be replaced with host/donor cells (tissues). Therefore,
scaffolds must be biodegradable and byproducts must not be toxic. Ideal scaffold degradation
should mirror the rate of new tissue formation.

Biofunctional—the scaffold should meet as many as possible functional requirements of the
replaced tissue. Good scaffold should have specific mechanical properties and architecture,
similar to properties of the replaced bone tissue. Properties like elasticity, permeability,
compressibility, viscoelastic behavior, tensile strength and failure strain [91] should be similar
and should give shape to the tissue that is regenerated on it [92]. It is very important to have
strong, but at the same time, porous bone grafts. The pores should be big enough to allow
smooth cell migration and proliferation besides vascularization and small enough to enable
cell-to-cell communication and critical cell repopulation of the pores. Pores are crucial in a
process of degradation. Their size should allow and promote scaffold degradation.

The main disadvantage of scaffolds is the lack of vascularization. Inspired by the nature of
bone, different scaffolds have been studied extensively, and the main challenge is to precisely
balance a desired structural strength and porosity. To design bone scaffolds, materials should
have the desired biological properties for a specific application and should not be immuno‐
genic causing inflammatory response. The long-term goal is the development of the scaffold
that can be applied in a clinical setting. Manufacturing technology should follow good
manufacturing practice (GMP) procedures. Ultimately, the main goal is to develop scaffold
that fulfills all previously mentioned requirements and has slow-release properties of bioactive
molecule. Multiple factors (signaling peptides, adhesion peptides, growth factors, plasmid
DNA, antibodies, microRNAs, etc.) can be incorporated into scaffolds to promote osteoblast
migration, to manipulate tissue formation and to effectively enhance bone regeneration [93].
For instance, bone morphogenic protein 2 (BMP-2) was photo-crosslinked into biodegradable
diblock copolymers PEG-PLA and was slowly released as the polymer degrades [94]. Another
approach is to covalently bind the adhesion peptide like well-known arginine-glycine-
aspartate ligand or chemotactic factor like platelet-derived growth factors (PDGFs), to attract
osteoblast and promote osteogenesis [95, 96] or incorporate angiogenic (FGFs [97]) and anti-
angiogenic factors to control scaffold vascularization [98]. MicroRNAs can post-transcription‐
ally regulate gene expression and alter bone regeneration [99]. There are many problems to
that approach, and the major one is controlled release of bioactive substance together with its
rapid dilution. To reduce the risk of BMP dilution following release from the scaffold,
monoclonal anti-BMP antibodies are encapsulated within the scaffold [100].

3.2. Scaffold types

With respect to source of biomaterials, scaffolds can be divided into two main groups: the ones
made from natural and the ones made from synthetic materials. The natural biomaterials are
obtained from natural sources and processed to make desired scaffolds. A few decades ago,
researchers have discovered that decalcified bone matrix (DBM) possesses inherent osteoin‐
ductive properties (http://www.ncbi.nlm.nih.gov/pubmed/4870495), and DBM was used in
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the treatment of clinical orthopedic situations which has shown favorable results [101, 102].
Decellularized ECM (mammalian extracellular matrix) scaffolds recovered from allografts
(tissue from individuals of same species) and xenografts (tissue from individuals of different
species) have a desired three-dimensional porous structure and can be repopulated by host
bone-forming cells. ECM is a complex of different glycosaminoglycans, glycoproteins and
huge number of different small proteins. The cells can easily attach, grow and differentiate
with excellent viability. Decellularization and treatments such as freeze-drying, irradiation
and washing with acid minimize their immunogenicity, but some epitopes can still be
recognized by the host. These treatments prevent any infection to be transferred from the
tissue, but can affect their mechanical and biological properties [97]. Most commonly used
biological materials for bone tissue engineering are chitosan, collagen, hyaluronic acid,
alginate, elastin, cellulose, fibrin, gelatin, etc. Chitosan is a hydrophilic, linear polysaccharide
(suh, matthew, application of chitosan-based) obtained by alkaline deacetylation of chitin from
shrimp and other crustacean shells. It has many beneficial properties, such as biocompatibility
(no inflammatory or allergic reaction, (chatelet, damour, influence of the degree), biodegrad‐
ability (it is naturally degraded by hydrolytic enzymes such as lysozyme) and no toxicity [103].
Since collagen is the most abundant protein in various tissues including bone, scaffolds made
of collagen are very attractive for biomedical applications. Collagen is composed from two α1
chains and one α2 chain wrapped together by hydrogen and covalent bonds to form right-
handed triple helix. These fibers spontaneously pack together to form long thin fibrils of similar
structure. Collagen is an attractive material for a scaffold synthesis because its mechanical
properties can be altered by crosslinking, either with different chemicals (glutaraldehyde,
formaldehyde, etc.) or with physical treatments (UV irradiation, heating, etc.) [104–106].
Hyaluronic acid is a simple linear polysaccharide composed of a repeating disaccharide, and
it is hydrophilic, nonimmunogenic, and easy to modify and produce. It is easily replaced by
extracellular matrix produced by host cells due to hyalurodinase degradation. These materials
have a huge biological activity; they promote cell adhesion as well as cell growth. They are
biodegradable, allowing host cells to replace the scaffold with their own extracellular matrix.
The main drawbacks are their poor mechanical properties limiting their use as bone grafts and
the reproducibility of their synthesis. Immunogenicity, limited physical and mechanical
stability as well as limited resource of biomaterials have encouraged researches to develop
composites using synthetic materials.

Typically, two individual groups of synthetic biomaterials are used in the fabrication of bone
grafts: ceramics and synthetic polymers. Ceramics polymers (inorganic oxides and salts), such
are hydroxyapatite (HA), β-tricalcium phosphate (β-TCP) and biphasic calcium phosphate
(BCP) are mechanically stiff and have very low elasticity, making them suitable only for bone
tissue grafts. Ceramics perfectly imitate natural bone structure, and cell interaction with
ceramics promotes proliferation as well as differentiation of osteoblasts [107].

Synthetic polymers, such as polystyrene, polyglycolic acid (PGA) and poly-l-lactic acid (PLLA)
acid, have the rewarding and satisfying properties because their architecture can be adjusted
and changed by the composition of the polymer as well as by altering the synthesis method.
However, cell might have difficulties to attach and proliferate on their surface, so there is
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always the risk of rejection due to reduced bioactivity. Degradation of synthetic polymers
becomes the major issue because most of them are degraded by hydrolysis, causing lower local
pH and cell necrosis [108].

Since ceramics have excellent osteoinductive properties but low mechanical strength, and
synthetic polymers exhibit poor osteoinductivity but better mechanical strength and degrad‐
ability, in the past decade researches have been trying to develop the scaffolds made of ceramic
and polymer composites. Most commonly used 3D composites are made of synthetic polymers
such as poly(lactic) acid (PLA), PGA, poly(ε-caprolactone) (PCL), poly(lactic-co-glycolide)
(PLGA), poly(propylene fumarate) (PPF) and natural polymers such as collagen type I and
chitosan. These composites have rigid sponge-like structures often containing HA (133-138
from three-dimensional alexander). Hydroxyapatite increases attachment of mesenchymal
stem cells, differentiation to osteoprogenitors and promotes cell survival [109, 110].

3.3. The ideal scaffold for bone tissue engineering

The ideal scaffold is difficult to obtain and should be biocompatible, bioresorbable, osteocon‐
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studied and some have been commercialized for clinical application. The main advantage of
this system is that cells grown in 3D environment that is more representative to natural bone
tissue. Final goal is to produce a “living” scaffold providing mechanical support, bioactive
signal as well as cells with osteogenic potential. Researchers have developed bioreactors to
mimic physiological conditions. The main advantage is that this system enables controlled
manipulation of all variables. In contrast to classic static in vitro cultures, bioreactors allow to
apply mechanical stimuli that are very important in osteogenic differentiation [111]. Many
different bioreactors to promote good osteogenesis (Koller reactors [112]), spinner flask
bioreactors, [113] have been investigated. Recently developed perfusion bioreactors have
shown high efficiency in uniformed cell seeding on a scaffold, enhanced proliferation, great
supply of oxygen and nutrients throughout the scaffold as well as enhanced osteogenic
differentiation because the pump forces the medium to flow through the scaffold (Figure 2)
[114–117].

4. Systems for 3D cultivation of bone tissue

Ex vivo tissue-engineering (TE) strategies for de novo generation of bone tissue enclose the
combined use of autologous bone-forming cells and three-dimensional scaffold materials
serving as structural support for the cells [118]. Bioreactors are used as a tool for studying and
mimicking in vivo conditions in an in vitro environment for the growth of tissue substitutes
and represent the device used to develop biological processes by closely monitoring and
controlling the environment [119]. Parameters that must be controlled and appropriately
adjusted in order to perform controlled and successful experiments are:

• Temperature

• pH

• Oxygen diffusion

• Nutrient transport

• Waste removal

Tissue-engineering bioreactors can be used to aid the in vitro development of new tissue by
providing biochemical and physical regulatory signals to cells, encouraging them to undergo
differentiation and produce extracellular matrix prior to in vivo implantation [120].

This 3D cell expansion on a scaffold poses several challenges. The first challenge is the
transport of nutrients to cells and removal of waste metabolites from the interior of the
scaffold. In 2D cell culture diffusion provides nutrients and oxygen to all cells as well as waste
removal, but in 3D constructs diffusion is insufficient [121]. That represents an important issue
in tissue engineering, limiting the tissue growth due to insufficient nutrient transport [122].
To overcome this problem, scientists developed more complex bioreactor systems 3D tissue
culture to improve the media flow and transport of nutrients to cells which contribute to
balanced development of tissue [118]. Dynamic bioreactor culture systems are essential for in
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vitro cultivation and maturation of tissue-engineering bone grafts, in particular for larger bone
grafts where the core of the scaffold is more than 200 μm from the surface. Bioreactors improve
the mass transport of nutrients and overcome the diffusion limitation of traditional static
culture [123]. Bioreactors bring several advantages into the culture of functional tissues. They
do not only increase mass transport inside three-dimensional structures but also reduce the
handling steps, hence reducing contamination potential.

Fluid shear stress caused by mixing or perfusion the medium is also very important for bone
tissue engineering because it exposes the cells to mechanical stimulation. In vivo, mechanical
loading increase production of prostaglandins, alkaline phosphatase, collagen type I, along
with osteoblast proliferation and mineralization [124]. Mechanical loading of the skeleton
causes interstitial fluid flow through lacunar and canalicular space of bones. The cells lining
these spaces are then influenced by the mechanical stimulation provided by the fluid flow,
differentiating or proliferating accordingly [125, 126]. Based on this knowledge, it is clear that
the recapitulation of these mechanisms in vitro is essential for the growth and the regenerative
properties of human osteoprogenitor cells seeded onto scaffolds [127]. In vitro, mechanical
stimulation can encourage cells to produce extracellular matrix (ECM) in a shorter time period
and in a more homogeneous manner than in static culture [128]. A benefit of ECM production
is the increase in mechanical steadiness of the scaffold and tissue graft. Another important
advantage of bioreactors is induced cellular differentiation. Mechanical stimuli can be used
to encourage stem cells down a particular path and hence provide the cell phenotype required
[129].

As well as providing mechanical stimulation, bioreactors can also be used to improve cellular
spatial distribution. A heterogeneous cell distribution is a major problem in developing three-
dimensional tissue or organ in vitro [130]. Scaffolds in larger size range are easily fabricated,
but problems arise with culturing cells on these scaffolds. As the size of the scaffold increases,
diffusion of cells to the center becomes more difficult. Static culture conditions result in
scaffolds with few cells in the center [131]. Thus, bioreactors can be used in tissue-engineering
applications to overcome problems associated with traditional static culture conditions,
improve cellular distribution and accelerate construct maturation [132] while applying
biophysical signals to constructs to improve tissue formation in vitro prior to in vivo implan‐
tation [120].

The ultimate design of a tissue engineering bioreactor system must: (i) ensure a controlled and
rapid cell growth; (ii) facilitate uniform cell distribution; (iii) provide and maintain the
physiological requirements of the cell (nutrients, oxygen, growth factors); (iv) increase mass
transport both by diffusion and convection using mixing medium systems (v) expose cells to
physical stimuli; and (vi) enable reproducibility, control, monitoring and automation. For this
purpose, different dynamic culture systems have been developed. These systems improve
nutrient delivery to the cells and generate shear stress that promotes cell differentiation into
osteoblastic phenotype. Bioreactors for bone engineering applications are broadly classified
into few main categories, including rotating wall vessel, spinner flask, perfusion bioreactor
and compression systems. In addition to these, combinations of different types of bioreactors
have been explored in order to better mimic the bone physiological environment in vitro and
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all these systems for tissue culture are used to achieve a homogeneous cell growth within the
scaffold [120].

4.1. Rotating wall vessel bioreactor

Cells that grow in vitro—outside the body in 2D layers do not behave in the same way as cells
grown in vivo—inside the body. In vivo cells grow three-dimensionally and form tissues that
have modified their structure to perform a specific function and secrete extracellular matrix.
Two-dimensional growth represented a limit to the scientists who wanted to understand
mechanisms that govern cell behavior and tissue formation. In the 1970s, a small NASA group
of scientists began to think about space as a possible answer. The group believed if cells could
be grown without the Earth's gravity influence, they would not settle to the bottom of the
culturing container, instead they would be suspended in the medium and therefore might
compound and form tissue that more closely resembles the tissue in the body [133]. The
rotating-wall vessel (RWV), developed by NASA, was originally designed to protect cell
cultures from high shear forces generated during the launch and landing of the space shuttle.
When the device was tested on the Earth for cells in suspension, cells aggregated and formed
structures similar to tissues. These observations led to the possibility that the bioreactors might
be used to study co-cultures of multiple cell types and their association, proliferation and
differentiation during the early steps of tissue formation [134].

The RWV bioreactor provides a low turbulence culture environment which promotes the
formation of large, three-dimensional cell clusters. Due to their high level of cellular organi‐
zation and specialization, samples constructed in this bioreactor more closely resembled the
original tumor or tissue found in the body. Cartilage, bone marrow, heart muscle, skeletal
muscle, pancreatic islet cells, liver and kidney are just a few of the normal tissues cultured in
rotating bioreactors [133].

The RWV bioreactor (Figure 3A) consists of a cylindrical growth chamber with a gas exchange
membrane. The solid-body rotation is accomplished by a vessel rotating horizontally around
its axis, randomizing the gravitational forces acting on the cell surface. The culture chamber
is completely filled with medium and is oxygenated through a silicone rubber membrane by
an air pump that draws incubator air through the filter. As the vessel rotates, the liquid inside
accelerates until the entire fluid mass is rotating at the same angular rate as the wall. Thus, this
environment eliminates most of the disruptive shear forces associated with a conventional
bioreactor, scaffolds and cells obey simple kinematics and are uniformly suspended in the
culture medium with minimum shear forces. In this environment, cells aggregate and undergo
three-dimensional growth to form tissue-like structures. As aggregates grow during culture,
the speed of vessel rotation is increased to contrary gravitational sedimentation [134].

Cultures using an RWV bioreactor proved useful for growing tissues, such as bone. Many
studies showed enhanced proliferation, distribution and differentiation of osteoprogenitor
cells on scaffolds when cultured in a free fall manner in RWV-based bioreactor systems [135].
Until today, many designs of rotating bioreactor systems have been developed for dynamic
3D bone tissue engineering. One of them is RWV bioreactor with the scaffolds attached to the
external wall by use of stainless steel clamps. External and internal cylinders were driven by
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step motors and compared to the cultivation in static culture. The use of RWV resulted in better
cell proliferation and differentiation. The second one is a rotating bed bioreactor (RBB). In an
RBB, constructs are attached directly on the axis and moved between gas and liquid phases in
an alternating manner. One major benefit of the system besides the positive effect in terms of
proliferation and differentiation is the compatibility with good manufacturing practices (GMP)
standards. Disadvantage of RWV system is the collision of scaffolds with the bioreactor wall,
which may damage scaffolds and disrupt seeded cells. This can be omitted by the use of the
RBB concept. Another major disadvantage of the rotating system is that mineralization is
limited to the outer part of the scaffold. Internal nutrient transport limitations could not be
eliminated by rotation-based bioreactor systems [118]. Rotating wall vessels are limited to the
small-sized constructs due to insufficient transport inside the scaffold. Additionally, because
of the low range of values of shear stress, these systems may not be efficient in promoting
robust osteogenic differentiation. On the other hand, rotating wall vessels allow the accom‐
panying culture of several cell/scaffold constructs. These systems could be adopted to engineer
thin bone substitutes for the reconstruction of flat bones or as bone patches for restorative
applications of the skeletal system [3].

4.2. Spinner flask bioreactor

A simple bioreactor system based on media mixing is the spinner flask (Figure 3B). Spinner
flasks are composed of a glass media reservoir with side arms that can be opened to remove
scaffolds and media and also to allow gas exchange. The flask has a stir bar mechanism that
stirs the media in the flask. They are often used in bone tissue engineering because of the ability
to increase expression of early osteoblastic marker alkaline phosphatase, late osteoblastic
marker osteocalcin and calcium deposition as compared to static culture and rotating wall

Figure 3. Design of rotating vessel (A) and spinner flask (B) bioreactor systems.
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bioreactors. This effect is the result of convective transport of nutrients to the surface of the
scaffold in contrast to the purely diffusional transport in static culture. It also increases the
concentration of oxygen throughout the scaffold [136].

Scaffolds are hanging attached to vertical needles from the top of the vessel and are submerged
in the medium. The top of the vessel is usually used for gas exchange and medium oxygenation.
Mixing of the medium is maintained by stir bar mechanism at the bottom of the vessel. The
convective forces generated during stirring moderate the nutrient concentration gradients at
the surface of the scaffold and produce turbulences that enhance mass transport according to
the center of the samples [3].

Commonly, spinner flasks are around 120 ml in volume (up to 8 liters), are run at 50–80 rpm
and 50% of the medium used in them is replaced every 2 days [137]. An important advantage
of the spinner flask design is its maintenance of well-mixed environment within the flask.
However, spinner flasks are not always an ideal solution, since the constant mixing motion
causes turbulent flow within the capsule and the associated high shear stress. Spinner flasks
have been modified form their original design to reduce the turbulent flow. Current designs
induce small waves during mixing instead of the rough, turbulent flow induced from tradi‐
tional spinner flasks. Spinner flasks are intended for small-scale production and do not appear
to be used as much as other types. They are primarily used for the seeding of cells in 3D
scaffolds until they are ready for more large-scale cell culture procedures [119].

4.3. Perfusion bioreactor

Spinner flasks and rotating wall bioreactors do not effectively perfuse media through the center
of the scaffold. Bioreactors that use a pump system to perfuse media directly through a scaffold
are known as perfusion bioreactors [136]. In perfusion bioreactors, scaffolds are placed in the
perfusion chamber (Figure 4A) in a press-fit manner so that the medium is forced to pass
through the center of the samples [3]. Flow perfusion bioreactors have been shown to provide
more homogeneous cell distribution throughout scaffolds. This has resulted in greater
cellularity throughout the scaffold in comparison to static controls, suggesting the better
nutrient exchange [120].

These bioreactors have an advantage over the others because they provide a uniform mixing
of the media, enabling better control of the environment and the physical stimulation of the
cells in the bone tissue [121]. They are very effective for the culture of mesenchymal stem cells
and have been shown to induce osteogenesis. This is attributed to the ability of the perfusion
system to increase the transport of oxygen and nutrient through the scaffold and expose the
cells to the mechanical stimulation [137]. The optimization of the perfusion bioreactor protocols
for tissue engineering must ensure balance between the transport of substances and waste
metabolites and hold newly synthesized tissue within the scaffold, taking care of the fluid flow
rate which goes through the pores [120]. Many different perfusion bioreactor systems have
been developed, but most systems are based on the similar basic design—media reservoir,
pump, tubing circuit and scaffold chamber. The scaffold is sealed within the chamber so media
cannot flow around it. Thus, media flows directly through the pores of the scaffold [136].
Scaffolds should have interconnected pores and should have between 70 and 99% porosity in
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order to facilitate direct perfusion. In most cases, the major difference between the systems is
the design of the perfusion chamber because it is the key element to ensure deep perfusion of
the scaffold center [121]. Despite these difficulties, many perfusion bioreactor systems have
been developed and tested for bone tissue-engineering purposes [136]. The pump produces a
force that travels through the tubing circuit and perfuse the media through the scaffold pores
in a continuous or noncontiguous way [120]. This force represents the perfusion flow rate
applying mechanical stimulation in the form of shear stress to cells in the scaffold. This
mechanical stimulation proved to be a powerful tool to stimulate osteogenic differentiation,
and data show that cell-matrix and cell-cell junction molecules are capable of converting
mechanical stimuli into biochemical signals.

One of the most important parameters when optimizing a bioreactor is the flow rate. It depends
on the composition, porosity and geometry of the scaffold. The pump is capable of precisely
and consistently pumping flow rates from 0.01 to 6.0 ml/min through each chamber [138]. Still,
there is a big variation of values and there are not many studies that compare a significant
range of flow rates. It appears that the increase in flow rate leads to an increase in the deposition
of mineralized matrix. Very low flow rates such as 0.01 ml/min have been reported to lead to
higher cell viability, but this does not seem an optimal flow rate for bone tissue engineering
as it might be too low to actually accomplish an adequate distribution of nutrients, oxygen and
removal of waste products. It is also necessary to bear in mind that lower values of flow rate
will provide lower values of shear stress, which might facilitate cell attachment and spreading,

Figure 4. Design of the scaffold chambers in perfusion (A) and compression (B) bioreactor systems.
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hence leading to higher values of cell viability. Despite the wide variation of the flow rates
tested, it seems that the optimal values would range from 0.2 to 1 ml/min, depending obviously
on the system being used. This is the range of values that seems to have a more positive effect
on osteoblastic differentiation, ECM deposition and distribution [121]. Perfusion bioreactor is
so far the only system that produces such a force, making it ideal for growing large bone grafts
ex vivo [139].

4.4. Compression bioreactors and combined systems

Compression bioreactors (Figure 4B) were intended to mimic the bone physiological in vitro
environment, characterized by repeated mechanical stimulation required for functional bone
regeneration. Many studies provide evidence that mechanical loading, when combined with
flow perfusion, can play a main role in promoting survival and functional osteogenic differ‐
entiation of the cells within the scaffold. Short-term mechanical stimulation enhanced the
expression of several genes encoding for factors involved in osteogenesis, including RUNX2,
osteopontin, integrin-β1, TGFβR1, SMAD5, annexin-V and PDGFα [3]. These experiments
demonstrate that even short mechanical stimuli can be sufficient to activate the osteogenic
differentiation pathways in human mesenchymal stem cells. Compression bioreactors systems
consist of a motor, a system providing linear motion and a compression chamber in which one
or more clips apply static or dynamic compressive loads directly to the scaffold [3]. The
bioreactor chamber holds the scaffold in place and ensures hermetic sealing as well as force
transmission onto the cell-seeded scaffold. It consists of medium flow distributors, a flexible
force transmitting disk and the intended space for scaffold placement. The power transmission
rack includes a plunger, a pre-load screw and a cam-shaft. The chamber is placed on the clip
and fixed via tightening of the pre-load screw. The camshaft moves the clip in order to apply
a sinusoidal compression pattern onto the bioreactor chamber [140]. The system can be
controlled by a signal generator, and load response can be measured by using linear variable
differential transformers and load cell, respectively. In contrast to static culture, mass transfer
is considerably improved in compression bioreactor culture since compression leads to the
fluid flow through the scaffold [141]. The compression bioreactors provide a promising tool
for bone fracture research and for in vitro estimate of alternative fracture treatments based on
engineered tissue grafts, allowing the reduction of animal experiments.

5. Conclusion

Bone defects that are due to trauma or pathological and physiological bone resorption
represent a global health problem. The need for bone regeneration is one of the central issues
in regenerative medicine. Tissue engineering is becoming a useful addition to medical
therapies for repairing and restoring the function of bone tissue. Bone constructs elaborated
with tissue-engineering principles are a promising substitute for autologous bone graft and
have long been considered the golden standard for repair of large bone defects. Mesenchymal
stem cells from adult tissues are the most suitable cell source for bone tissue engineering.
Although the application of MSCs as cellular material facilitates the construct fabrication, more
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work needs to be done to fully determine the clinical potential, efficacy and safety of stem cell-
based treatments. There is a constant need in the development of new scaffolds that have
optimal characteristics, and are affordable as well as easy for manipulation. Bioreactor
dynamic setting enables better culture conditions and mechanical stimuli for improved bone
tissue growth. In spite of the existing problems, advances in the field are enormous and therapy
using scaffolds, healing signals and stem cells together should be able to solve the current
limitations in managing bone injuries.
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Abstract

Bone defects are the cause of functional disability and the restoration of skeletal function
remains an important challenge on orthopedics, neurosurgery and oral and maxillofa‐
cial  surgery.  Because  of  the  limitations  of  the  currently  used  techniques  for  the
reconstruction  of  bone  defects  and the  difficulties  for  the  implementation  of  new
therapeutic strategies, a new paradigm in the field of reconstructive surgery has arisen,
leading  to  tissue  engineering  and regenerative  medicine.  Mesenchymal  stem cells
(MSC) have emerged as a promising alternative for the treatment of bone lesions. It was
postulated that the therapeutic action was the result of proliferation and differentia‐
tion of MSCs, replacing injured tissue. However, recent studies have shown that MSCs
secrete a number of trophic factors that have a strong effect during repair and tissue
regeneration. This represents a shift from a paradigm centered on MSC proliferation
and differentiation to a new paradigm in which the MSCs exert their beneficial effect
by the secretion of paracrine factors that induce endogenous repair mechanisms. This
chapter will bring together basic and clinical aspects, focused on novel findings on MSC
paracrine effect and the development of new therapeutic strategies based on growth
factors, cytokines and signaling molecules involved in bone regeneration.

Keywords: mesenchymal stem cells, paracrine effect, bone regeneration, growth fac‐
tors, cytokines

1. Introduction

The regeneration of bone tissue remains an important challenge in the field of orthopedic and
maxillofacial surgery. Bone defects produced by trauma, tumors, infectious diseases, biochem‐
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ical disorders, congenital disorders or abnormal skeletal development are the major causes of
functional disability, and esthetic and psychological trauma for patients.

One of the goals of treating a bone defect is to restore the normal morphology and function of
the affected structure. Specific surgical techniques such as distraction osteogenesis, implanta‐
tion of biomaterials (bone substitutes) and implants of bone grafting have been developed to
reach bone regeneration [1, 2]. Demand for bone grafts is considerable and represents the
second most common procedure after blood transplants, with more than 2.2 million bone grafts
performed annually worldwide in orthopedics and dentistry [3].

Despite advances in bone regeneration and the availability of many treatments, most clinicians
and researchers continue to come to the same conclusion: autologous bone grafting remains
the “gold standard,” compared to other reconstructive procedures [4–9]. Bone from the same
patient lacks immunogenicity and contains all the elements necessary to effectively induce
tissue regeneration. It has osteoprogenitor cells which go directly to the implant site, cytokines
and extracellular matrix [5], providing the three classic elements of an ideal bone graft:
osteogenesis, osteoconduction and osteoinduction [5–7, 9, 10]. However, autologous bone
grafts have several important limitations, including high risk of morbidity in the donor site [5,
6, 11], with disadvantages in terms of costs, time of surgical procedure, discomfort for the
patient and possible complications.

Additionally, many times the volume of tissue available for the procedure is not sufficient to
fill or cover a defect, given the limited availability of autologous tissue [4, 10], and the quality
of the autograft is highly variable and is influenced by age and metabolic abnormalities of the
patient [7]. To overcome these limitations, a variety of exogenous substitutes, including
allografts, xenografts and alloplastic materials, have been introduced into clinical practice in
the past three decades [4]. However, these substitutes have less osteogenic and osteoinductive
properties [6, 12] and a greater possibility of transmission of infectious diseases [6, 8], restrict‐
ing their use [8].

In order to successfully overcome the shortcomings of current approaches for bone regenera‐
tion, tissue engineering emerged as a discipline that provides the necessary tools for bone
regeneration and restoration. The presence of cell populations that orchestrate the release of
growth factors, the maintenance of a stable matrix and the stimulation of angiogenesis are key
factors to successful regeneration of bone tissue, because they play a decisive role in the healing
process [13, 14]. The technologies developed recently based on tissue engineering, such as gene
therapy, stem cell therapy and the application of osteoinductive growth factors, looking for
the control of the dynamics of these elements to enable more predictable bone regeneration
surge as a significant promise in clinical practice [15].

Cell-based therapy for the regeneration of bone tissue has been extensively investigated.
Several cell types have been used as alternatives for the reconstruction of bone tissue, including
osteoblasts, embryonic stem cells, periostium derived-progenitor cells (a specialized cell type
that covers bone surfaces and have the potential to differentiate into multiple mesenchymal
tissues, including bone) and mesenchymal stem cells, also known as multipotential stromal
cells (MSC) [16].
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MSC has become one of the best alternatives in cell therapy and specifically in bone regener‐
ation. MSCs can be isolated from virtually all vascularized tissue and they are able to differ‐
entiate into various mesenchymal tissues such as bone, cartilage, muscle, tendon, adipose
tissue and hematopoiesis-supporting stroma. However, a growing number of recent reports
in the literature have revealed that even if a therapeutic effect can be documented, the
implanted MSC cells do not differentiate and do not survive for a long time [17, 18].

The use of MSCs in the treatment of musculoskeletal injuries was initially based on their ability
to differentiate into various cell types [1, 7, 8]. The rationale was that after implantation or MSC
injection, the cells would be able to colonize the injured site and differentiate into the appro‐
priate lineages. This mechanism has now been challenged by a new paradigm to extend it to
an alternative mechanism called paracrine effect, where MSCs secrete biologically active
molecules which have beneficial effects on the injured tissues [9] by inhibiting fibrosis,
apoptosis and inflammation [10, 11] and promoting angiogenesis and tissue regeneration [19–
21].

2. Physiological process of bone regeneration

For the development of new therapeutic tools for restoring bone defects exceeding the critical
size, it is necessary to look at the prototype model of physiological bone regeneration. This
process, involving a coordinated interaction of cells, growth factors and extracellular matrix,
consists of multiple and well-orchestrated stages that start immediately after the injury occurs,
with a local inflammatory response followed by the mobilization of hematopoietic and
mesenchymal stem cells to the site of injury to form new vascular networks, soft tissue matrix,
cartilage and/or bone and finally inducing mature bone formation [22–24]. All four compo‐
nents involved in the site of injury, including cortical bone, periosteum, bone marrow and
external soft tissue, contribute to a different extent in the healing process, depending on various
parameters such as growth factors, hormones and nutrients, pH, oxygen tension, the electrical
environment and mechanical stability [25].

Immediately after bone trauma, damage of the local vasculature at the site of injury is respon‐
sible for producing a blood clot or hematoma [24, 26, 27]. This hematoma is a localized
collection of blood products, including platelets, leukocytes, macrophages, fibrin, soluble
growth factors and cytokines, which in turn provides a matrix that allows the migration of
inflammatory cells, endothelial cells and fibroblasts [24] (Figure 1).

This first stage of fracture healing is the beginning of the so-called inflammatory phase, which
begins within the first 12 to 14 hours, has its peak during the first 24 hours and is completed
around 7 days after the injury. It is characterized by a destructive phase, with a local acute
inflammatory response and hypoxia. The first cells to arrive at the site of injury are neutrophils,
and subsequently macrophages and lymphocytes. Macrophages not only phagocyte necrotic
tissue but also release a number of growth factors and cytokines that initiate the healing process
of bone wound [26] (Figure 1).
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Figure 1. Temporal progression of bone healing. The healing response to bone injury is characterized by overlapping
biological processes: immediately after bone injury, hematoma formation and inflammatory response permits the re‐
lease of pro-inflammatory cytokines and growth factors that initiate the process of wound healing. Between days 1–7,
MSCs proliferate and differentiate into the osteogenic or chondrogenic lineages and increase the production of blood
vessels from pre-existing vessels. New bone formation occurs through intramembranous or endochondral ossification
that is finally mineralized, forming a mature bone that is continuously remodeled through the rest of his life.

The factors secreted by platelets, macrophages and bone cells include transforming growth
factor beta (TGF-β), vascular endothelial growth factor (VEGF), platelet-derived growth factor
(PDGF), interleukins 1 and 6 (IL-1 and IL-6), tumor necrosis growth factor alpha (TNF-α), bone
morphogenetic proteins (BMPs) [26, 27], fibroblast growth factor (FGF) and insulin-like growth
factors I and II (IGF-I and IGF-II) [26]. These factors stimulate the migration of multipotent
stem cells, probably originated from the periosteum, bone marrow, blood vessels and the
surrounding soft tissue and induce the differentiation of cells to different mesenchymal cell
types including angioblasts, fibroblasts, chondroblasts and osteoblasts [26].

During the following days, the construction phase starts. This phase is characterized by the
formation of new blood vessels [17], and the thrombus reorganization into granulation tissue,
which is then condensed in a soft callus providing an osteoid and/or cartilage scaffold, which
acts as a stabilization structure and a template for subsequent mineralization [26] (Figure 1).

Depending on the type of bone, the type of bone lesion, the morphology and structure of the
tissue and the fixation method, bone healing can take two forms: primary healing, where
osteoblasts secrete an osteoid matrix for future mineralization (intramembranous ossification);
and secondary healing, which occurs through the formation of a cartilage matrix produced by
chondrocytes, which is then replaced by an osteoid matrix with subsequent mineralization
(endochondral ossification) [24–27]. Most common growth factors related to bone healing,
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Depending on the type of bone, the type of bone lesion, the morphology and structure of the
tissue and the fixation method, bone healing can take two forms: primary healing, where
osteoblasts secrete an osteoid matrix for future mineralization (intramembranous ossification);
and secondary healing, which occurs through the formation of a cartilage matrix produced by
chondrocytes, which is then replaced by an osteoid matrix with subsequent mineralization
(endochondral ossification) [24–27]. Most common growth factors related to bone healing,
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osteoinduction and osteoconduction are: PDGF, BMPs [15, 28, 29], IGFs [28, 30], TGF-β [15,
28], FGF [24, 29] and VEGF [15, 24, 29].

Local vascularization at the site of injury has been identified as one of the most important
parameters that influence the healing process [14, 31, 32]. Bone formation can only proceed
successfully if the tissue is adequately vascularized [15]; therefore, angiogenesis is a key
component in bone repair. The new blood vessels carry oxygen and nutrients to the metabol‐
ically active callus, allowing gas exchange and the output of waste products and serve as a
route for inflammatory cells, and cartilage and bone precursor cells [33, 34], and also provide
the gateway of systemically circulating factors that can modify the bone healing process [34].
Vascularization is needed for both the formation of intramembranous and endochondral bone.
During the formation of endochondral bone, cartilage avascular environment is invaded by
blood vessels that allow the osteoblastic, chondroblastic and progenitor cells, to deposit new
bone on the surface of the islands of cartilage. During intramembranous ossification, vascu‐
larization is also needed to allow the arrival of osteoblast precursor cells [34].

Angiogenesis and migration of vascular endothelial cells are stimulated by pro-angiogenic
factors such as VEGF, BMPs, TGF-β, FGF and angiopoietins (especially angiopoyectina I and
II) [26].

Finally, over the course of months to years, the third stage, the remodeling phase of bone
healing occurs, whose main objective is to reshape the bone in order to restore its original
structure and strength. During this phase, osteoclasts reabsorb recently formed bone tissue,
due to the stimulation of growth factors and cytokines that promote osteoclastogenesis as TNF-
α, TGF and BMPs. Osteoblasts deposit more osteoid and calcium phosphate in the newly
regenerated bone, increasing the density of mineralized matrix. Therefore, the transverse
diameter of the bone decreases but the density of internal structure increases, closer and closer
to the architecture of the intact bone. As this stage keeps going, cellularity is gradually reduced
and bone density is enhanced [26].

3. Biological factors in bone regeneration

During the process of bone regeneration, the release of growth factors occurs as a series of
highly time-space regulated biological events. These soluble molecules are able to regulate
signaling cascades that specifically influence cellular responses such as differentiation and
proliferation [28].

Biological signaling molecules function effectively by a limited window of time to get a proper
result in the target cell. Therefore, it is necessary to have a precise understanding of the
temporal pathways for natural bone regeneration. Biological signaling agents can be classified
into the following categories: pro-inflammatory cytokines, growth and differentiation factors
and angiogenic factors. Pro-inflammatory cytokines are activated immediately after bone
injury and establish and maintain the acidic and hypoxic environment for the initial destruc‐
tion phase. Growth and differentiation factors function during the constructive and destructive
phases, while angiogenic factors are focal points for the revascularization of the wounded area
[25, 26, 35] (Table 1).
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Signaling
Molecules

Expression Pattern Source Target cells function

Cytokines
(IL-1,IL-6,
TNF-α)

Increased levels
from days 1 to 3
and during bone
remodeling

Macrophages
Inflammatory cells
Cells of mesenchymal
origin

Mesenchymal and
inflammatory cells

Chemotactic effect on other
inflammatory cells
Stimulation of extracellular
matrix synthesis, angiogenesis,
recruitment of endogenous
fibrogenic cells to the injury site
and at later stages bone
resorption

TGF-β Expressed from very
early stages
throughout fracture
healing

Degranulating platelets
Inflammatory cells
endothelium, extracellular
matrix, chondrocytes,
osteoblasts

MSCs,
osteoprogenitor
cells, osteoblasts,
chondrocytes

Potent mitogenic and
chemotactic for bone-forming
cells, chemotactic for
macrophages

PDGF Released at very
early stages of
fracture healing

Degranulating platelets,
macrophages, monocytes
(during the granulation
stage) and endothelial
cells, osteoblasts (at later
stages)

Mesenchymal and
inflammatory cells,
osteoblasts

Mitogenic for mesenchymal cells
and osteoblasts, chemotactic for
inflammatory and mesenchymal
cells

BMPs Various temporal
expression patterns

Osteoprogenitors and
mesenchymal cells,
osteoblasts, bone
extracellular matrix and
chondrocytes

Mesenchymal and
osteoprogenitor
cells, osteoblasts

Differentiation of
undifferentiated mesenchymal
cells into chondrocytes and
osteoblasts and osteoprogenitors
into osteoblasts

FGFs Expressed from the
early stages until
osteoblasts
formation

Monocytes, macrophages,
mesenchymal cells,
osteoblasts, chondrocytes

Mesenchymal and
epithelial cells,
osteoblasts and
chondrocytes

Angiogenic and mitogenic for
mesenchymal and epithelial
cells, osteoblasts, chondrocytes
α-FGF mainly effects
chondrocyte proliferation
β-FGF (more potent) involved in
chondrocytes
maturation and bone resorption

IGFs Expressed
throughout fracture
healing
and endochondral
ossification

Bone matrix, endothelial
and mesenchymal cells (in
granulation stage) and
osteoblasts and non-
hypertrophic chondrocytes
(in bone and cartilage
formation)

MSCs, endothelial
cells, osteoblasts,
chondrocytes

IGF-I: mesenchymal and
osteoprogenitor cells recruitment
and proliferation
IGF-II: cell proliferation and
protein synthesis
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Signaling
Molecules

Expression Pattern Source Target cells function

VEGFs Expressed during
endochondral and
bone formation

Bone matrix, endothelial
and mesenchymal cells

Endothelial
progenitor cells

Potent stimulators of endothelial
cell proliferation

Angiopoietin
(I and II)

Expressed from the
early stages
throughout fracture
healing

Extravascular tissue cells Endothelial
progenitor cells

Formation of larger vessel
structures, development of co-
lateral branches from existing
vessels

Essential signaling molecules in bone regeneration: their time of expression, source, target cells and their major
functions (Adapted with the permission from Dimitriou et al. [25]. Copyright© 2005).

Table 1. Biological factors in bone regeneration.

In the next section, we will list some of the common molecules associated with the bone
regeneration process, and describe their biological significance.

3.1. Transforming growth factor-beta (TGF-β) superfamily

Members of the TGF-β are the most widely studied growth factors in recent years. This
family includes, among others, five isoforms of TGF-β (1–5), bone morphogenetic proteins
(BMPs) and growth differentiation factors (GDFs), which participate in a complex series of
molecular events that lead to mesenchymal precursors during bone morphogenesis [25, 29, 33,
36]. They originate from high molecular weight precursors and are activated by proteolytic
enzymes. They act on serine/threonine kinase membrane receptor on target cells. This ligand-
receptor interaction activates intracellular signaling pathways which ultimately affects gene
expression in the nucleus [25].

3.1.1. Bone morphogenetic proteins (BMPs)

The BMPs are a unique family of proteins within the TGF-β superfamily that play an essential
role in regulating the formation, maintenance and bone repair [30]. To date, about 20 different
proteins have been termed BMPs, but not all of them have osteogenic potential [37]. Among
the BMPs with osteogenic potential we have, BMPs-2, -3 (osteogenin), -4, -6, -7 (also known as
osteogenic protein-1 [OP-1]), -12 (also known as growth/differentiation factor 7 [GDF-7]) and
-14 (also known as GDF-5, or cartilage-derived morphogenetic protein-1 [CDMP-1]). These
proteins have been evaluated for healing and bone regeneration in clinical and preclinical
models showing enhanced and accelerated bone formation [30]. In bone tissue, BMPs are
produced by osteoprogenitor cells, osteoblasts, chondrocytes and platelets. Their regulatory
effects depend on the target cell, stage of differentiation, local concentration, as well as
interactions with other secreted proteins. BMPs induce a sequential cascade of events leading
to chondrogenesis, osteogenesis, controlled angiogenesis and extracellular matrix synthesis
[37]. Large number of preclinical studies has shown that BMPs are capable of inducing bone
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formation at ectopic sites and induce critical size defects healing [29]. It has been shown that
BMPs 2, 4 and 7 play an important role in determining, migration, condensation, proliferation
and apoptosis of skeletal cells. It has also been reported that BMP-4 and BMP-7 are responsible
for inducing the cells of the neural crest, while BMP-2 is involved in the condensation of
mesenchymal cells appearing before formation of immature bone structures during both
endochondral and intramembranous ossification [33]. BMP-4 is predominantly active from
days 1–5 after injury, with a peak closer to day 5. The BMP-2 is active during the bone
regeneration process, culminating the bone remodeling to lamellar and haversian bone tissue,
while BMP-7 is active after 14 days [23]. Target cells of BMPs include MSC, bone marrow cells,
osteoblasts, myoblasts, prefibroblast and neuronal cells. The general effects on osteoblasts and
cells of the periosteum involve an increase in the activity of DNA synthesis and transcription
of genes involved in the synthesis of bone matrix proteins [23].

Scientific evidence of the role of BMPs in bone regeneration is overwhelming. There are a
number of publications confirming that the delivery of BMP at the site of injury promotes bone
regeneration in animal and human models [38–40].

BMP-2 and BMP-7 have been extensively evaluated in clinical studies of nonunion, bone
defects, open tibial fractures and spinal fusion, demonstrating their efficacy in the acceleration
of bone regeneration and healing of fractures [29]. In order to be used in the clinical practice,
a local and controlled delivery of BMPs is required; so, it is important to consider its short half-
life time. Various delivery systems have been developed to overcome this limitation [37].
Currently, there are several forms of the human recombinant proteins commercially available.
For example, for rh-BMP2: InductOs® (United Kingdom) and InFUSE (United States), (Med‐
tronic Sofamor Danek, Inc., Minneapolis, MN), which are supplied in a bovine collagen sponge
allowing slow release over time, and for rhBMP-7, Osigraft® (United Kingdom) and OP-1™
(United States) (Stryker Biotech, Hop-kinton, MA), in a bovine collagen granular form [34, 36,
37].

3.1.2. Transforming growth factor-beta (TGF-β)

The five isoforms of TGF-β regulate cellular functions such as proliferation, apoptosis,
differentiation and cell migration. TGF-β is produced by osteoblasts and chondrocytes, and is
stored in the bone matrix [25, 41]. TGF-β is also released by platelets and TGF-β1 indeed, was
the first member of the family to be described in human platelets, as a 25 kDa protein with a
possible role in the healing process [42]. During the initial phase of inflammation resulting
from a bone injury, platelets release TGF-β and therefore this factor seems to be involved in
the initial callus formation stage [25, 41].

TGF-β is a multifunctional, secreted protein, with different functions in the cell, such as control
of cell growth and proliferation, differentiation and apoptosis. TGF-β induces the proliferation
of MSCs, pre-osteoblasts, osteoblasts and chondrocytes and stimulates the extracellular
production of proteins such as collagen, proteoglycans, osteopontin, osteonectin and alkaline
phosphatase [25, 41]. It is also a potent chemotactic agent for MSCs. During chondrogenesis
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and endochondral bone formation, it induces the synthesis of BMP by osteoprogenitor cells,
and it inhibits the activation and promotes osteoclast apoptosis [41].

3.2. Platelet-derived growth factors (PDGF)

This polypeptide growth factor has potent chemotactic and mitogenic stimulatory effects on
MSCs [30], plays an important role in the differentiation of pre-osteoblasts to osteoblasts [43]
with the ability to promote angiogenesis during wound healing [30]. The PDGF family includes
four isoforms: PDGF-A, PDGF-B, the more recently discovered PDGF-C and PDGF-D [44].
PDGF-A and B form homodimers (AA or BB) and a heterodimer (AB) [30]. PDGF-AB and
PDGF-BB are variants circulating in alpha platelet granules and are released when platelets
bind to the site of injury. The PDGF-BB variant has an active role in mitogenesis and chemotaxis
of cells in the injured area [15] and plays a key role in bone regeneration [23]. After bone injury,
PDGF is released by macrophages and platelets and acts as a potent chemo-attractant and
mitogenic factor for cells of mesenchymal lineage, recruit fibroblasts, endothelial cells,
osteoblasts and cells of the immune system. PDGF is active during the first 72 hours after injury,
and as a promoter of angiogenesis plays a role in revascularization of bone defects [23].

3.3. Fibroblast growth factor (FGF)

They constitute a family of structurally related polypeptides with a potent mitogenic effect on
osteoprogenitor cells [29]. They are humoral factors originally identified by their ability to
stimulate cell proliferation [33]. During bone healing, they can be secreted by monocytes,
macrophages, mesenchymal cells, osteoblasts and chondrocytes in the early stages of bone
fractures healing [33]. Members of the FGF family are present at the site of the wound for up
to three weeks and its main activity is to stimulate endothelial cell migration and subsequent
angiogenesis and mesenchymal cell mitogenesis [25, 34]. α-FGF mainly affects chondrocyte
proliferation and is probably important for chondrocyte maturation, while β-FGF is expressed
by osteoblasts and is generally more potent than α-FGF [45].

3.4. Vascular endothelial growth factor (VEGF)

Two separate pathways are involved in the regulation of angiogenesis during bone healing: a
VEGF dependent pathway and the angiopoietin-dependent pathway [31]. VEGF is a potent
angiogenic [29, 43] and vasculogenic [23] factor that not only increases the differentiation and
proliferation of endothelial cells but also increases the tubular formation and mobilization and
recruitment of endothelial progenitor cells [34]. VEGF is increased in response to hypoxia,
ischemia and during healing of bone tissue [15, 34]. It has been shown that VEGF works
synergistically with BMPs. VEGF by itself does not promote bone regeneration, but rather acts
in coordination with BMPs to increase the recruitment of MSCs to the defect site and induce
active differentiation of osteoblasts [46]. VEGF is expressed predominantly 14 to 21 days after
the injury; and therefore, it is a candidate for early in situ application to promote mineralization
and bone regeneration remodeling [23].
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3.5. Insulin-like growth factors (IGF)

IGF-1 and -2 play a critical role in stimulation of organogenesis and growth during the first
stages of embryogenesis as well as in regulating the functions of specific tissues and organs in
later stages of development [47]. The sources of IGF-1 and IGF-2 are the bone matrix, endo‐
thelial cells, osteoblasts and chondrocytes [25]. IGF-1 promotes bone matrix formation (type I
collagen and non-collagenous matrix proteins) by fully differentiated osteoblasts and is more
potent than IGF-2 [45]. IGF-2 acts at a later stage of endochondral bone formation and
stimulates type I collagen production, cartilage matrix synthesis and cellular proliferation [25].

4. Regenerative therapies

Clinical failure of bone tissue is defined as a discontinuity of the integrity of bone resulting
from trauma, congenital malformation or surgical recession. Particularly, bone deficiency
“critical size” is the bone defect that cannot regenerate spontaneously during the lifespan of
the patient and, therefore, requires a surgical intervention for recovery [23].

The processes that drive the biology and biomechanics of bone regeneration remain largely
unknown. During regeneration of bone tissue, many highly complex interactions between
multiple cell types are mediated by soluble and insoluble factors and they have not been
sufficiently characterized. The challenge for tissue engineering and regenerative medicine is
to rebuild the regenerative healing process of bone tissue and then join the components to
produce osteoangiogenic and, therefore, osteoregenerative therapies that fulfill the biome‐
chanical parameters for the healing of a bone defect that exceeds the critical size.

We must remember that the bone has an inherent capacity for regeneration, so it is important
to not only design therapies that do not interfere with the natural regenerative processes but
also complement them and work synergistically with the endogenous bone healing process.

Regenerative therapy of bone tissue should include the three essential elements of bone
regeneration: osteogenesis, osteoinduction and osteoconduction. Osteogenesis refers to the
ability to produce new bone by bone-forming cells. Osteoinduction is the process whereby the
presence of biological mediators stimulates the recruitment of mesenchymal stem cells to the
wound site and their subsequent differentiation into mature bone cells, and osteoconduction
is the physical property of providing a matrix facilitating the invasion of blood vessels and the
new bone formation [48, 49].

Based on these fundamental principles, the main goal of regenerative medicine in clinical
treatment is to reduce surgical morbidity by applying biological signals or cellular components
that allow the reconstruction and restoration of lost tissue without autologous tissue transfer.

4.1. Mesenchymal stem cells-based therapy

Bone cell-based therapies seek to create viable tissue equivalents, providing live and meta‐
bolically active cells to repair the site of injury by continuous synthesis of bone matrix [50].
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Mesenchymal stem cells are the center of a multitude of clinical studies currently underway
(http://clinicaltrials.gov) [51]. Scientific evidence shows that they are one of the best choices in
cell therapy, because of their ease of access and isolation, great potential of expansion in
culture, immunosuppressive properties, paracrine effect and ability to migrate to injured
tissues [52]. Moreover, their great therapeutic potential has been documented in the repair and
regeneration of injured tissues in nearly every organ of the body, including the heart [53],
immune system [54], liver [55], kidneys [56] and bone and cartilage tissue [57].

Mesenchymal stem cells are defined as pluripotent cells capable of self-renewal and differen‐
tiation into various specialized types of mesenchymal cells, such as osteoblasts, chondrocytes,
adipocytes, myocytes, fibroblasts [52, 58–61]. MSCs are a group cells that have been isolated
from virtually every vascularized tissue [62]. MSCs are a group cells that have been isolated
from virtually every vascularized tissue [52]; however, recent reports have documented that
they can also be isolated from other sources as umbilical cord [62], peripheral blood [63],
adipose tissue [64–67], hair follicle [68], periodontal ligament [69–72], gingival tissue [73] and
dental pulp [74, 75], among others.

MSCs, for its ability to differentiate to multiple lineages, specifically, their osteogenic potential
and their immunomodulatory, anti-inflammatory and anti-apoptotic properties, have become
a major tool in cell therapy for the regenerative treatment of pathologies affecting functionally
bone tissue [76–79]. In vitro analyzes show that MSCs induced by osteogenic differentiation
medium increase the expression of osteogenic differentiation markers such as alkaline
phosphatase, osteocalcin, osteopontin, bone sialoprotein and calcium deposits in the extrac‐
ellular matrix. The progress in the study of the biology of bone tissue and the isolation and in
vitro cultivation of MSCs opened the possibility of studying the molecular and biological
mechanisms of bone regeneration, making significant progress, as evidenced by the more two
thousand publications of experimental reports on the application of MSCs in bone defects in
animal models promoting bone regeneration, and the more than five hundred clinical trials
currently registered on the NIH clinical trials website (http://clinicaltrials.gov) [51].

4.1.1. MSCs mechanism of action

The mechanisms through which MSCs enhance the bone tissue repair process are complex,
since they can participate in the three phases of bone healing: inflammation, proliferation and
remodeling [80]. The in vivo identity and location of MSC have been difficult to establish.
However, various reports, especially the work of Crisan et al., presented evidence of a
relationship between MSCs and perivascular pericytes. Irrespective of their tissue origin,
perivascular cells exhibit osteogenic, chondrogenic and adipogenic potentials and express
MSC markers [81]. Based on these reports, Caplan suggests that all MSCs are pericytes, which
would explain the presence of MSC in all vascularized tissues. When an injury disrupts the
normal architecture of the blood vessels, pericytes are activated giving rise to MSCs that then
contribute to tissue repair by secreting trophic factors that can control the endogenous
inflammatory reaction, promote angiogenesis and stimulate the proliferation and differentia‐
tion of progenitor cells [82] (Figure 2).
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Figure 2. Schematic model of the MSCs’ paracrine effect on tissue regeneration.

As mentioned before, a growing number of recent reports in the literature have revealed that
even if a therapeutic effect can be observed, the implanted MSC cells do not differentiate and
do not survive for a long time. For example, in an animal model of acute myocardial infarction,
it was established that the MSCs implanted do not survive, and only 4.4% of grafted MSC
could be found 1–2 weeks after transplantation [17], and MSC transplantation in a model of
spinal cord injury in rats revealed that MSCs implanted disappeared from the host after 1–2
weeks [18]. It has been also reported that human adipose tissue-derived MSCs effectively
induce bone regeneration in rabbit jaws, but they do not differentiate and do not survive more
than 12 days in the site of implantation [21]. Recent reports have demonstrated that many of
the therapeutic effects of MSCs can be mediated by the secretion of trophic factors, opening
the possibility that direct administration of these mediators may replace the use of the cells in
some instances [57]. This implies a shift from a paradigm centered on cell differentiation to a
new vision where the MSCs can have a therapeutic effect even if they are not grafted or
differentiated into specific tissue cells, which significantly increases the options of MSC
therapeutic applications. According to this concept, Caplan has proposed that the most
important feature of the MSC which determines its therapeutic potential is not their stemness
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but the ability to secrete a large number of trophic factors, and he has proposed that their name
to be changed to medicinal signaling cells, keeping the same MSC acronym [83].

Caplan also proposes a model whereby MSCs exert their therapeutic action at the site of the
injury by two different activities: from the front of the cells, away from the area of injury, MSCs
create a curtain, by the production of bioactive molecules that control local inflammation and
prevent autoimmune reactions. From the back of the MSC, they produce molecules that: (1)
stop scar formation, (2) inhibit cell apoptosis due to ischemia, (3) stimulate the formation and
stabilization of blood vessels and (4) secrete trophic factors that induce the replication of
endogenous tissue progenitors [84] (Figure 3).

Figure 3. Schematic diagram illustrating the concept of application of MSC conditioned media in bone injuries. The
MSC secretome, containing chemokines and growth factors, promote the recruitment of endogenous osteogenic cells
and stimulate their migration to injured sites, inducing their differentiation and bone formation.

4.2. Secretome as a therapeutic strategy: conditioned media

The broad spectrum of factors secreted by the different types of MSCs is generally referred as
MSC secretome. Recent data demonstrate that MSC secretome factors, collected as conditioned
media (CM), are sufficient to exert the MSC therapeutic effects.

Previous studies have reported many growth factors and cytokines derived from the CM of
various stem cells [19–21, 85–89], which could be responsible for the paracrine protective effects
of stem cells against several diseases. Consequently, the use of stem cells CM instead of direct
implantation of stem cells may be a feasible approach to overcome the limitations of current
cell-based therapy. In addition, because CM is not a cell, but a conjugate of many growth
factors, the administration of CM has no ethics concerns related with cell therapies.

However, secretomic signatures of the various types of MSC are not completely known, and
the qualitative and quantitative characterization of MSC secretomes and their functions in
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secretome-mediated repair will contribute to the development of new regenerative therapies
that will not require cell transplants [90].

Recently, the great potential of tissue engineering and regenerative medicine strategies for
bone augmentation has been demonstrated, and the feasibility of using CM from MSC as an
osteoinductive agent for future clinical use is becoming more evident. CM from bone marrow-
MSC increased the migration and proliferation of MSCs, vascularization and the early bone
regeneration in rabbit sinus model, showing CM as a promising novel therapeutic agent to
promote bone regeneration after maxillary sinus floor elevation [91]. It has been shown that
CM can have stronger effects than MSCs, accelerating the mobilization of endogenous
endothelial and MSC cells for bone regeneration in rat calvarial bone defect model [92].
Intravenous administration of MSC-CM provided the protection of osteoblasts and osteoclasts,
induced angiogenesis, anti-apoptotic and anti-inflammatory effects in a rat bisphosphonate-
related osteonecrosis of the jaw-like model [93]. It has also been reported that the use of MSC-
CM may be an alternative therapy for periodontal tissue regeneration [94]. CM from human
MSC accelerates the formation of new bone callus, shortening the time period required for
distraction osteogenesis treatment in a mouse model by recruiting endogenous mouse bone
marrow stem cells (mBMSCs) and EC/EPCs via MCP-1/-3 and IL-3/-6 signaling [95].

We have also reported that human Ad-MSCs and their CM induce bone regeneration in a jaw
rabbit model, and that morphometric, radiographic and histological analysis demonstrate that
the amount and quality of neoformed bone, repaired area, bone density, arrangement of
collagen fibers, maturation and inorganic matrix calcification are very similar between Ad-
MSC and CM-treated groups [21] (Figure 3).

5. Perspectives

All the scientific evidence on the paracrine effect of MSC provide the opportunity to exploit
the therapeutic potential of MSC-CM and opens up scenarios for the identification of new
candidate molecules for tissue repair via proteomic analysis of the MSC secretome. MSC-CM
delivers osteoinductive growth factors and cytokines that modulate the behavior of endoge‐
nous cells contributing to the formation of new tissue. Furthermore, the use of MC allows us
to avoid some of the limiting factors associated with the clinical application of stem cells, such
as the risk of tumorigenesis and transmission of infectious diseases [80], immunological
incompatibility, costs and waiting time for cell ex vivo expansion [80].

The use of MSC-CM as a novel therapeutic strategy has several practical advantages. CM
storage and transportation procedures are not as complex as they are for MSC. CM production
can be less expensive, enabling access to disadvantaged populations and reducing costs for
health systems.

Despite the advantages of its use, CM application may not always supersede the use of MSC,
and it is possible that for some type of disorders MSC could be a more effective alternative.
The number of known molecules mediating the paracrine effect of MSC grows every day, and
significantly increases the potential range of their therapeutic applications.
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Abstract

In the arena of orthopaedic surgery, autograft is considered to be the gold standard for
correction of fracture repair or other bone pathologies. But, it has some limitations such
as donor site morbidity and shortage of supply, which evolved the use of allograft that
also has some disadvantages such as immunogenic response to the host, low osteoge‐
nicity as well  as possibilities of disease transmission. Despite the benefits  of  auto‐
grafts and allografts, the limitations of each have necessitated the pursuit of alternatives
biomaterials that has the ability to initiate osteogenesis, and the graft should closely
mimic the natural bone along with regeneration of fibroblasts. A variety of artificial
materials such as demineralised bone matrix, coralline hydroxyapatite and calcium
phosphate-based ceramics such as hydroxyapatite (HA), β-tricalcium phosphate (β-
TCP) and bioactive glass have been used over the decades to fill bone defects almost
without  associated  soft  tissue  development.  Most  of  them  were  having  only  the
properties  of  osteointegration and osteoconduction.  Only bioactive glass  possesses
osteogenic property that stimulates proliferation and differentiation of osteoprogeni‐
tor cells and in some cases influencing the fibroblastic properties. But, this material has
also some disadvantages such as short-term and low mechanical strength along with
decreased fracture  resistance;  but,  this  was  further  minimised by  ion doping that
positively enhanced new bone formation. There are many metal ions such as magne‐
sium (Mg), strontium (Sr), manganese (Mn), iron (Fe), zinc (Zn), silver (Ag) and some
rare earths that have been doped successfully into bioactive glass to enhance their
mechanical and biological properties. In some of the cases, mesoporous bioactive glass
materials with or without such doping have also been employed (with homogeneous
distribution of pores in the size ranging between 2 and 50 nm). These biomaterials can
be served as scaffold for bone regeneration with adequate mechanical properties to
restore bone defects and facilitate healing process by regeneration of soft tissues as well.
This chapter encompasses the use of bioactive glass in bulk and mesoporous form with
doped therapeutic ions, their role in bone tissue regeneration, use as delivery of growth
factors as well as coating material for orthopaedic implants.

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.



1. Introduction

Bone tissue repair and regeneration have made considerable strides in the modern era. An in-
depth perceptive of the underlying principles has been achieved, new methods and materials
developed and a multidisciplinary approach was used to accomplish successful bone tissue
regeneration. Many scaffold systems have been planned for hard tissue engineering. Novelty
has been worked out in terms of scaffold design, material selection, inclusion of drugs and
growth  factors,  mechanical  stability  and  bone  regeneration  competence.  Nevertheless,
autografts are still considered as ‘gold standard’ for bone tissue repair; equivalent osteogenic
or osteoinductive performance is not obtained by the synthetic bone graft substitutes. Due to
limitations of  autografts  in  sufficient  quantities  to  meet  the overall  medical  demand for
orthopaedic implants, allografts and xenografts are alternatives sources to overcome such
problems, but are having the risks of disease transmission and immune rejection. As a result,
synthetic bone graft substitutes are the rational choice to meet the huge demand for orthopae‐
dic implants,  even though its  inherent limitations in terms of  strength,  osteoconduction,
osteoinduction, osseointegration and biodegradation. Accordingly, modern research area has
been focussed on development of new biomaterials, modification of mechanical and structur‐
al features, improvement of biocompatibility, osteoinductivity and to incorporate growth factors
and stem cells onto scaffolds to encourage bone regeneration.

Bone tissue regeneration strategies intend to use synthetic temporary templates to assist the
natural healing of bone defects. Bone extracellular matrix (ECM) containing collagen fibrous
structure, with mineralised calcium phosphate, is secreted from osteoblasts [1, 2]. For effective
bone regeneration in non-load-bearing defects require a biomaterial scaffold that might have
a three-dimensional (3D) fibrous structure mimicking the ECM [3–5] and can be easily placed
into position during surgery. The scaffolds are also required to be biocompatible (should not
elicit an inflammatory response nor exhibit immunogenicity or cytotoxicity), bioactive (bond
with bone), bioresorbable, allow new bone formation at an acceptable rate, be economical to
make and allow easy fabrication into the final preforms [6–8]. The scaffolds must be easily
sterilisable to prevent infection especially for bulk degradable scaffolds [9]. Additionally, the
mechanical properties of the scaffold must be optimal to prevent structural failure during
handling and patient’s normal activities. Furthermore, controllable interconnected porosity is
of paramount necessity for cells to grow into the scaffold and to support angiogenesis. The
scaffolds should also have porosity of 90% with pore diameter of at least 100 μm for proper
cell penetration and vascularisation of the ingrown tissue [10–12].

A number of inorganic and organic materials are being used as bone substitutes that include
calcium phosphate ceramics, phosphates of magnesium, sulphate, carbonate and silicate of
calcium and collagen with positive cell-material interactions. Inert inorganic materials, such
as alumina, zirconia, titanium alloy and cobalt-chromium alloy, are also used in hard tissue
applications, but lack resorbability and absence of osseointegration at the bone-implant
interface. Positive interaction with cells was established using synthetic biodegradable
polymers, such as polylactic-co-glycolic acid (PLGA), polycaprolactone (PCL) and polyethy‐
lene glycol (PEG) [13, 14]. The degradation products of these materials have no detrimental
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effects in body system. Furthermore, degradation rate, hydrophilicity and mechanical strength
can be controlled by changing the chemical composition. Many natural biopolymers are also
available and are very suitable bone substitutes in terms of cell-material interactions. Large
polymers of very high molecular weight such as chitosan, alginate, cellulose, gelatin, collagen,
keratin and hyaluronic acid also exhibit favourable cell-material interactions. Additional
biocompatibility to a structurally stable scaffold is the selection criteria for bone substitute
materials currently in vogue [15, 16].

In bone tissue engineering, commonly used materials are ceramic and glass due to their
superior biocompatibility. Poor mechanical strength and stability are the major deficits
rendering them unsuitable as porous scaffolds. In addition, processing defects such as
irregularly shaped pores, surface defects and residual stress, all reduce the mechanical strength
of the scaffold systems. These limitations compelled the researchers to find out the solutions
for the improvement of biological performance of these materials by combinations of various
strategies to augment cell-material interactions and stimulation of cells to ensure rapid but
controlled bone regeneration. One of the alternate strategies is metallic ion doping for
improving biological performance enhancement.

The aim of this chapter is to summarise the recent advancement of metallic ion dopants in
addition to bioactive glass scaffold and their studies in orthopaedic surgical challenges. Our
discussion broadly covers innovations in materials development and fine tuning together with
structural and functional improvisations.

2. Bioactive glass materials

“Bioactive” glass can be defined by its name itself, which include “Bioactive”, means One that
elicits a specific biological response at the interface of the material which results in the formation of a
bond between the tissues and the material, and “glass”, often defined as solid that possesses a non-
crystalline (that is, amorphous) structure at the atomic scale and that exhibits a glass transition when
heated towards the liquid state [17]. In short, bioactive glass has been designed to elicit a particular
biological reaction at the interface of the material, which stimulates cell proliferation, gene
response and the formation of a bond between living tissues and the material [17–20]. Its
surface develops a biologically active apatite layer (HCA), which initiates bonding with bone.
The apatite phase formed chemically and structurally mimics the mineral phase of bone [21].
Among other essential qualities of bioactive glass are that they should be non-mutagenic, non-
carcinogenic and non-antigenic so that they do not have any adverse effect on the cells [22].
With these typical properties, bioactive glasses are reported to be capable of more bone
regeneration than other bioactive ceramics available. However, in the case of bioactive glass
there are many areas to improve as it has not yet reached its true potential.

The invention of bioactive glass was not by accident, in contrary it was being invented through
a series of curious set of events. The first bioactive glass as an alternative to nearly inert implant
materials was invented by Prof. Larry Hench at the University of Florida in 1969. A US army
colonel, returned from Vietnam war, asked him if material could be developed that could
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survive the aggressive environment of human body. All available materials at that time, such
as metals and polymers, were designed to be bio-inert, which were found to trigger fibrous
encapsulation after implantation rather than forming a stable interface or bond with the tissues
[23]. The melt-derived bioactive glass invented by professor L. Hench was composed of 46.1
mol% SiO2, 24.4 mol% Na2O, 26.9 mol% CaO and 2.6 mol% P2O5, later termed as 45S5 and
Bioglass®, which forms a bond with bone strong enough so that it could not be removed
without breaking the bone [24]. It is now almost 50 years since the discovery of bonding of
bioactive glass with living bone and over time many advances have been made in this field,
understanding the mechanism of bone bonding, and respectively modifying the properties of
bioactive glass by adjustment of the composition [25–28]. The most interesting aspect of
bioactive glass is the high adaptiveness to the biological environment and the tuneable
properties, by which the rate of bonding with bone can be controlled, thus the fabrication of
patient-specific implants is possible. Today, new bioactive glasses can be made specifically for
different types of clinical applications, in different forms such as fibres, microspheres and to
show required bioactivity at when implanted.

2.1. Synthesis

According to process method used, bioactive glasses can be classified into two different
categories: (1) melt derived, (2) sol-gel derived. In these fabrication techniques, melting method
is traditional [27, 29–32]; however, the latter appealed the scientists in the last two decades [33,
34]. The synthesis route of bioactive glass has eminent effect on the specific surface area as well
as degradability of the material.

2.2. Melt derived

The first bioactive glass itself made by Professor Larry Hench in the 1970s was made through
melt-quenched method. The idea behind the invention was to make an implant material which
can form a hydroxyapatite (HA) layer on its surface when implanted, which can develop a
living bond with the host [35]. As the main aim was to mimic bone and bone contains hydrox‐
yapatite [Ca5(PO4)3OH], Ca+ and PO4

3– were taken as a component of glass. The other main
components of glass Si4+ and Na2+ can also be found in human body. Among the compositions
Hench and co-workers made, 45S5 were found to bond with rat femur. The selection of the
components of this glass, named as Bioglass®, was ideal. The low silica content compared to
the previous soda-lime-silicate glasses forms a layer of silica and amorphous calcium phos‐
phate on the surface of the implant. Since then the research on bioactive glass somehow
concentrated mostly compositions similar to 45S5 bioactive glass.

Most of those bioactive glasses were produced by melting raw materials at an elevated
temperature because it is a simple, low-cost technique and does not take much time to
complete. It typically involves raw materials selection, weighing, mixing of components in
appropriate proportion and removal of impurities to get a homogeneous melt. The reactivity
of a glass in aqueous solutions is strongly dependent on the composition of the glass and thus
the choice of composition is very important. Because the limited range of glass composition
shows bioactivity, the glass composition should be chosen in a way so that it can be melted
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and formed into required shapes with available methods. The raw materials can be divided
into five different categories according to their role: glass former, flux, modifier, colourant and
fining agent. Glass formers are the most important components of glass as they form the matrix
of the glass structure. Silica (SiO2), boric acid (B2O3) and phosphoric acid (P2O5) are the most
common type of glass former normally present in oxide glass. In between these silica is widely
used; however, the melting temperature of silica is too high (1600–1725°C) and so different
types of flux such as Na2O and PbO can be used to decrease the melting temperature of the
mixture. The addition of flux sometime degrades the properties of glass, which can be
overcame by introducing different property modifier or intermediates such as boron, sodium,
magnesium, titanium and calcium. Colourants are used to control the colour in the final
product. Finally, fining agents such as arsenic, antimony oxides, potassium and sodium
nitrates are added to raw materials to remove bubbles from the melt. During melting of the
raw materials inside the furnace, they react with each other and carbon dioxide and Water-
vapour emission takes place, which causes the formation of bubbles. To raise the bubbles up
to the upper surface of the melt, low viscosity is maintained. Batch particle size and their mixing
in proper proportion are other factors that provide homogeneity in glass structure. Glass
forming is an intermediate stage in between glass melting and annealing. The stages of glass
synthesis are illustrated schematically in Figure 1.

Figure 1. Schematic representation of melt-derived glass synthesis.

Practically appropriate amount (mole/weight fraction) of initial ingredients is mixed, followed
by grinding, to break agglomerated particles. In order to obtain more uniform powder, the
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mixture of ingredients is ground in ball mill using acetone (water can also be used unless some
ingredient is hygroscopic). After drying the mixture in air, the powder can be transferred in
platinum crucible and melted in a high-temperature furnace. Generally, around 500°C, the
gaseous substances (moisture and gas) come out of the composition. Hence, it is better to
calcine the mixture at 500°C for at least 2 h. Before taking out the melt, it must be confirmed
that the glass mixture is held at the melting temperature for at least an hour to achieve
homogeneous, bubble-free molten materials. Then, the molten glass can be quenched in liquid
such as water, liquid nitrogen, etc. Granules of different sizes formed collectively known as
frits can be collected and milled to get glass powder. Desirable size and shapes can be made
by pouring the molten mixture into moulds of particular shapes. In the case of preparation of
glass with particular shape, the poured glass is annealed slightly below the glass transition
temperature of the corresponding glass for 12 h in air in pit furnace.

2.2.1. Important factors

Important factors to remember while melting a glass are viscosity, thermal expansion and
crystallisation characteristics. Low viscosity helps the melt to be bubble free and homogeneous
and also facilitates easy elimination from the platinum pot. It is a crucial factor in determining
the best possible procedure for a particular composition. Viscosity values at high temperatures
can be linked with melt-forming processes and low-temperature values indicate the suitability
of the glass, whether for sintering into porous bodies or coating on metal implants. The
approximate viscosity values for a bioactive-glass-forming process are given in Table 1.

Processing Viscosity (η) (dPa s)

Melting 10-102

Pressing 104-106

Drawing of continuous fibres 102.5-103.5

Sinter glass powder to porous body 108-109

Annealing 1012-1013

Table 1. Approximate viscosity values (dPa s) for bioactive-glass-forming process.

Bioactive glass coating provides better bone-implant connection when coated on metal
prostheses [36–41]. According to the implantation area, lower surface reactivity may be
preferred and in such cases glass composition with less bioactivity are favoured. Whatever be
the case the thermal expansion of the glass must be compatible with the metal otherwise cracks
may appear on the coating leading to peeling off of the coating.

Another important factor is that the melting temperature should be higher than liquidus
temperature of the compositions. Recent development of bioactive glasses focuses on the
change of chemical composition and different heat treatment condition [42, 43]. Aboud et al.
analysed the effect of increasing temperature on the crystallisation behaviour and the phase
formation order of different crystals of SiO2–P2O5–Al2O3–MgO–Na2O glasses [44]. The changes
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formation order of different crystals of SiO2–P2O5–Al2O3–MgO–Na2O glasses [44]. The changes
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in microstructure, mechanical and chemical properties of this glass with different heat
treatment conditions result in an important application in dental restoration [45]. Also, thermal
treatments of bioactive glass tend to enable the glass to attain different elastic properties and
a range of bioactivity, which could be helpful for making patient-specific implant [46].

2.3. Sol-gel derived

Sol-gel glasses are made by a chemical-based process at much lower temperatures than the
traditional processing methods [47–51]. The method has been recently accepted by a number
of research groups to make a new generation of bioactive glass and offers assurance for
tailoring the composition to match the specific requirements. Recently, scientists have
preferred the sol-gel method in order to increase the specific surface area, and thus, the surface
reactivity and degradability of the material [52]. It also provides better control over homoge‐
neity and purity [53].

A sol is a colloidal suspension of solid particles (with a diameter of 1–100 nm) in a liquid, where
the colloids exhibit Brownian motion, a random walk driven by momentum imparted by
collisions with molecules of the suspending medium. Gel can be described as a rigid network
of covalently bonded silica comprised of interconnected pores [54, 55]. Three methods can be
used to make sol-gel materials: gelation of colloidal particles, hypercritical drying or controlled
hydrolysis and condensation of metal alkoxide precursors followed by drying at ambient
pressure. All the three methods create a three-dimensional, interconnected network. Gels can
be categorised into three types, such as alcogels, xerogels and aerogels [53]. Alcogels are
generally alcohol based, whereas xerogels are formed from thermal removal of pore liquid.
Gels with low density (80 kg m–3) and large pore volumes (up to 98%) are called aerogels, which
are the result of removal of pore liquid from the rigid network without collapsing it.

Preparation of gel glasses by a sol-gel method composed of seven steps. First, the alkoxide or
organometallic precursors are mixed to form the low-viscosity sol, followed by hydrolysis of
liquid alkoxide precursors with de-ionised water [56, 57]. Hydrolysis of silicon alkoxide forms
silanol groups [Si(OH)4], eventually interact with each other to make the Si-O-Si bond and
increase the viscosity of the sol (Figure 2). This is the time where the sol can be applied as a
coating, be pulled into fibre, electrospun, impregnated into a composite or formed into
powders. During the process of gelation, the viscosity of the solution sharply increases [58].
The gelation time depends upon the concentration of the solvent, nature of the oxide group
and the amount of water used for the hydrolysis [59, 60]. While aging of a gel for several hours
at 25-80°C, decrease in porosity and increase in the strength can be observed due to polycon‐
densation and reprecipitation of the gel network [61–63]. Aging process also affects the pore
volume, surface area and density of the gel. The removal of pore liquid has different effect on
arising stress for colloidal gels (pore size > 100 nm) and alkoxide-based gels with pore size 1-10
nm. Colloidal gels can be dried easily; however, in the case of alkoxide-based gels, large
capillary stress may arise during drying. Hypercritical drying at elevated temperature and
pressure, above the pore-liquid-solid critical point, avoids the solid-liquid interface and
eliminates drying stress [17].
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Figure 2. (1) Hydrolysis of Si(OH)4; (2) formation of Si-O-Si bond.

In order to control the stability of the material, chemical stabilisation of the dried gel is required.
Sintering of the gel at 500-900°C desorbs silanol groups from the surface and eliminates 3-Si
rings from the gel. It also increases the density, strength and hardness of the gel. The sintering
temperature of alkoxide-based gels is in the range of 900-1150°C depending upon composition.
The schematic diagram of the sol-gel process is provided in Figure 3.

The physical differences between the two synthesis routes are that sol-gel glasses tend to have
an inherent nanoporosity whereas melt-derived glasses are dense in nature [64]. The surface
area of sol-gel glasses is also higher than melt-quenched glass, which results in greater
dissolution rate, and hence higher cellular response. The hierarchical pore structure consisting
of interconnected macropores (>100 μm) and nanopores is beneficial for interaction and
stimulation with cells as it mimics the hierarchical structure of natural tissues. Also bioactive
glasses in the form of nanoporous powders or monoliths or as nanoparticles can be made by
changing the pH of the sol-gel process [65]. However, the sol-gel made scaffolds have lower
strengths than melt-quenched glasses, and thus inappropriate to use in hard tissue engineering
(Figures 4 and 5).
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Figure 3. Schematic representation of sol-gel glass synthesis.

2.3.1. Important factor

The physical and chemical properties of sol-gel bioactive glass mainly depend upon silica and
so the hydrolysis and condensation of silica plays an important role. The kinetics of hydrolysis
and condensation of silica depend upon several factors such as pH, composition, temperature,
precursor, catalysis and concentration of ions and the ratio of moles of water/moles of
tetraethyl orthosilicate (TEOS). Iler divides the polymerisation of silica in between three pH
ranges: <pH 2, pH 2-7 and >pH 7. pH 2 and pH 7 appear to be boundaries because at pH 2 the
surface charge (PZC) and the electrical mobility of silica (isoelectric point, IEP) are zero,
whereas above pH 7 the solubility and dissolution rates of silica are maximised leading to
particle growth without gelation [65].

2.4. Composition of bioactive glasses and their effects on bioactivity

Since the report of bone-bonding properties of bioactive glass, silica has been used as the major
component of glass composition and also most widely researched with changing its amount.
Silicate glasses comprise an amorphous network structure based on SiO4– tetrahedron, which
are linked to each other at the oxygen centres. Silicate glasses have open structure of silica due
to the presence of non-bridging oxygen ions attached with silicon. Addition of network
modifiers such as Na+, K+, Ca+ also causes the opening of silica network structures. These ions
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replace bridging oxygens of the network with non-bridging oxygens, hence opening of the
glass structure. The number of modifier ion-oxygen bonds and non-bridging oxygen bonds
determines several properties of the corresponding glass [66]. Detailed structural features of
silicate glasses and their effect on different physical and chemical properties have been
reported by various research groups [67–69]. In the case of bioactive silicate (SiO2 less than 60
wt%) glasses, each silica tetrahedron contains more than 2.6 number of non-bridging oxygen
ions, which is necessary in order to be bioactive [70].

Figure 4. 2D presentation of random glass network modifiers and network formers [70].

Figure 5. Sequence of interfacial reactions kinetics involved in forming a bond between bone and a bioactive glass [87].
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The composition of bioactive glass is different from the traditional soda-lime-silica gasses that
consist more than 65 wt% of silica. Basic components required for a glass to obtain bioactivity
are SiO2, Na2O, CaO and P2O5, which can be distinguished in three main features according to
Hench and Anderson [71]; the amount of SiO2 should be in between 45 and 60 wt%, Na2O and
CaO content must be high and a high CaO/P2O5 ratio. Higher content of SiO2 decrease the
dissolution rate of the glass ions from the surface, leading to decrease of bioactivity. Very low
content of silica also leads to totally dissolvable monomeric SiO4- units. Silica content also plays
an important role to form hydroxyapatite carbonate (HCA) upon contact with physiological
fluids, thus leading to the chemical attachment to soft/hard tissues. As a result, the interfacial
bonding strength with bone increases, and a stable bond with strength equivalent to or greater
then bone forms. High CaO/P2O5 ratio tends to enable the release of ions from the surface of
the material when soaked in body fluid, forming a surface layer of HCA in a very short time
span. It also supports cell proliferation on the surface of the implant by maintaining the ion
concentration [35]. Previously, Hench and co-workers assumed that a typical range (2–6 wt%)
of P2O5 is required for a glass to be bioactive as it aid the formation of calcium phosphate phase
on the surface, but later Hench and Andersson observed that bioactivity can be independent
of P2O5 as phosphate ion is also available in physiological fluids.

In the last two decades, a number of different oxide systems have been studied to understand
the effect on glass bioactivity and to increase its mechanical strength, still a complete under‐
standing of the correlation between composition and bioactivity is insufficient but mechanical
improvement can be possible. Different partial substitutions in the already approved glass
compositions have been made, as CaO by 12.5 wt% CaF2, SiO2 by 5-15 wt% B2O3, but no
significant effects were found. Even fluoride substitution reduced the bone bonding capability
of the glass [72]. The substitution of MgO for CaO or K2O for Na2O showed slight increase in
bioactivity. During 1990s glasses with alumina and boron oxide gained enormous interest.
Sadly, the addition of small 3 wt% Al2O3 to the 45S5 formula was found to prevent bonding
with bone. Andersson proved that substitution by Al2O3 (1-1.5 wt%) can reduce the bioactivity
of glass because of its carcinogenicity [71]. Osaka et al. and Saranti et al. studied glasses with
B2O3 content and found that the presence of boron has a positive impact on the bioactivity of
the glass [73, 74]. In the case of only B2O3-substituted glass, the ratio between B2O3 and SiO2

plays an important role in the rate of formation of calcium phosphate layer on the surface of
the implant [75]. Later, de Arenes proposed to control the B2O3/Al2O3 ratio in B2O3 and Al2O3

containing glasses in order to show bioactivity [76]. In recent years, researchers tend to play
with the composition of glass incorporating the ions that are abundant in human bone, such
as Mg, Zn, Cu etc. [77–83]. Xia Li et al. found that by incorporating Mg, Zn or Cu in different
amounts in place of Ca2+ can affect the bioactivity of the glass to different extent in a sequence
of Cu < Mg < Zn [84]. Potassium substitution in place of Na+ reduces the viscosity of silicate
glasses and their susceptibility of crystallisation [85]. Even now, a lot of research is going on
to find a relation between the composition of the glasses, which have more than four compo‐
nents and tissue connectivity through phase diagram, but relation between these two factors
is yet to come. Some researchers such as Andersson et al. and Brink et al. predicted the in
vivo reactivity of glasses with six or seven oxides as a function of their composition with
phenomenological models suggested by regression analysis [71, 86].
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2.5. Surface reaction kinetics

Chemical reactivity of a glass in contact with body fluid holds the key of the bone bonding
properties of the glass. Due to the chemical reactions, a layer of hydroxycarbonate apatite forms
on the surface to which bone can connect. When immersed in an aqueous solution, such as
SBF (simulated body fluid) or PBS (phosphate-buffer solution), three general processes occur:
leaching, dissolution and precipitation. Leaching can be characterised as release of ions,
generally by exchange of alkali or alkaline earth metals ions with H+ or H3O+ ions of the
solution. Glass modifier ions leach very easily from the surface of the glass when immersed in
an aqueous solution, as they are not part of the glass network. The ion exchange process leads
to increase in the hydroxide ion concentration, i.e., the basicity of the solution increases to pH
> 7. Network dissolution occurs simultaneously by breaking of the network forming silica
bonds (-Si-O-Si-O-Si-) by the attack of hydroxyl ions (OH–). It releases silica into the solution
in the form of silicic acid (Si(OH)4). In this step, glass composition plays an important role as
the rate of silica dissolution depends very much on glass composition. Silica dissolution rate
rapidly decreases if the weight percentage of SiO2 goes beyond 60% because of the increase of
bridging oxygen, which can hold the network very strongly. Hydrated silica then undergoes
polycondensation with neighbouring silanols to form silica-rich layer. In the precipitation part,
calcium and phosphate ions released from the glass together with those from solution to form
a calcium-phosphate-rich layer on the glass surface. Slowly, it crystallises to form HCA by
incorporating carbonate ions from solution. Generally, there are five reaction stages on the
implant side of the interface with a bioactive glass [72].

Stage 1: Leaching and formation of silanols (SiOH).

Stage 2: Loss of soluble silica and formation of silanols.

Stage 3: Polycondensation of silanols to form a hydrated silica gel.

Stage 4: Formation of an amorphous calcium phosphate layer.

Stage 5: Crystallisation of a hydroxycarbonate apatite layer.

Hench et al. have been extensively described the reaction processes [25, 72, 87–89].

1. Rapid exchange of alkali or alkaline earth metal ions Na+ or K+ with H+ or H3O+ from
solution

Si-O-Na+ + OH ➛ Si-OH+ + Na+ (solution) + OH–.

2. -Si-O-Si-O-Si- bonds break through the action of hydroxyl ions and form Si-OH (silanols)

Si-O-Si + H2O ➛ Si-OH + OH-Si.

3. Condensation of Si-OH groups near the glass surface: re-polymerisation of the silica rich
layer
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4. Migration of Ca+ and PO4
3- groups to the surface through the SiO2-rich layer forming a

CaO-P2O5-rich film on top of the SiO2-rich layer, followed by growth of the amorphous
CaO-P2O5-rich film by incorporation of soluble calcium and phosphate ions from solution.

5. Incorporation of hydrolysis and carbonate from solution and crystallisation of the CaO-
P2O5 film to HCA.

As these stages were proposed many years ago, they are proved through time by various types
of characterisation techniques. 17O nuclear magnetic resonance (NMR) confirmed the increase
of bridging oxygen bonds during leaching, which indicates the repolymerisation of Si-OH
groups in the silica-rich layer [90]. The formation of crystallise HCA layer on the surface was
confirmed by surface-sensitive-small-angle X-ray diffraction (XRD) [91]. Calcium phosphate
nucleate on the SI-OH groups as they have negative charge in solution and the separation of
the SI-OH groups is thought to dictate the orientation of the apatite crystals, which grow with
a preferred orientation in the 001 plane on Bioglass 45S5 [23, 92–95].

2.6. Bioactive glass in vivo

The bioactivity of glasses can only be investigated and confirmed after testing with living
tissues. If a calcium phosphate layer can be found on a silica gel layer at the surface of the
implants, the glass can be called bioactive. The extent of bioactivity of the glass is directly
dependent on the ability of the glass to form calcium apatite layer. The above-mentioned five
stages on the surface of bioactive glass do not depend on the presence of tissues. The sequence
of in-vivo reactivity of bioactivity glass with tissues has been investigated by Hench and
Andersson [37, 87, 96].

Stage 6: Adsorption of biological moieties in the SiO2-hydroxycarbonate apatite layer

Stage 7: Action of macrophases

Stage 8: Attachment of stem cells

Stage 9: Differentiation of stem cells

Stage 10: Generation of matrix

Stage 11: Mineralisation of matrix

Through the 11 stages, a bioactive glass bonds with the bone. Gradually, the bioactive glass
will be absorbed with increasing bone ingrowth.

45S5 Bioglass® was the first bioactive glass successfully investigated in vivo by many research‐
ers [17]. After that another bioactive glass S53P4 was developed by Andersson and Karlsson
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and has been successfully used in clinical applications [97–99]. Later, glass 13-93 and glass 1-98
also showed good bioactivity in vivo [86, 100–102].

Extensive research in this field in recent years comes out with some limitations of the model
of reaction kinetics proposed by Prof. Hench. Hench proposed that in the first stage of the
reaction a rapid exchange of Na+ ions released from the glass with the protons (H+) of the
solution occur, although in the modern era bioactive glass has been synthesised without
sodium. Influence of the mole fraction of silica on the bioactivity is still not clear. Also, it was
observed that if the implant is broken and the broken surfaces stay in contact with SBF, they
tend to self-repair by fusing themselves through their apatite surface layers [103].

In the case of clinical trial, the main problem is to make patient-specific implants because every
patient is different. To study the implant specificity and implant site adjustment in vivo animal
model, studies can be compared if the same models are used. The first in vivo study was
completed for Bioglass monoliths on the rat femurs, and after 6 weeks the interfacial shear
strength of the bond between the glass and the cortical bone was equal or greater than the
strength of the host bone [24, 104]. Bioglass 45S5 also degrades more rapidly than hydroxya‐
patite, and the degeneration was because of solution-mediated dissolution. The model of the
study later named as Oonishi model was completed by drilling 6 mm diameter into the femoral
condyle of rabbits. Bleeding was stopped before inserting the particles [105–107]. Recently, it
was found that initially the bone grew into the particles that were on the outer periphery in
contact with the host bone, but within 2 months of implantation bone also formed inside the
isolated Bioglass particles. This study indicates that the Bioglass particles can trigger stem cell
differentiation and convert it into osteoblasts [108]. Hands-on experience by various surgeons
points out the advantage of making a putty-like material by mixing the particles with blood
prior to implantation, which later encourages the development of Nova bone [109]. The
explanation behind this advantage of putty-like material is either it can separate the particles
to allow new bone to grow between them or the pH environment created was more suitable
for bone ingrowth. Fujibayashi et al. used the Oonishi model to test phosphate-free glass
particles and for one of his compositions almost similar amount of bone ingrowth to Bioglass
was found. But with increasing SiO2 content the bone ingrowth reduce rapidly [110]. Wheeler
et al. compared Bioglass 45S5 with sol-gel glasses 77S and 58S using the Oonishi model and
observed that up to 8 weeks the bone ingrowth was more in the case of Bioglass, but after 12
weeks the amounts were equivalent. The procedure of bone ingrowth, viz. formation of silica
layer, apatite formation and finally bone formation via HCA was found to be same as Bioglass
[111]. The initial slower rate can be result in the rapid release of calcium in the case of sol-gel
glasses causing increase in pH at the site.

2.7. Bioactivity in vitro

Before going to in vivo trials, a glass material has to be passed in vitro tests. The in vitro test
helps us both ethically and economically as they reduce the number of animals necessary for
in vivo tests. Earlier in vitro test was performed by immersing the glass in either distilled water
or tris-buffered solutions, but after development of SBF by Kokubo et al. it has become the
most widely used solution for in vitro investigation. SBF contains all the essential inorganic
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components of human blood, and proportions are also almost similar to human blood plasma
[112]. During in vitro studies, pH of the solution is buffered between 7.25 and 7.4 at 37°C.

Na+ K+ Mg2+ Ca2+ Cl– HCO3
– HPO4

2– SO4
2–

Plasma 142.0 5.0 1.5 2.5 103.0 27.0 1.0 0.5

SBF 142.0 5.0 1.5 2.5 147.8 4.2 1.0 0.5

Table 2. Ion concentrations of SBF and human blood plasma (mM) [112].

SBF is a supersaturated solution and hence precipitation of calcium phosphate can easily take
place during preparation, storage and in vitro test. Many researchers have tried to correct the
difference of ion concentrations of Cl– and HCO3

–. Oyane et al. made a revised SBF (r-SBF) in
which the concentrations were matched, but the solution shows a strong tendency to precip‐
itate calcium carbonate [113]. In 2004, Takadama proposed a modified SBF (n-SBF) in which
only CL– ion concentration was increased [114]. Several properties of bioactive glasses have
been studied in SBF by observing the changes in weight and surface morphology of the glass
and also observing the change of pH and ionic concentrations of the solution. Some research
groups focussed on the physical and mechanical properties whereas some groups are inter‐
ested in knowing chemical and bioactive properties of glass [115–118]. It was observed that
the extent of bone ingrowth among glass particles increased according to their ability to form
apatite in SBF. Thus, it can be said that the in vivo bioactivity of a glass can be assumed precisely
from its nature in SBF.

Five typical reaction stages, as described in surface reaction kinetics part, occur when in vitro
bioactivity test is performed. Initially, due to ion exchange of alkali or alkaline earth metal ions
with H+ ions of the SBF solution, pH of the solution increases. By the action of OH– ions
network, dissolution occurs with the formation of Si(OH)4. The dependency of dissolution rate
is more or less same as described before. The leaching and dissolution phenomenon is followed
by a formation of silica-rich layer on the surface by polycondensation of neighbouring silanols,
which ultimately form a calcium-phosphate-rich layer by incorporating Ca+ and PO4

3– ions.
The layer increases by including soluble calcium and phosphates from the SBF, forming an
amorphous CaP-rich layer. Finally, the CaP-rich layer crystallises to a hydroxycarbonate
apatite structure.

With changes in composition, differences in sample dosage, shape and size, sample porosity
and surface morphology also affect the bioactivity of a glass [117, 119–123]. Most studies of
bioactive glasses have used samples in the form of discs or plates, however in accordance with
their applications other forms are also of interest.

2.8. Mesoporous bioactive glass (MBG)

For treatment of bone defects resulting from trauma, infections, tumours or genetic malfor‐
mations, bioactive glass scaffolds have been extensively studied. In the case of bone regener‐
ation, combination of osteoconductive, osteostimulative and angiogenic factors with bioactive
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glass are proved to be useful [124–126]. This advantage of bioactive glass made it a subject of
interest for almost 50 years and day by day according to rise in life expectancy, the field of its
application is increasing. Extensive research in this topic comes out with a handful of modifi‐
cations for the last two to three decades. Recently, it was found that kinetic deposition process
of HCA on bioactive glass can be enhanced by increasing the surface area and pore volume
[127]. Therefore, control over porosity, pore size and internal pore connectivity of bioactive
glasses is essential to understand and design better bone forming biomaterials. A new field of
application was started when surgeons found that in the case of bone reconstruction surgery,
bacterial infection may cause osteomyelitis. Traditionally, techniques such as systemic
antibiotic administration, surgical debridement, wound drainage and implant removal have
limitations and may lead to additional surgical interventions for the patients [128]. Conven‐
tional drug delivery options, such as injection or taking a pill, increase the concentration of
drug in blood up to peaks and then suddenly decline [129]. Hence, to improve drug delivery
efficacy, continuous action, reduce toxicity and convenience to patients a lot of work has done.
In addition, the procedure was also considered for treating malignant bone disease in which
drug will be effectively released at the sites of bone disease from loaded biomaterials [130,
131]. Since the invention of first bioactive glass, in the last 40 years it has shown various
attractive properties for bone tissue regeneration application by virtue of their osteoconduc‐
tivity and degradability [124, 132, 133]. In 2004, Yu et al. for the first time prepared mesoporous
bioactive glasses (MBG) by the sol-gel method using surfactants, which opened a new direction
in the field of regenerative medicine [134]. The materials were composed of highly ordered
mesopore channel structure with a pore size ranging from 5 to 20 nm. MBG has gained the
interest of researchers very rapidly for its drug loading and release properties, which depend
on the mesoporous structure of the materials. Due to its tuneable pore size, large specific
surface area and pore volume, the materials can be used in bone-forming activity and can be
loaded with osteogenic or therapeutic agents [125, 126, 128, 131, 135, 136].

2.8.1. Preparation of different types of mesoporous bioactive glasses and their in vitro bioactivity

Mesoporous bioactive glasses were emerged when the supramolecular chemistry of surfac‐
tants was incorporated into the bioactive glasses field. These materials have the composition
of bioactive glasses but with designed mesoporosity and textural parameters. MBGs are
generally prepared by combining non-ionic surfactants (triblock copolymers, CTAB, P123,
F127, PEO, PU, etc.) into the reaction system, which are essential for obtaining well-ordered
structures [134, 137]. The most well-known and accepted procedure of making mesoporous
bioactive glass is evaporation-induced self-assembly (EISA) method [138]. The initial homo‐
geneous mixture is obtained by dissolving precursors in a common medium such as ethanol-
water mixed solvent system. The surfactants can act as micelles and are able to link with the
hydrolysed precursors (e.g., TEOS and TEP) to form an ordered mesophase, where a constant
ratio of network former and precursors and the surfactant was kept [139]. After that, following
the process of sol-gel, gelling and drying takes place, and by the removal of surfactant through
calcination finally gives MBG with a well-ordered mesoporous structure. The order of porosity
of the material depends on surfactant chemistry (ionic, non-ionic, polymeric, etc.), surfactant
concentration, organic/inorganic phase volume ratio, temperature and pH of the sol.
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Recent studies on mesoporous bioactive glass show increasing use of MBG in different fields
of tissue engineering and drug delivery. The types of MBG used in these fields may be particle,
sphere, fibres or 3D scaffolds. The first MBG powders or particles were prepared by using P123
and F127 as a surfactant, with the composition of 80Si-15Ca-5P, 70Si-25Ca-5P and
60Si-35Ca-5P. Calcination at 700°C gives a highly ordered MBG powder. The bioactive
characteristics of a scaffold can be assumed from their ability to form apatite layer on their
surface in vitro. Zhu and Kaskel reported that the rate of apatite formation in the case of MBG
is noticeably higher than its contemporary bioactive glass scaffolds [140]. Other than the
mesoporous structure, the chemical composition of the mesoporous bioactive glass is the other
factor to influence in vitro bioactivity. Now a days, scientists are focussing on modifying the
basic properties of MBGs, which are high specific surface area, porosity etc. and found that
upon changing these properties the apatite-formation ability of MBG could be fine-tuned [49,
141–143]. Lei et al. prepared MBG microspheres through the sol-gel process with uniform
diameter range of 2-5 μm and a mesoporous shell [144]. Zhao et al. prepared MBG micro‐
spheres with high P2O5 contents (up to 15%) and studied the apatite formation in vitro [145].
Studies indicate that the diameter of the microspheres has a positive effect on the bioactivity.
Moreover, MBG microspheres with higher P2O5 content were found to be more bioactive due
to their different ion diffusion rates from the glass network. MBG can also be prepared as
ultrathin fibres by electro-spinning techniques with high matrix homogeneities. By controlling
the parameters of electro-spinning, the properties of the fibres such as pore volume, surface
area and diameter of the hollow core can be tuned. These fibres were found to be highly
bioactive when tested in vitro [146, 147].

2.9. Ion-doped bioactive glass with and without mesoporosity

2.9.1. Introduction

The clinical demand of bioactive glass is increasing rapidly day by day due to its versatile
properties viz. bioactivity, resorbability, ostioproductive, osteoconductive and osteoinductive
nature, depending upon its flexible compositional range. With increasing population, the
diversity of required implants is also expanding. The wide range of application of bioactive
glasses include implants for bone defects, repairing or replacing damaged diseased tissues,
scaffolds for bone grafting, preparing bone cement, as novel drug carrier and coating material
for implants [26, 37]. When implanted in human body, a hydroxyapatite carbonate layer forms
on the implant-bone interface which is chemically and structurally similar to the mineral phase
of human bone. In the last two decades, researchers found that the sites of implantation of
different parts of our body require different chemical and physical properties, and hence
bioactive glass with different or modified compositions. Bioactivity of a glass is mainly
dependent on its surface reactivity and composition and by modifying those, improvement of
the system can be possible. Sometimes modification also needed in order to overcome the
disadvantages of traditional bioactive glasses such as high solubility and low fracture tough‐
ness.
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Recent trends in literature suggest that ionic dissolution products from inorganic materials are
keys to understand and assume the behaviour of bioactive glasses in vitro and in vivo. Since
many trace elements such as Sr, Cu, Zn, Mg or Co present in the human body are known for
their anabolic effects in bone metabolism, in order to mimic the natural system new approaches
for enhancing bioactivity, beneficial and appropriate ions are being introduced [148–151]. It is
believed that more similar system such as the host body will increase the bioactivity of the
implant. The release of these ions after exposure to a physiological environment tends to
improve the bioactive activities of the implant related to both osteogenesis and angiogenesis.
Thus, recent trend is to incorporate different ions into the composition of bioactive glasses to
enhance their physical characteristics and therapeutic benefit.

This incorporation of different ions in the composition of glass is called doping and it is very
crucial for production of functional materials. By definition, a doping element is an additional
incorporation in the main composition at a very low concentration compared to the main
constituents ranging from a few ppm to a few percent. In many cases, it was found that the
functionality of the material is directly dependent on the doping elements. In some other cases,
doping may improve surface structure of the implant or the physical attributes of it. In
particular, the points related to doping can be listed as follows [152]:

1. The functionality is directly associated with doping.

2. Doping provides a structural control over the material.

3. Doping provokes unexpected structural modifications.

4. Doping brings new unexpected functionality to the material.

It is hard to identify the particular time when doping was first started, but around late 1985
the trend of incorporating different ions were started. First, a number of different ions such as
Al, Ag, Fe, Ni, Cr, Cu, Co, Ta, Sb, La, etc. were doped and then tested in vitro and in vivo [153].
Initially, the dopants were chosen according to their similarity in valence with the elements
already present, but with time and following the literature about the essential trace elements
required in our body, the interest about dopants has been focussed on some specific elements
and their affects [149, 150].

2.9.2. Role of inorganic ions present in human body

Human bone is a highly vascularised tissue which can remodel throughout the life by
regulated activity of osteoblasts (bone-forming cells) and osteoclasts (bone-resorbing cells)
[154]. The process of bone remodelling is dependent on a variety of local regulatory agents
such as growth factors, hormones, etc. [155]. Inorganic ions such as calcium [156–158],
phosphorous [159], silicon [160, 161], strontium [162–164], zinc [165], boron [166] and magne‐
sium [167] are also affect the bone metabolism. The acts of the inorganic ions in this context
are given in Table 3.
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Ion Biological activity Reference

Si • Metabolic processes, formation of bone tissue

• Intake of Si increase bone mineral density

• HAP precipitation

• Help to stimulate collagen I formation and osteoblastic differentiation

[160, 168]
[169]
[170]
[161]

Ca • Favours osteoblast proliferation, differentiation and mineralisation

• Activates Ca-sensing receptors in osteoblast cells

[156]
[155]

P • Matrix gla protein (MGP) stimulation [159]

Zn • Shows anti-inflammatory effect

• Bone formation in vitro by activation of protein synthesis in osteoblasts

• Increase ATP’s activity

[171]
[172]

Mg • Help to form new bone

• Increase bone-cell adhesion and stability

[173]
[174]

Sr • Beneficial effects on bone formation in vivo

• For treating osteoporosis

[155]
[175]

Cu • Promote synergic stimulating effects on angiogenesis
when associated with angiogenic growth factor FGF-2

• Stimulates proliferation of human endothelial cells

[176]
[177]

B • Stimulates RNA synthesis in fibroblast cells

• Stimulates bone formation

[178]
[179]

Li • treatment of both bipolar and unipolar depressive disorder

• effects on blood and brain

• enhance immunological activities of monocytes and lymphocytes

[180, 181]
[182]

Table 3. Acts of different inorganic ions in human body.

By acting as an enzyme cofactors, metal ions influence signalling pathways and stimulate
tissue formation [150, 183]. These effects make metal ions interesting for use as doping
materials in the field of hard and soft tissue engineering. Several ions, such as Sr, Zn, Cu, Mg,
B, etc. have been considered to be promising in enhancing the bioactivity of implant materials
by controlling the release of specific ions during in vivo dissolution.

2.9.3. Ion-doped bioactive silicate-based glasses

In order to improve the bioactivity, stimulating effects on osteogenesis, angiogenesis and
antibacterial effects of bioactive glasses in a specific physiological environment, many methods
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have been studied incorporating various metal ions in the silicate network. Different substi‐
tuted silicate glasses exhibit a certain level of acellular bioactivity when tested in vitro by
standard SBF test, according to Kokubo et al. [21]. The formation of HCA layer on the surface
has been the unit of bioactivity measurement as from these results one can assume the
bioactivity in vivo.

2.9.3.1. Zinc-bioactive glass

Zinc is an essential trace element in our body as it is a cofactor for many enzymes. It also helps
to stimulate protein synthesis which is essential for DNA replication and also has an important
role in the growth, development and differentiation of bone cell [184–187]. In addition, zinc
also has antibacterial properties against Staphylococcus aureus [188].

Balamurugan et al. synthesised a bioactive glass in CaO-P2O5-SiO2-ZnO system by the sol-gel
method containing 5 mol% ZnO which increased ALP activity and osteoblast proliferation
[189]. They also examined that incorporation of zinc does not reduce the bioactivity of the
bioactive glass. Higher surface area of Zn-substituted glass can be a better nucleation site when
immersed in SBF solution making the calcium phosphate phase more crystalline [190, 191].
Recently, Atkinson et al. found that up to 5 mol% of zinc substitution in a sodium-free bioactive
glass composition has the ability to induce apatite formation alongside a calcite phase. Increase
in Zn content has a tendency to decrease the calcite phase, however it does not affect the apatite
deposition [187]. This calcite phase can also bond with bone without the formation of an
appetite layer [192]. Du et al. observed that initially Zn retarded the nucleation of HCA at the
early stage of SBF soaking, but did not affect the HCA formation in long-term immersion [193].
Scientists have also reported that more than 10 mol% of Zn has a negative effect on bioactivity
and after 20% an excessive drop can be seen [194]. ZnO can act as a network modifier or an
intermediate oxide or both in the glass structure. It is found that up to a certain amount ZnO
works as a network modifier, but with increasing ZnO content it switched from network
modifier to an intermediate oxide [191]. Shahrabi et al. found that 5 mol% ZnO may reduce
the number of non-bridging oxygen atoms, resulting in a decrease in glass bioactivity [195].
Zinc has the ability to remove cations from silica network and the new bond formed (Si-O-Zn)
have considerably lower bond strength than Si-O-Si bond, which leads to decline in glass
transition temperature. As observed, zinc can show very good antibacterial activity for the
Bacillus subtilis and Pseudomonas aeruginosa strains [187].

2.9.3.2. Strontium-bioactive glass

Strontium (Sr) is a naturally occurring mineral found in water and food. It is also an essential
trace element of human body. The total amount of Sr in human body of a 70 kg standard man
is around 0.32 g. Recently, researchers have found that Sr positively affects bone metabolism
to promote bone formation and osteoblast replication while inhibiting bone resorption by
osteoclasts [196]. Evidence also showed that strontium not only enhances osteogenic differ‐
entiation, but also helps to stabilise the bone structure [197]. However, too much Sr may
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increase the number of osteoclast cells which can inhibit bone regeneration and remodelling,
leading to osteonecrosis. Thus, strontium has very good effects up to an optimum level. Among
the trace elements human body have, only Sr was correlated with bone compression strength
[198]. In vitro and in vivo studies showed that strontium ions upregulate osteoblasts and
downregulate osteoclasts [175, 199]. The presence of Sr on the surface of a biomaterial decreases
the rate of ion-release at the defect site, which is therapeutically beneficial [200]. Sr-substituted
boron glasses show a good adhesion with osteoblast-like cells, Saos-2, thus enhances the cyto-
compatibility of borate glass. Lao et al. confirmed that Sr-doped bioactive glasses are more
bioactive in vitro than their original counterparts. Sr-doped glasses are also able to increase the
rate of bone-like apatite layer formation on their surface. Moreover, it also decreases the Ca/P
ratio very rapidly, which leads to faster stability of apatite layer, and hence greater bioactivity
[201]. Substitution of 5 wt% strontium in place of calcium shows advantageous effect on foetal
mouse calvarial bone cells [202].

Strontium-based bioactive glasses has a tendency to increase metabolic activity in osteoblasts
and to decrease osteoclast activity. The decrease of osteoclasts is may be caused by decreasing
tartrate resistant acid phosphate activity and inhibiting resorption of calcium phosphate films
[203]. In some cases, it was found that substitution of Sr in place of Ca is more effective strategy
for building materials suitable for bone regeneration therapies [203]. The substitution of Ca by
Sr (in mol%) sometimes increases silica content as Sr is heavier than Ca, which results in
reduced solubility and hence bioactivity. Though replacing by wt% sometimes increases the
rate of HCA formation [201, 204]. In comparison, Sr is slightly larger than Ca, which expands
the silica network and increases ion dissolution rates, leading to significantly increased in
vitro and in vivo reactivity. The in vivo bioactivity is greater in the case of Sr-doped bioactive
glasses due to the biological effects of Sr on bone-forming cells [205].

In corporation of mesoporosity in bioactive glass was found to enhance bone-forming ability,
degradation and drug delivery properties compared with traditional bioactive glasses.
Therefore, there has been a growing interest on ion-doped mesoporous bioactive glasses and
their properties. Zhang et al. found that Sr-MBG shows very good mechanical stability from
the viewpoint of its original counterpart, which is required for bone repair [206]. They also
observed good apatite forming ability of the Sr-doped MBG. Further study of Sr-MBG scaffolds
showed that substitution of Sr for Ca stimulated the proliferation, ALP activity, osteogenic-
related gene expression and ECM mineralisation of MC3T3-E1 cells [206].

Zhao et al. tested Sr-MBG scaffold in restoration of the rat critical-sized calvarial defects model
and found that Sr-MBG scaffolds have superior osteoconductive property in course to normal
MBG scaffolds. Moreover, it was found that Sr-MBG scaffolds has a tendency to stimulate new
blood vessel formation in bone defect areas [207]. Very recently, Sriranganathan et al. reported
that with increase of the Sr substitution for Ca in high phosphate bioactive glasses decreases
the formation of apatite layer directly. They proposed that the apatite formation proceeds via
the formation of an octacalcium phosphate (Ca8(PO4)6H2·5H2O) phase, which then transforms
into hydroxyl-carbonate apatite. Above a certain concentration of strontium, the octacalcium
phosphate phase is unable to form, which ultimately delays the HCA formation [208].
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2.9.3.3. Lithium-bioactive glass

Lithium has a prolonged medical history as it has been used for over 100 years to treat manic
depression [180]. Lithium also marked its importance in the treatment of both bipolar and
unipolar depressive disorders. Along with that lithium also has several other effects on blood
and brain [181]. Clinicians also observed that lithium often increases the white blood cell counts
(granulocytosis) and reduces blood lymphosite counts (lymphomenia). Lithium also has a
tendency to enhance immunological activities of monocytes and lymphocytes. Researchers
have also found evidence of lithium in bone mineral metabolism [182, 209, 210].

In vitro bioactivity test indicates a decrease in bioactivity with increase in lithium-ion concen‐
tration. The theory behind it is that lithium forms lithium oxide groups by reacting with the
hydroxyl groups present in the pure sol-gel, which limits crystal formation. Recently, Khorami
et al. observed the in vitro bioactivity of lithium substituted 45S5 glasses and found no certain
advantage of lithium in the reactivity of the bioactive glass composition. A theory based on
observations state that in vitro reactivity increases with increasing glass solubility. In this study,
lithium was replaced for sodium (in wt%) and hence a little decrease in the molar concentration
of glass network formers (SiO2 and P2O5) takes place, which may result in an increase in glass
solubility. However, the ionic radius of Li+ is lower than Na+. Thus, lithium has a strong affinity
for bonding to oxygen and tends to contract the free spaces in the silicate network. This
phenomenon reduces the rate of glass dissolution and improves chemical durability [211].

The release of lithium ions in SBF is higher for sample with higher lithium content, with an
initial burst in the first 24 h followed by more sustained release. Lithium also shows ALP
activity and mineralisation in a dose-dependent manner from 0.2 to 0.85 ppm when exposed
to murine osteoblast cells [212].

2.9.3.4. Magnesium-bioactive glass

Magnesium naturally exists in human body and it is amongst the most important elements in
the bone matrix. Enamel, dentin and bone contain 0.44, 1.23 and 0.72 wt% magnesium,
respectively [213]. Magnesium is involved in over 300 chemical reactions inside human body.
It is also known to activate phagocytosis and regulate active calcium transport. Magnesium
also has positive effect in wound healing, bone metabolism, fracture prevention and bone
density [214, 215].

When doped, Mg can act as a network former or network modifier. This indicates that an
increase in Mg content may lead to more Mg2+ ions participating in the silica network by
making weaker Si-O-Mg bond rather than stronger Si-O-Si bonds, leading to weakening of
overall glass network [216]. With increasing MgO content glass degradation gradually
decreases, and the formation of apatite layer is hampered [213, 217].

MgO can affect the surface reactivity of Mg-doped bioactive glasses by indirectly influencing
the early stage of mineralisation by favouring the silica atom with non-bridging oxygen
speciation [116]. Surface reactivity of Mg-BG increases with increasing MgO/CaO ratio, which
can play an important role in glass bioactivity. Based on another study, it was found that the
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of glass network formers (SiO2 and P2O5) takes place, which may result in an increase in glass
solubility. However, the ionic radius of Li+ is lower than Na+. Thus, lithium has a strong affinity
for bonding to oxygen and tends to contract the free spaces in the silicate network. This
phenomenon reduces the rate of glass dissolution and improves chemical durability [211].

The release of lithium ions in SBF is higher for sample with higher lithium content, with an
initial burst in the first 24 h followed by more sustained release. Lithium also shows ALP
activity and mineralisation in a dose-dependent manner from 0.2 to 0.85 ppm when exposed
to murine osteoblast cells [212].

2.9.3.4. Magnesium-bioactive glass

Magnesium naturally exists in human body and it is amongst the most important elements in
the bone matrix. Enamel, dentin and bone contain 0.44, 1.23 and 0.72 wt% magnesium,
respectively [213]. Magnesium is involved in over 300 chemical reactions inside human body.
It is also known to activate phagocytosis and regulate active calcium transport. Magnesium
also has positive effect in wound healing, bone metabolism, fracture prevention and bone
density [214, 215].

When doped, Mg can act as a network former or network modifier. This indicates that an
increase in Mg content may lead to more Mg2+ ions participating in the silica network by
making weaker Si-O-Mg bond rather than stronger Si-O-Si bonds, leading to weakening of
overall glass network [216]. With increasing MgO content glass degradation gradually
decreases, and the formation of apatite layer is hampered [213, 217].

MgO can affect the surface reactivity of Mg-doped bioactive glasses by indirectly influencing
the early stage of mineralisation by favouring the silica atom with non-bridging oxygen
speciation [116]. Surface reactivity of Mg-BG increases with increasing MgO/CaO ratio, which
can play an important role in glass bioactivity. Based on another study, it was found that the
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role of Mg2+ in the formation of HCA apatite layer in SiO2-CaO-Na2O-P2O5 system was
insignificant. These contradictory observations created a variety of theories based on ionic
potential [218], structural parameter [66] or network connectivity [219]. However, all these
theories failed to explain glass bioactivity properly. Varanasi et al. observed significant effect
of MgO on the osteoblast differentiation [220]. Other studies also support the increased
osteoblast proliferation and differentiation. These findings proved the positive effect of
magnesium doping in the bioactivity of bioactive glass.

2.9.3.5. Silver-bioactive glass

In bone reconstruction surgeries, there are two main factors that should be considered: (1)
chemical bond with living bone; (2) prevents bacterial infection. As we know that bioactive
glasses show well bioactivity and bond with living bone, but a colonisation of bacteria on the
surface of the implant can lead to failure of the treatment. The consequences of implant
infections are serious and sometimes it leads to second surgery with a lot of suffering [221].

Due to the antimicrobial properties of silver, the recent focus on development of silver-doped
implants is increasing. The antibacterial properties of bioactive glasses containing silver have
been investigated by several researchers [222, 223]. The main advantage of incorporating silver
ions in a gel-glass system is that the porous glass matrix enables a controlled, sustained delivery
of antibacterial agent. Some researchers found that high concentration (2 wt%) of silver ions
show cytotoxicity, but in the range of 0.75-1 wt% silver has no toxic influence [224]. Due to the
higher efficacy of silver, it has gained the interest of scientists, and after extensive research
different mechanisms have been proposed for its antimicrobial activities:

1. Interface with electron transport.

2. Binding to DNA.

3. Interaction with the cell components [225, 226].

Silver incorporation has no significant effect over the bioactivity of the glass [222]. However,
silver has a tendency to reduce the dissolution of silica when replaced in place of calcium. As
silver is monovalent in comparison with bivalent calcium ion, it takes two silver ions to make
two non-bridging oxygen groups in place of one calcium ion. Thus, replacement of calcium by
silver lessens the number of non-bridging oxygen groups, and reduces the glass dissolution
[191]. Due to its highly promising antibacterial and anti-inflammatory properties, silver-doped
bioactive glasses are considered to be very useful for wound healing applications alongside
tissue engineering.

3. Clinical relevance of doped bioactive glass

Bioactive glasses are that bone substitutes which posses3. Clinical relevance of doped bioactive
glasss the unique property of osteoconduction as well as osteoproduction by stimulating
proliferation and differentiation of osteoprogenitor cells through a direct genetic control [24,
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227]. The discovery of these new materials led Hench and Wilson to propose the concept of
osteostimulation or osteopromotion to define this class of bioactive materials and their effects
on the genetic activation of bone cells [228]. Bioactive glasses are surface reactive biomaterials
that, when in contact with physiological fluids, release soluble ionic products that have been
suggested to stimulate in vitro osteogenesis [227, 229]. On critical analysis, Young’s modulus
of bioactive glass being between 30 and 50 GPa, nearly that of natural bone, is a great advant‐
age. One disadvantage is the low mechanical strength and decreased fracture resistance [230].
This can be easily overcome by altering the composition, using it in low load-bearing areas,
and using it for the bioactive stage. Furthermore, bioactive glass manufactured via the sol-gel
technique permits the synthesis of material with higher purity and homogeneity at low
temperatures [52]. Additives can be easily introduced during the sol-gel process to improve
the bioactivity of such glasses. Indeed, improvement of the biological properties of bioactive
materials can be achieved by the incorporation of ions (doping) that positively affect osteoblast
behaviour and consequently enhance new bone formation [202].

In addition, in vivo studies have demonstrated beneficial results from their use in various
clinical situations [231–234]. After implantation, interaction with surrounding tissues results
in a time-dependent alteration of the material’s surface and the formation of a hydroxyl
carbonate apatite layer that is very similar to the mineral phase of bone [235]. More recently,
a new category of sol-gel glasses has been manufactured with enhanced bioactivity and open
pores enclosed in a mesoporous matrix [134, 236]. Furthermore, bioactive glass manufactured
via the sol-gel technique permits the synthesis of materials with higher purity and homoge‐
neity at low temperatures [52]. Additives can be easily introduced during the sol-gel process
to improve the bioactivity of such glasses. Indeed, improvement of the biological properties
of bioactive materials can be achieved by the incorporation of ions that positively affect
osteoblast behaviour and consequently enhance de novo bone formation.

Metallic ions in body play a crucial role as cofactors of enzymes and excite a chain of reactions
related to cell signalling pathways [176]. A number of literatures have been cited on the
interaction of metallic ions in various diseases and metabolic disorders such as cancer, CNS
disorders, infectious diseases and hormonal disorders [237, 238]. Hence, the effectiveness and
selectivity of the beneficial effect of metallic ions can be enhanced by controlling the exact level
in the body. Additionally, due to unstable ionic states of certain metallic ions, toxic effects may
follow while directly ingested. Hence, wide spread research is underway to develop matrices
to control the local release of metallic ions with less systemic toxicity as well as availability of
relatively high concentrations of metallic-ion-based drugs to target tissues. The degree of
metallic ion loading into matrices for local delivery as well as their controlled and sustained
release is of paramount importance for optimal therapeutic use. Common strategy is to load
metallic ions into matrices such as hydroxyapatite, bioactive glass, silica and carbon fibres to
improve ionic stability and to release for a prolong period of time [148, 239–248]. Due to these
superior characteristics, metallic ion doping in biomaterials is an alternative, cost-effective,
safe strategy than use of recombinant proteins or genetic engineering approaches [249].
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3.1. Doped bioactive glass in bone regeneration

In bone tissue engineering, bioceramics or bioactive glasses and biodegradable polymers [15],
often comprise metallic ions as part of the bioceramic or bioactive glass structural composition.
The metal ion is generally released during their degradation in vitro or in vivo [148, 250]. For
instance, when bioactive glass (e.g., 45S5 Bioglass) [26, 251] is used as scaffolds to fill a bone
defect, critical concentrations of soluble Si, Ca, P and Na ions are released, with the capacity
to generate both intracellular and extracellular effects at the interface between the glass and
the cellular environment [124, 133, 148, 227, 252–261]. It has also been observed that released
ions from bioactive glasses can induce gene expression which in turn helps in bone metabolism
by signal transduction as well as enhance cell differentiation and osteogenesis [27, 124, 227,
254]. Furthermore, the ionic dissolution products of bioactive glasses can also encourage
angiogenesis [262]. Other metallic ions which may have significant role in bone tissue engi‐
neering include copper, magnesium, strontium, manganese, iron, zinc and silver owing to their
imminent role as cofactors in metabolic processes in bone, articular tissues and immune system
functions [149, 263].

The application of chitosan-doped bioactive glass (BG-CH) was assessed in the guided bone
regeneration in ovariectomised rats. The histomorphometric analysis showed increased bone/
tissue volume, osteoblast number and osteoblast surface/bone surface and trace elements such
as Sr and Fe were detected in the newly formed bone may be responsible for enhanced bone
healing and found clinically useful as a therapeutic and implantable material [264].

Zinc being a trace mineral in human body performs a variety of functions in relation to the
immune system, cell division, fertility and the body growth and maintenance. Moreover, zinc
is also a necessary element for the formation, mineralisation, development and maintenance
of healthy bones. These unique properties of zinc evoked the interest of researchers to use it
along with silicate-based bioactive glasses for bone tissue engineering and found to have
significant ability to enhance antibacterial effects, bioactivity and distinct physical, structural
and mechanical properties of bioactive glasses [265]. Zinc also stimulates bone formation and
mineralisation by activating aminoacyl-tRNA synthetase in osteoblastic cells, and it stimulates
cellular protein synthesis. Zinc plays a role in the preservation of bone mass by inhibiting
osteoclast-like cell formation from marrow cells [171]. It also promotes attachment, prolifera‐
tion of osteoblast and increase ALP expression that is responsible for laying down the bone
callus. The doping of Zn into bioactive glasses produces higher chemical stability and densi‐
fication of glasses matrices. Zinc doping in bioglass for repair of diaphyseal defect creates a
good link of interface between bone and Zn-BG during the first speeds, whereas during the
last speeds osseoingration, resorption and degradation of bioactive glass and their replacement
by bone cells occurs [266].

Strontium (Sr) is a naturally occurring trace element often acts similarly to Ca in the human
body; both have strong bone-seeking properties, and Sr can be substituted with Ca in the
apatitic phase of bone mineral [267]. Administration of Sr in moderate doses prevented caries
in rats [268]. Among the trace metals present in human bone, Sr was the only that was
correlated with bone compression strength [198]. Furthermore, over the past few years, Sr has
attracted attention through its beneficial effects on bone healing. Indeed, both in vitro and in
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vivo studies have demonstrated stimulatory effects of Sr on osteoblasts and an inhibitory effect
on osteoclasts, associated with an increase in bone density and resistance [199, 269–271].
Nowadays, strontium ranelate is used as a commercial antiosteoporotic oral drug that has been
proven to reduce the incidence of fractures in osteoporotic patients [196, 272]. Addition of
strontium-substituted bioactive glass (SrBG) into PCL and fabricating into 3D bioactive
composite scaffolds utilising additive manufacturing technology yield higher compressive
Young’s modulus [273]. Oxidative stress, a pivotal pathological factor inducing bone osteo‐
porosis, can also be reduced by Zn doping of bioglass in overiectomised Wistar rats as Zn
significantly enhances superoxide dismutase (SOD), catalase (CAT) and glutathione peroxi‐
dase (GPx) and the Ca/P ratio whereas decreases thiobarbituric acid-reactive substances and
thus improves bone mineralisation [274]. The study on effects of the substitution of calcium
oxide with Sr on bioactive glass also shows promotion of osteogenesis in a differentiating bone
cell culture model using mesenchymal stromal cells obtained from rat bone marrow and
proved to be potential for bone tissue regeneration [275]. Sr-doped bioglass implant enhances
bone regeneration in patients suffering from osteoporosis [276]. The growing evidence of the
beneficial effects of strontium on bone justifies the increasing interest in Sr incorporation into
biomaterials for hard tissue repair. Thus, strontium-doped bioactive glasses have been recently
developed via a sol-gel method that enables a better control of the reaction kinetics [201, 277].

A multifunctional bioactive scaffold should combine angiogenesis capacity, and osteostimu‐
lation, for regenerating lost bone tissues. To achieve these objectives when copper (Cu)-
containing mesoporous bioactive glass (Cu-MBG) scaffolds with interconnective large pores
are used in vitro both Cu-MBG scaffolds and their ionic extracts stimulates hypoxia-inducible
factor (HIF)-1α and vascular endothelial growth factor (VEGF) expression in human bone
marrow stromal cells (hBMSCs). Thus, incorporation of Cu2+ ions into MBG scaffolds increase
hypoxia-like tissue reaction which enhance angiogenesis and osteogenesis and has promising
scope for the treatment of large bone defect [278]. Controlled delivery of 3 wt% CuO from
borate bioactive glass scaffolds implanted in rat calverial defect shows significantly better
capacity to stimulate angiogenesis and regenerate bone when compared to the undoped glass
scaffolds [279]. It is also evident that copper-doped bioglass scaffold in vivo acts on BMSCs
((bone-marrow derived mesenchymal stem cells) to stimulate secretion of VEGF which in turn
enhances the angiogenic growth into the scaffolds [280]. Copper (Cu) has the property to
stimulate vascularisation/angiogenesis and silicate bioceramics have also stimulatory effects
on vascularisation in vitro due to the release of silicon (Si) ions. Hence, when combined in
bioceramic implant Cu and Si have synergistic effects [281].

Biomaterial-centred bacterial infection, one of the major reasons for revision surgery [282], led
the researchers to explore such material that could control infection as well as promote bone
healing. Incorporation of silver oxide (Ag2O) proved its promising future to combat against
microbial infection on biomedical materials and devices [241, 242, 283–285]. The introduction
of Ag2O into the bioactive glass shows promising bactericidal efficacy against Escherichia coli,
P. aeruginosa and S. aureus in vitro by leaching of Ag+ ions from bioglass matrix [223, 286–288].
Doping of Ag+ ions in 45S5 bioglass based scaffolds even proves to be effective against MRSA
(methicillin-resistant S. aureus) in vitro [289]. Silver-doped bioactive gel-glass Ag-S70C30 has
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beneficial role as antimicrobial wound healing agent in inflammatory response in a local body
compartment such as in acne lesions and in non-healing dermal wounds as it has no cytotox‐
icity against human epidermal keratinocytes [290]. Mesoporous bioactive glasses doped with
Ti/Ag have improved hydroxyapatite- (HAP) induced growth and antimicrobial properties
and more potency than pure MBGs in bone-tissue regeneration and surgery [291]. Very
recently, scaffolds of a borosilicate bioactive glass (composition: 6Na2O, 8K2O, 8MgO, 22CaO,
36B2O3, 18SiO2, 2P2O5; mol%) doped with varying amounts of Ag2O (0.05, 0.5 and 1.0 wt%) is
being used for bone defect repair and as well as to control infection caused by E. coli and S.
aureus. Better adhesion, proliferation and alkaline phosphatase activity of murine osteoblastic
MC3T3-E1 cells on the Ag2O-doped bioactive glass scaffolds is found than on the undoped
scaffolds in vitro [292].

Wnt pathway has been found to play a central role in controlling embryonic bone development
and bone mass [293] during the past decade. In the developing skeletogenesis, Wnt signalling
is required for limb bud initiation, early limb patterning, and, finally, late limb morphogenesis
events. It has been reported that Wnt-3a and Wnt-7a are expressed in the limb bud and have
roles in skeletal pattern determination [294], and that Wnt-14 is involved in joint formation
[295]. In addition, Wnt-3a, Wnt-4, Wnt-5a and Wnt-7a all influence cartilage development
[295]. Wnt are 39-46 kDa cysteine-rich, secreted glycoproteins that have been identified in
organisms ranging from hydra to humans [296]. Recently, it has been suggested that canonical
Wnt signalling plays an important role in fracture healing [297]. Lithium (Li) is an element
known to mimic the Wnt signalling pathway, which plays a central role in osteoblast prolif‐
eration and differentiation [298]. Expression of various Wnts has been reported to be upregu‐
lated during fracture repair, and increased β-catenin signalling by lithium administration has
been shown to improve fracture healing [299]. Edgington et al. reported that lithium-based
dopants to β-TCP induced an effect on the cell-material interaction of osteoblast cells as well
as the study exhibited increased proliferative activity at the lower concentration of Li-doping,
while the higher concentration showed a decrease in activity, indicating a toxic effect of Li at
elevated doses in vitro [300]. Lithium activates β-catenin signalling by inhibiting GSK3β [301–
303]. It is also reported that lithium enhances bone formation and improves bone mass in mice
[304]. Bioactive glasses with Li-containing composition (55% SiO2-36% CaO-4% P2O5-5% Li2O)
synthesised through a quick alkali sol-gel process stimulate apatite formation after immersion
in SBF. Furthermore, addition of Li enhances chemical durability and antibacterial activity
against Enterococcus faecalis. Li-doped bioglass has excellent antibacterial property against
tooth infections for the treatment of root canal, other dental applications [305]. Researches
reveal that different concentrations of Li2O (0-12 wt%) substitution for Na2O in 45S5 bioglass
causes in vitro more apatite formation and osteoblastic cell responses than non-substituted
45S5 bioglass thus prove its efficacy for bone defect filler [211]. Another study shows that Li
doping in therapeutic range (<8.3 ppm) in 45S5 Bioglass causes more HA deposition than non-
doped bioglass in vitro [306].

There are even some more ions or materials, doping of which positively improve the quality,
bioactivity or bone regeneration. Study with boron modified bioactive glass particle shows
significantly more thickness of osseointegrated tissue and more area of neoformed bone tissue
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than non-doped 45S5 glass along with increase in the Ca:P ratio. Boron modification enhances
bone formation more than 45S5 glass when implanted into the intramedullary canal of rat
tibiae [307]. Modification of bioactive glass by substitution of Na2O with doping of fluorides,
such as CaF2 and MgF2 or B2O3 increases its mechanical property [308]. Nickel and cobalt both
stimulate the hypoxia-inducible factor-1 (HIF-1a), which significantly improving blood vessel
formation in tissue engineering applications. No significant structural differences or dissolu‐
tion rate occur when nickel and cobalt are doped in bioactive glasses [309]. Magnesium-doped
melt-derived glasses in the system SiO2-CaO-Na2O-P2O5 influences the formation and the
evolution of the newly formed layers, promotes the dissolution of the silica network, increases
the thickness of the silica gel layer as well as slows down the crystallisation of the apatite layer
[310]. Silica- and phosphate-based bioactive glass nanoparticles (58SiO2-33CaO-9P2O5) doped
with neem (Azadirachta indica) leaf powder and silver nanoparticles show good antimicrobial
activity against S. aureus and E. coli and less bioactivity compared with silver-doped glass
particles [311].

3.2. Doped bioactive glass as coating of orthopaedic implants

Since the discovery of bioglass it had mainly been used for coating of metallic implant which
are bioinert in nature, i.e. bonding ability to bone tissue is poor [312]. On the other hand,
bioglass being an excellent osteogenic agent it has also some inherent disadvantages such as
poor mechanical properties leading to its limited application in load-bearing implants where
metallic alloys are still the materials of choice. Hence, coatings have drawn attention of
researchers as a method to improve adherence of bone tissue to metallic alloy to be used as
load-bearing implant in orthopaedic surgery. For this purpose, coating material should have
thermal coefficient similar to that have bioglass, as well as, has some other properties such as
firing cycle during preparation of coating should not degrade the quality of metal and
optimum adherence should be achieved with hydroxyapatite formation in contact with body
fluid.

To achieve the goal researchers embedded bioglass or hydroxyapatite particles on coating of
Ti6Al4V by a simple enamelling technique to enhance their bioactivity and found excellent
glass/metal adhesion with well-attached bioactive particles on the surface that can withstand
substantial chemical and mechanical stresses [313]. Another family of glasses in the SiO2-Na2O-
K2O-CaO-MgO-P2O5 system has been synthesised for coatings on Ti-based and Co-Cr alloys
by the scientists, where desired achievement were observed to alloys by formation of 100–200
nm thick interfacial layers (Ti5Si3 on Ti-based alloys and CrOx on Co-Cr) and commercially
Ti alloy-based dental implants were fabricated with 100 μm thick glass coatings successfully
[314]. Surgical suture materials such as absorbable polyglactin 910 and non-resorbable Mersilk
when coated with silver-doped bioactive glass powder (AgBG) and tested in vitro, after 3 days
of immersion in SBF, hydroxyapatite forms on the coated suture surfaces and thus their
bioactive behaviour is enhanced as a result their use in body wall repair and wound healing
property is also enhanced [243] it also limits bacterial attachment [315]. In vivo histologic and
histomorphometric study on osteointegration of gradient coatings composed of bioactive glass
and nanohydroxyapatite (BG-nHA) on titanium-alloy orthopaedic implants and surrounding
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bone tissue. Fluorescence micrograph shows better osteointegration of orthopaedic implant in
BG-nHA than uncoated implant [316].

Mesoporous bioactive glass coatings immobilised with L-ascorbic acid phosphate magnesi‐
um salt n-hydrate (AsMg) on stainless steel plate causes osteoblast MC3T3-E1 cells stimula‐
tion by the MBG with enhanced cell attachment, proliferation, differentiation and better
developed cytoskeleton as well as, enhanced fibroblast NIH3T3 proliferation in vitro [317]. To
compare the behaviour of hydroxyapatite and the bioactive glass coated titanium dental
implants different clinical and radiological parameters were studied for 12 months in 31
patients. The study revealed equal potency of bioglass as hydroxyapatite to achieve osteoin‐
tegration in dental implants [318]. Similarly, nanoparticulate bioactive glass coating on the
porous titanium implants promotes better osteointegration and stimulates the formation of
bone within the pores than non-coated implants [319]. Incorporation of nanosized HAP into
ZnO containing bioglass coating on Ti-6Al-4V substrate improves mechanical properties of
the coating but do not hamper in vitro bioactivity [320]. Composite orthopaedic coatings with
antibacterial capability containing chitosan, Bioglass particles (9.8 μm) and silver nanoparti‐
cles (Ag-np) were coated in stainless steel 316 substrate and studied in vitro in SBF. Result
showed low released concentration of Ag ions (<2.5 ppm) was efficiently antibacterial against
S. aureus up to 10 days and coating enhanced proliferation of MG-63 osteoblast-like cells up
to 7 days in culture and it was also found that high concentration of Ag-np (342 μg) have
cytotoxic effect [321]. 45S5 bioglass-silica coatings on 316L stainless steel also causes good
osteointegration as well as prevents the metallic implant from corrosion in presence of body
fluid [322].

3.3. Doped bioactive glass for delivery of growth factors in bone healing

Growth factors are proteins secreted by cells, act on the appropriate target cell or cells to carry
out specific action and thereby there over expression have also been shown in different stages
of fracture healing. This phenomenon has led the researchers to study their role as well as the
potential to be used as therapeutic agent to accelerate fracture healing. Hence, growth factors
are also incorporated into bioactive glass implant, scaffold or coating materials to enhance
osteogenic property. Incorporation of bioactive glass and fibroblasts into alginate beads
stimulates VEGF as a result potentially it can be used for therapeutic angiogenesis [323].
Combination of prolonged localised VEGF presentation from a matrix coated with a bioac‐
tive glass enhances bone regeneration as VEGF has beneficial role in osteogenesis [324]. The
combination of novel MBG/silk fibrin scaffold and BMP7 and/or PDGF-B adenovirus synerg‐
istically promotes wound healing in acute buccal periodontal defects and osteoporosis related
fracture by recruitment of recruitment of mesenchymal progenitor cells [325, 326]. Borate
bioactive glass microfibres doped with 0-3.0 wt% CuO has remarkable ability to stimulate
angiogenesis which help to heal full-thickness skin defects in rodents and promotes human
umbilical vein endothelial cells (HUVEC) migration, tubule formation and secretion of
vascular endothelial growth factor, as well as the expression of angiogenic-related genes of the
fibroblasts in vitro [327].
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4. Conclusion and final remarks

Innovative research on bone tissue engineering has made considerable strides over the few
decades in the development of new materials, processing techniques and their evaluation and
applications. Bioresorbable scaffolds with controlled porosity and tailored properties are of
paramount necessity in the successful outcome of bone healing. Silicate bioactive glasses have
been extensively investigated over last 40 years. Borate and borosilicate bioactive glass
compositions are promising and currently being used in tissue engineering. Although the
ability of bioactive glass to support osteogenesis has been proved, recent work has shown the
angiogenic potential which may be utilised for the benefits of bioactive glass to soft tissue
repair. Due to its biodegradable properties, it may release ions during the degradation process.
Apart from doping the bioactive glass with several metallic ions, the degrading ions of its own
are known to have a beneficial effect on osteogenesis and on angiogenesis. Current findings
show that they may also have a favourable effect on chondrogenesis. Metallic ion doping with
the presently available bioactive glass may further improve the biological performance of the
material that may open a new vista in bone tissue engineering. Future research will take benefit
of the advantageous properties of doped bioactive glass in bone healing as well as coating of
several metallic implants.
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Abstract

Protein adsorption on surfaces occurs shortly after scaffold insertion. This process is of
pivotal  importance  to  achieve  therapeutic  success  in  tissue  engineering  (TE),  and
favorable proteins should be adsorbed at the interface without unfolding to preserve
their structure and function. Protein misfolding at the interface is a common phenom‐
enon, which can impair cell adhesion and scaffold colonization. Many efforts have been
done to improve scaffold biocompatibility by ameliorating protein adsorption, but with
poor results. In the present chapter, we propose the use of a novel class of molecules,
aptamers, to improve scaffold biocompatibility. Aptamers are small, single stranded
oligonucleotides, which specifically bind to a target molecule: they work as antibod‐
ies, but without many of the drawbacks associated to the use of antibodies. We propose
to immobilize aptamers on scaffolds to retain specific proteins, acting as docking points
to guide cell activity. In particular, we show the results obtained by enriching different
polymeric scaffolds with aptamers against human fibronectin, a naturally abundant
protein in tissues, which plays a pivotal role in cell adhesion. We demonstrate that
scaffold enrichment with aptamers lead to a better colonization of the substrate from
cells. The results we obtained pave the way to the possibility of further investigating
the role of aptamers as useful molecules to improve scaffold biocompatibility in the
contest of tissue engineering.

Keywords: aptamers, biocompatibility, fibronectin, scaffold, SELEX, tissue engineer‐
ing
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1. Introduction

Regenerative medicine (RM) is a therapeutic approach that aims to restore structure and function
of damaged tissues and organs, in particular to find a solution for those that become perma‐
nently damaged and untreatable [1].

RM can be potentially applied to different tissues [2], and one of the most promising fields is
that related to bone [3, 4].

Tissue regeneration is a complex task that encompasses completely restoring the lost struc‐
ture, including its micro-architecture and consequently its functionality. As for bone regener‐
ation, optimal healing is achieved when certain prerequisites are met, namely, osteoinduction,
osteoconduction, osteogenesis, and mechanical stability [5].

Osteoinduction is the process that allows the recruitment and stimulation of immature pre-
osteoblastic cells to mature osteoblasts and to produce new bone [6]. This phenomenon is
regulated by a class of molecules known as inductive agents, mainly represented by bone
morphogenetic proteins (BMPs) [3]. As a consequence of osteoinduction, osteogenesis can be
achieved. Osteogenesis is carried out by osteoblasts, and consists in the formation of new bone.
To improve the outcome of bone regeneration, biomaterials are often used to fill the gaps
created by lost tissue. Such biomaterials must be osteoconductive, i.e., capable of supporting
bone deposition on their surface [6]. Finally, mechanical stability of the healing site is the fourth
factor to consider in order to reach regeneration of sound bone and avoid formation of fibrous
tissue [5].

RM for bone tissue currently includes four approaches: molecular, cellular, use of bone
substitutes, and tissue engineering (TE).

Progresses in molecular biology and a deeper knowledge of the mechanisms of fracture healing
at a molecular level have allowed for the identification of a large number of key molecules that
can be used locally or systematically to enhance bone repair [7]. Autologous cells can be an
alternative or complementary choice for healing bone fracture. Mesenchymal stem cells
(MSCs) have been proposed as a useful in regenerative interventions. MSCs can be collected
from bone marrow [8], from peripheral blood [9], or from adipose tissue [10, 11]. Further
possibilities to harvest MSCs in dental applications could be other types of stem cells direct‐
ly isolated from oral tissues such as the dental pulp (DPSCs) or the periodontal ligament
(PDLSCs) [12–14]. As mentioned before, biomaterials have also been proposed as a tool to
provide a substrate for new bone cells to deposit new bone, acting as gap fillers and osteo‐
conductive scaffold. A wide number of synthetic bone substitutes are now available includ‐
ing hydroxyapatite (HA), β-tricalcium phosphate (β-TCP), and calcium-phosphate cements,
glass ceramics, and biocompatible metals [15, 16].

These different approaches are often combined and the investigation of the optimal condi‐
tions and tools to regenerate a tissue created a field called tissue engineering.
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1.1. Tissue engineering

Tissue engineering (TE) was first defined in 1988 at the first TE symposium in California, as
“an interdisciplinary field of research that applies the principles of engineering and the life sciences
towards the development of biological substitutes that restore, maintain and improve tissue function”.
It has been demonstrated that TE offers great potential in clinical applications [17, 18], and, in
particular, bone tissue engineering seems to harbor a great potential. At present, bioabsorba‐
ble scaffolds combined with bone-marrow aspirate and osteoinductive factors (BMPs) have
yielded promising results [16], and, more recently, the applicability of a β-TCP scaffold seeded
with autogenous bone-marrow cells for bone reconstruction has been shown in a sheep
model [19]. Moreover, TE has been used to improve fracture healing and to augment the bone-
prosthesis interface in arthroplasty, with promising results and safety [20, 21].

1.1.1. Scaffold

Scaffolds are a central concept in TE. They are 3D porous structures designed to promote cell
adhesion, proliferation, and extracellular matrix deposition in order to allow for the restora‐
tion of damaged tissue [22].

Scaffolds can be divided into biological and synthetic materials. Biological scaffolds are
derived from human and animal tissues, whereas synthetic ones are made of artificial
biomaterials [23]. As materials of biological origin, although often possessing favorable
characteristics, suffer from scarce availability, safety concerns and sometimes possibility of
inflammatory or even immune responses, synthetic biomaterials have been the center of
increasing attention. The state of art on scaffolds has evolved over the last years and in‐
volves the employment of natural or synthetic polymers. Collagen is the most abundant
polymer in tissues and, as a consequence, among the most investigated material for the
production of natural-derived scaffolds [24–26]. Together with collagen, chitosan, alginate,
and cellulose are promising biomaterial for bone tissue engineering applications [27–30].
Among the synthetic polymers used for scaffold fabrication, polylactic-co-glycolic acid (PLGA)
and polycaprolactone (PCL) are probably the most studied [31]. However, their characteris‐
tics for TE applications are still suboptimal compared with those of natural polymers [4].
Alternatively to the use of polymers, calcium phosphate, apatite forms, and bioglasses find
wide application in bone engineering [32]. Regardless of their chemistry, the main feature
scaffolds should possess is biocompatibility.

2. Biocompatibility

The concept of biocompatibility is widely used within biomaterial science, but it is still
uncertain what it really means. When it was first used in the early 1940s, a material was
considered biocompatible if it could be placed in contact with tissues without altering them:
a biocompatible material was conceived to be ideally inert. However, as research progressive‐
ly revealed that a true biological inertia is not possible, because any thing that enters in contact
with a tissue induces a non-self response from the host immune system, the concept of
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biocompatibility had to be necessarily reviewed. For years materials were considered
biocompatible if they were non-toxic, non-immunogenic, non-carcinogenic, non-irritant, and
so on against human body. During the 1980s, new evidences brought about another change of
view and lead to a more modern definition of biocompatibility. First, it was clear that materials
always react with tissues and that they are not inert. Second, it was shown that biological
responses to biomaterial are different across tissues, and that the tissue itself affects material
biocompatibility. Third, the scientific community realized that some clinical situation require
that materials get degraded and removed from the host after accomplishing their function [33].
Accordingly to these concepts, a widely accepted definition of biocompatibility was outlined
at the Consensus Conference in Boston in 1987 as follows: “Biocompatibility refers to the ability
of a material to perform with an appropriate host response in a specific situation” [34].

In conclusion, focusing on this definition, a material is inserted into a tissue to perform a
function, not simply lie inertly, and tissue responses to the material have to be adequate to the
specific desired applications [35].

Biocompatibility as defined above is a pivotal concept for TE and scaffolds fabrication. A
scaffold can be considered for in vivo application if it has been proven to be biocompatible in
vitro, i.e., if it can support cell adhesion and proliferation. Cellular responses, in turn, heavi‐
ly depend on protein adsorption on the scaffold surface. Protein adsorption on materials is a
spontaneous phenomenon that can be accompanied by protein denaturation, i.e., alteration of
protein conformation and function [36]. Protein denaturation on to surfaces may occur for
different reasons, mainly due to the chemical and physical characteristics of the material, and
for that, a series of methods to enhance the biocompatibility of the surfaces have been
developed.

2.1. Modern approaches to enhance scaffold biocompatibility

It has been solidly established that shortly after implantation biomaterials are covered with a
thin layer of host proteins, and it is believed that the state of adsorbed proteins play a key role
in scaffold colonization from cells [37]. Therefore, controlling the amount, composition and
conformation of adsorbed proteins is a viable approach to obtain a highly biocompatible
surface [38]. In recent years, several strategies have been developed to guide protein adsorp‐
tion and thus to improve cell adhesion, including immobilizing short fragment or proteins on
scaffolds, or chemically and physically modifying scaffold surfaces.

2.1.1. Chemical and physical treatments

It has been demonstrated that some proteins bind preferentially certain chemical groups. For
example it has been shown that fibrinogen binds methyl (–CH3) functionalized surfaces, but
not carboxy (–COOH) ones, whereas the hydroxy (–OH) groups enhance the affinity for
albumin over fibrinogen [39–41]. Therefore, the first strategy developed to control protein
adsorption on scaffolds was enriching surfaces with functional groups, by combining chemical
and physical treatments.
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Chemical graft modification entails surface activation through different methods, such as
chemical reactions or UV, plasma, and ozone exposure [42], followed by covalent grafting of
the desired functional groups. Chemical grafting has been used to improve hemocompatibil‐
ity of vascular grafts by enriching them with heparin and polyethylene glycol (PEG or PEO).
The drawbacks of this approach include the loss of protein mobility at the material surface,
because they are covalently bound and the possible release of toxic monomers [38].

To overcome issues associated to chemical graft deposition, self-assembled monolayers
(SAMs) were developed. SAMs was widely used to study in vivo responses of implanted
biomaterials in the past, although nowadays is limited to gold- and silver-coated surfaces [38,
43, 44].

An increasingly popular method to graft surfaces with functional groups is plasma modifica‐
tion. Plasma is considered the fourth state of matter and it is obtained when gases are excited
by specific electromagnetic frequencies. Plasma modification is cheap and seems to be very
effective, but it is still being currently investigated for the development of biomedical devices,
including metals, polymers, and ceramics [38, 45].

2.1.2. Immobilization of RGD and other recognition sequences for integrins

One of the most recent approaches developed to enhance scaffold biocompatibility is the
surface immobilization of small peptides able to mimic proteins involved in cell adhesion, to
enrich scaffolds with docking points for cells (Ruoslahti, 1996). The best investigated peptide
is the arginine-glycine-aspartic acid (RGD) motif, an ubiquitous adhesive sequence found in
many ECM proteins responsible for their interaction with cellular integrin receptors [46].
Several groups have studied the in vitro ability of RGD and related motifs to improve osteoblast
adhesion, migration, and gene expression [47–49]. Moreover, coating titanium implants with
the RGD peptide has been shown to induce a direct activation of macrophages, osteoblasts,
and osteoclasts in rat tibia and femur and in dog femur [50–52].

However, Hennessy et al. enriched hyaluronic acid disks with RGD and observed poor cell
adhesion and inhibitory effects of the RGD binding domain, probably due to the fast adsorp‐
tion of fibronectin, vitronectin and fibrinogen within 30 min, which competed with RGD motifs
to bind integrins [53].

2.1.3. Surface coatings

The application of coatings that mimic the ECM could be an alternative method to improv‐
ing scaffold biocompatibility. In particular, coatings for bone biomaterials should promote the
creation of a suitable environment for osteoblast, osteoclasts, and progenitor cells, that promote
implant integration, by improving bone/implant contact (BIC) [46]. Coating titanium im‐
plants with collagen, which is the most abundant protein in bone tissue, supports in vitro
adhesion, migration, and differentiation of osteoblasts [54, 55]. Similarly, coatings of hydrox‐
yapatite-based scaffold with chondroitin sulfate (CS), wide spread in cancellous and cortical
bone, Hyaluronic acid (HA) or heparin have demonstrated to increase BMPs secretion and
consequently osteoblasts differentiation [56, 57].
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All the issues connected to the strategy described, prompted us to develop a new method to
enhance scaffold biocompatibility by using a novel class of molecules, called aptamers, to
improve protein adsorption and cell adhesion.

3. Aptamers

In the 1980s molecular virology revealed that small structured oligonucleotides could bind
proteins with high affinity and specificity. That evidence supported the use of oligonucleoti‐
des as specific receptors, which 10 years later lead to the discovery of aptamers [58]. The
word “aptamer” was first used in 1990 by Ellington and Szostak to describe small RNAs
molecules able to bind small organic dyes. It derives from the fusion of the Latin expression
“aptus”, which means “to fit”, and the Greek word “meros”, which means “part” [59]. Since
then, aptamers have been defined as short oligonucleotides that by adopting specific 3D
conformations are able to bind specific and selected targets [60].

Aptamers are mostly short single-stranded or double-stranded DNA or RNA oligonucleoti‐
des, usually 20–80 bp long and 6–30 kDa heavy. Aptamers are constituted of a random
sequence region at center, flanked by constant designed primer binding sites and the 3′ and
5′ ends. The sequence region in the center is necessary for target recognition (Figure 1), which
occurs after aptamer 3D adaptation. In this phenomenon intermolecular interactions, such as
Van der Waals forces, hydrogen and electrostatic interactions, stabilize the bond between
aptamers and their ligands [61, 62]. The aptamers-ligands interactions are highly specific and
capable to discriminate among analogues, i.e., enantioselective aptamers have 12.000-fold
higher affinity for L-arginine than for D-arginine [63].

Aptamers are thought to be an excellent alternative to the use of monoclonal antibodies (mAB).
Compared with antibodies, aptamers overcome their issues and improve their clinical
applicability and suitability for industrialization. First of all, aptamers are low-immunogenic
and low-toxic molecules, and they are not directly recognized by the human immune system
as foreign agents [64–66]. Unlike antibodies, aptamers have a wider target range, they are
smaller so that they can easily penetrate into tissue barriers and cells [67]; moreover they can
also bind small ligands, such as ions and small molecules, which cannot be recognized by
antibodies [68]. Furthermore, aptamers are thermally stable, and can undergo repeated cycles
of denaturation/renaturation without damaging their binding efficiency. Finally, aptamer
production and eventually modification is cheaper, easier and faster than that of mAB [68].

The interest of research on aptamers is increasing, as shown by the publication rate on this
topic, which has exponentially grown in 25 years [61], leading to more than 5500 published
articles in the PubMed database including the term “aptamer” in January 2016. In spite of their
popularity, their clinical applications are still limited [62], and as of today only one aptamer-
based drug has been approved by the US Food and Drug Administration (FDA). Pfizer/Eyetech
launched Macugen, a RNA aptamer against VEGF (vascular endothelial growth factor) for the
treatment of wet age-related macular degeneration in 2004 [69]. Barriers to the commerciali‐
zation of aptamers are essentially two. The former is that some in vitro generated aptamers do
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not elicit a comparable in vivo comparable, whereas the latter is that the SELEX process is time-
consuming and not very efficient [62]. In spite of these issues, a recent market report project‐
ed the global aptamer market to $5.4 billion by 2019 [70].

Figure 1. Diagram representing aptamer 3D conformational rearrangement in the presence of the target to form aptam‐
er-target specific complex.

3.1. Aptamers generation

Aptamer selection requires two steps: upstream screening and downstream screening. The
upstream screening step identifies full-length aptamers through SELEX (Systematic Evolu‐
tion of Ligands by EXponential Enrichment), whereas the downstream step aims to isolate the
shortest oligonucleotide sequence required for target binding [61].

3.1.1. Upstream screening

In vitro selection or SELEX (Systematic Evolutions of Ligands by EXponential enrichment) is
the technique used to isolate aptamers, which was first described by Ellington and Gold in
1990 [59, 71].

Figure 2. Schematic representation of the SELEX process steps.
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The SELEX process consists of three steps, which are then repeated to screen for sequences
with higher affinity (Figure 2) [58]: (a) the preparation of an initial oligonucleotides pool
(library) is followed by (b) the selection of aptamer candidates and by (c) their amplification.

3.1.1.1. Library generation

The whole SELEX process starts with the generation of a synthetic oligonucleotides library,
which consists of a pool of ~1012 –1015 different nucleic acid (ssDNA or RNA) sequences,
theoretically able to bind any target molecule. Each sequence represents a possible aptamer
candidate and it possesses a central random region, ~25–30 bp long, flanked by two stand‐
ard primers at the 3′ and 5′ ends [61, 62].

Both ssDNA and RNA libraries can be created and divided in five types, on the basis of the
collected sequences. Standard libraries are the most common ones and contain random 20–60
bp long oligonucleotides. Structurally constrained libraries contain oligonucleotides with
stable regions, which help aptamers to fold according to a certain secondary structure.
Libraries based on a known sequence are constructed by inserting known sequences in the
central part of the oligonucleotide. Finally, libraries based on genomic sequences (genomic
SELEX) are created by digesting genomic DNA, to find proteins capable to bind it [72].

3.1.1.2. Binding and separation

Once the library is generated, it is incubated with the target. Some of the oligonucleotides in
the pool recognize the target and are then considered aptamers (partitioning), whereas
unbound sequences are filtered out from the solution (elution) [61].

Several methods are used to discriminate aptamers from other oligonucleotides. The SELEX
approach initially employed by Gold and co-workers was based on a nitrocellulose mem‐
brane where the T4 DNA polymerase was immobilized [71]. Nowadays, the use of a nitrocel‐
lulose membrane is quite out of order because it has some limitations, such as the inability to
bind any molecules but proteins and the need to perform at least 12 selection rounds [73, 74].
Alternative strategies have then been developed based on common biochemistry techniques.
Chromatographic affinity or magnetic columns are often used for aptamer selection. In the
case of chromatographic affinity column, the immobile phase is composed of agarose beads
and the targets are immobilized through tags with proteins, such as glutathione S-transfer‐
ase (GST) or His-tag, or through chemical reaction with other molecules. Several aptamers
have been selected through this method, however it cannot be applied if the target lacks the
tags or the functional group requested for the coupling with the column [75–77]. On the other
hand, targets can be immobilized on the surface of magnetic beads and used in magnetic
columns, a strategy that is becoming more and more powerful due to the ease of separating
aptamers from other nucleotides only by a magnet [78–80]. Furthermore, capillary electro‐
phoresis has been proposed, because of its speed and high resolution. In fact a successful
selection of aptamers can be obtained in a few rounds, i.e., Bowser and co-workers selected
aptamer against neuropeptide Y and against human IgE in only four rounds [81, 82]. In
addition to the methods described above, aptamers against whole cells have been recently
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selected through the Cell-SELEX method. This technique is complex, because cells cannot be
immobilized, unlike target molecules; however, several research groups have been success‐
ful. Kobatake’s group identified the SBC3, a cell lung cancer cell line with a ssDNA aptam‐
ers [83]. Previously, Tan’s group selected a series of aptamers able to bind two types of ovarian
cancer cells [84], whereas Gold et al. isolated an aptamer for the U251 cell line derived from
glioblastomas just in 2003 [85].

Further strategies have been implemented to improve SELEX performance, although their
efficiency in selecting aptamers is not still clear.

3.1.1.3. Amplification

After the separation of aptamers from a specific nucleotides, they are amplified by PCR, in the
case of ssDNA aptamers, or by RT-PCR in the case of RNA aptamers. Consequently, prod‐
ucts of amplification are used as a new sub-library for the following selection round [62].

3.1.2. Downstream screening

After the upstream screening or SELEX, selected aptamers are generally ~80 bp long, but the
binding region is actually usually 10–15 nucleotides long [68, 86]. As a consequence, redun‐
dant and useless nucleotides can be deleted through a process called “aptamer truncation”.
Many strategies have been tested to minimize aptamer sequences without damaging its
binding ability. Most of these strategies are predictive and based on computational biology.
Giangrande et al. were able to truncate an RNA aptamer against PSMA (prostate-specific
membrane antigen) while preserving its binding activity and functionality, using structure
simulations and target docking algorithms. Partial fragmentation was used by Green et al. to
select the shortest sequence of DNA aptamers to bind PDGF (platelet-derived growth factor)
[87]. Wang and co-workers detected the non-essential region of the hPTK7 (anti-human protein
tyrosine kinase 7), hybridized them with complementary oligonucleotides probes [88]; the
same approach was used by Duan and co-workers to select the basic region of anti-CD133
aptamer as marker for cancer stem cells [89].

All the methods described for aptamer truncation are effective; however, their application is
hindered by their complexity, length, and cost [61].

3.2. Biomedical applications of aptamers

The similarities between aptamers and mABs lead to their applications in various field,
including research tools [90], bioassays [91, 92], food safety [93], and environment monitor‐
ing [94], as demonstrated by a plethora of reviews recently published on this topic. However,
a major field of interest for aptamers is biomedicine, where aptamers can be used as sensors
for biomarker discovery, molecular imaging probes, drug delivery systems and drugs,
especially in cancer nanomedicine and therapy [58, 61].
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3.2.1. Aptamers as potential drugs

Although the most studied aptamers are against thrombin, VEGF and PDGF, aptamer
applications range from cancer to infectious pathogens.

3.2.1.1. Therapeutic aptamers in eye disease

The first therapeutic aptamer approved by the FDA was the Pegaptanib, which today is
commercially available as Macugen® (Pfizer and Eyetech) [64, 65]. The Pegaptanib is a 27
ribonucleotide pegylated RNA aptamer antagonist of VEGF165 [95]. Since its approval in 2004,
the Macugen® has always been used for the treatment of AMD, a degenerative ocular disease
that causes vision loss in older adults due to retinal damage. However, the efficacy of this
aptamer was then discovered to be important also for the treatment of diabetic macular
edema (DME) and proliferative diabetic retinopathy (PDR) with promising results in clinical
trials [96, 97]. At present, the spectrum of use of Pegaptanib is being broadened to other
pathologies such as ischemic diabetic macular edema (MIDME), uveitis, choroidal neovascu‐
larization secondary to pathologic myopia, and iris neovascularization [98–100].

The limits of anti-VEGF agents to treat AMD are their inability to promote the regression of
new blood vessels, which are the cause for the loss of vision. To bypass this limitation, the
E10030 aptamer (Fovista™) was developed by Ophthotech Corp in 2012: the E10030 is a 29
pegylated RNA aptamer able to bind PDGF (platelet-derived growth factor), which regu‐
lates pericytes maturation. The combined administration of E10030 with Pegaptanib showed
successful neovascular regression in preclinical models [101].

3.2.1.2. Therapeutic aptamers for hemostasis

Thrombin is a wide-studied target for anticoagulation, and its in vivo inhibition is a major
solution to prevent and treat blood clotting abnormalities [61, 102]. Anti-thrombin aptamer
(TBA), a 15 bp oligonucleotide, was first selected in 1992 by Toole et al. and it was the most
studied aptamer for clinical applications in 2012 [60, 103]. After the evaluation of TBA
efficiency in vivo [104], the Nu172 aptamer (ARCA Bipharma) was develop as a potential
thrombin inhibitor candidate. Nu172 is a 26 bp aptamer able to prevent fibrinogen cleavage
of a-thrombin by interacting with the exosite I. Nu172 is currently in phase II clinical trials to
be certified for anticoagulation in invasive medical procedures, coronary artery bypass graft
and percutaneous interventions [105].

3.2.1.3. Therapeutic aptamers for cancer

The goal of new therapeutic approaches in Oncology is often to block the neoplastic progres‐
sion through the inhibition of specific cell-pathways, which lead to cell abnormal prolifera‐
tion. Several clinical trials have proposed the use of aptamers to specifically bind tumor cells
and stop cancer development. The specific cell membrane receptors that can be blocked in
tumors are numerous, but only few have been investigated with aptamers. A pivot role is
played by nucleolin, a protein which is often over-expressed on the surface of cancer cells and
that is firstly involved in cell survival, growth and proliferation, as well as in nuclear trans‐
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port and transcription [106]. In particular, nucleolin seems to manage the internalization of the
tumor-homing F3 peptide and its inhibition affects several signaling pathways responsible for
abnormal cell proliferation during cancer progression, such as NF-kB and Bcl-2 pathways [107,
108].

AS1411 (Antisoma, PLC) is a 26 bp long aptamer rich in guanosine and screened for against
nucleolin [66, 106]. When AS1411 interacts with surface nucleolin, the complex is internal‐
ized and prevents its binding with Bcl-2, thus inducing cell apoptosis. AS1411 has shown good
growth-inhibitory properties in vitro (Table 1) and the ability to be accumulated in tumor
tissue [66, 109].

Cell Line Description Dose of AS1411
administered

Time of exposure
to AS1411

A549 Human epithelial lung carcinoma 1 μmol/l 6 days

DU145 Human epithelial prostate carcinoma 2 μmol/l
15 μmol/l

6 days
5 days

MDA-MB-231 Human breast adenocarcinoma 15 μmol/l 5 days

MCF-7 Human breast adenocarcinoma 15 μmol/l 5 days

HeLa Human cervix adenocarcinoma 15 μmol/l 5 days

Primary cells from leukemia Human leukemia 10 μmol/l 7 days

Primary cells from lymphoma Human lymphoma 10 μmol/l 7 days

Table 1. Dose administered and time of exposure of different cell lines to AS1411 aptamer, in order to observe growth
ihnibition [66, 109].

3.2.1.4. Therapeutic aptamers in microbiology

When aptamers were first described by Ellington and Gold in 1990, their ability to bind viral
proteins was clear, and, consequently, their use to treat viral and bacterial diseases has always
been investigated [110, 111].

Ebola epidemic of 2014 and other emerging viruses have prompted several research groups
to use specific aptamers in the treatment of these diseases by blocking sites essential for virus
infectious progression [112–115]. For example, it has been shown that specific aptamers against
influenza major targets are able to inhibit or block virus fusion, penetration, and replication
[116–120]. Aptamers are also thought to be useful to kill multidrug-resistant (MDR) bacteria
in vivo, possibly by blocking resistance enzymes such as NMD-1 (New Delhi metallo-β-
lactamase) or by inducing the classic pathway of the complement in lieu of antibodies [121–
124].

3.2.2. Aptamers as sensors for biomarker discovery

Biomarkers are molecules that change their expression level when physiological conditions
are altered, and can thus be used to indicate the progression state of a disease or the risk of

Aptamer-Mediated Selective Protein Affinity to Improve Scaffold Biocompatibility
http://dx.doi.org/10.5772/63265

339



developing it. Biomarkers are therefore a tool with high potentiality for disease screening and
early diagnosis. However, a very limited number of biomarkers have been thus far discov‐
ered. The use of mABs to identify disease specific targets is often unfeasible, because these
targets are frequently cell epitopes and it is impossible to design and select a mAB against an
unknown receptor, and aptamer research is moving to fill the gap. Normally, target cells are
amplified, collected, and lysed. The lysate is then incubated with aptamers and target proteins
go through a comparative proteomic analysis: briefly, they are separated through the SDS-
PAGE and analyzed with mass spectrometry [61].

In recent years, many research groups have worked to find aptamers that specifically bind
biomarkers. In particular, the tyrosine kinase 7 has been discovered as a potent marker of T-
cell acute lymphoblastic leukemia [125], tenascin-C as biomarker for glioblastoma cells [85],
the Igμ heavy chain for Burkitt’s lymphoma [126], whereas the stress-induced phosphopro‐
tein I for ovarian cancer [127].

3.2.3. Aptamers as molecular imaging probes for diagnostic

Aptamers have also been proposed as detecting agents in diagnostics, both as molecular
beacons or as sensors for bio-imaging [58, 61].

In 2001, Hamaguchi et al. developed an aptamer beacon for thrombin. A thrombin aptamer
was modified with complementary sequences at 3′ and 5′ ends to form a stem-loop struc‐
ture. Furthermore, the 5′-end was labeled with a fluorescent moiety, whereas the 3′ with a
quencher. In the absence of thrombin, the complementary 3′ and 5′ ends lie in close proximi‐
ty and this results in fluorescence quenching, whereas in the presence of thrombin, aptamer
acquires its 3D specific conformation, moving the fluorophore and the quencher apart, setting
off a fluorescence signal in a dose-depends manner [128]. One year later the same approach
was proved by Tan and co-workers [129] and then by several research groups [79, 130–132].

The idea of labeling aptamers with fluorophores was pursued also to develop new probes for
computerize tomography (CT) and for magnetic resonance imaging (MRI). In addition, this
idea seemed appealing in combination with nanomaterials for CT and MRI analysis (i.e.,
liposomes, quantum dots (QDs), carbon nanotubes, gold and magnetic nanoparticles), to
improve in vivo imaging and phototermal therapy, thanks to aptamers’ accurate targeting and
the rapid diffusion through blood circulation of nanomaterials [58]. This approach was used
to image C6 cancer cells using a Cy3-labeled aptamer against nucleolin transmembrane protein
in 2010 [133]. The same year Min et al. proposed the use of a QDs-aptamer complex specific
for PSMA(+) and PSMA(–) (prostate specific membrane antigen) to detect prostate cancer cells.
The complex was able to discriminate between prostate cancer cells and normal or other cancer
cells [134]. In 2013, Kim et al. immobilized a VEGFR2 (vascular endothelial growth factor
receptor 2) aptamer on a magnetic nanocrystal surface for the detection of the angiogenic
vasculature in glioblastoma by MRI with high sensitivity and efficiency [135].
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3.2.4. Aptamers as drug delivery systems

The ability of aptamers selected through the cell-SELEX to recognize cell antigens have been
exploited to deliver a variety of molecules, mainly drugs, into cells [58]. For this purpose,
aptamers can be used alone or in combination with other delivery systems, such as poly‐
mers or liposomes, in order to enhance their specificity [61].

Building on their previous work on a QDs-aptamer complex specific for PSMA(+) and
PSMA(–) (see Section 3.2.3), Min et al. were able to load the construct with doxorubicin, an
anticancer drug, and to effectively introduce it inside prostate cancer cells [136]. Levy’s group
relied on an aptamer against PSMA to introduce a siRNA in prostate cancer cells, which
inhibited gene expression within 30 min [137].

To enhance polymers specificity as drug delivery system, they can be funtionalized with
aptamers; this strategy has shown to be promising for clinical applications. Farokhzad et al.
encapsulated rhodamine-labeled dextran within a nanoparticle of poly (lactic acid)-block-
polyethylene glycol copolymer with a terminal carboxylic acid functional group (PLA-PEG-
COOH) conjugated to an aptamer against the PSMA antigen of prostate cancer cells. The
system was able to enter PSMA over-expressing cells in less than 2 h [138]. The same group
further generated a nanoparticle with poly (D,L-lactic-co-glycolic acid)-block-poly (ethylene
glycol) (PLGA-b-PEG) copolymer conjugated with the A10 aptamer against PSMA to deliver
docetaxel inside cancer cells. This system was tested in vivo, and induced the complete
regression of the tumor in five out of seven mice [139]. Following these promising results,
several others similar constructs based on the conjugation of polymers and aptamers were
efficiently tested [140], and even aptamers conjugated to dendrimers were tested, as report‐
ed in a review published in 2011 by Lee et al. [141].

Liposomes were also engineered with aptamers to deliver cisplatin and taxol inside breast
cancer cells. The AS1411 aptamer-liposome bioconjugate system efficiently transported
cisplatin inside tumorigenic cells, and effectively killed the target cancer cells but not healthy
control ones [142]. Moreover, compared with the control liposomes, liposomes conjugated
with the AS1411 aptamer and containing taxol, increased the cellular uptake of the construct
in the breast cancer cells [143].

Taken together, these results support the use of aptamers as enhancer for drug delivery
systems; however, more in vivo evaluation is required to allow their use in clinic [61].

4. Aptamers to enhance scaffold biocompatibility

As mentioned earlier in this chapter (see Section 2.1), one of the most investigated topics in TE
is developing new methods to improve scaffold biocompatibility. To reach this goal, scaf‐
folds should be highly dynamic and possess surfaces capable to interact with cells, positive‐
ly modulating protein adsorption [36].

Several research groups have aimed to reach this goal by immobilizing the RGD peptide
binding motif on scaffolds (see Section 2.1.2), by modifying chemically or physically scaffold
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surfaces (see Section 2.1.1) or by coating scaffolds with other highly biocompatible materials
(see Section 2.1.3).

In this section we propose a new method to improve natural polymeric scaffold biocompati‐
bility, by using ssDNA aptamers screened for against human fibronectin as docking points, to
ameliorate the adsorption of fibronectin, a naturally occurring molecule in damaged tissues,
which is mainly involved in cell adhesion and in the regeneration process. The correct
adsorption of fibronectin may lead to a faster colonization of the scaffold in vitro and to an
acceleration of the regeneration process in vivo. Figure 3 summarizes the rationale to use
aptamers to enrich biomaterials with specific molecules.

Figure 3. Diagram representing the rationale of functionalizing substrates with aptamers to retain specific proteins.
Un-functionalized scaffold adsorbs proteins from the environment based on their availability (A). Aptamer functional‐
ized scaffold specifically binds and retains target protein, by selectively enriching the adsorption for a specific protein
(B).

Biomaterial functionalization with aptamers is not new in the literature. Wendel’s group
pioneered the field in 2007, by coating a vascular prosthesis with aptamers against circulat‐
ing endothelial progenitor cells (EPCs), to retain specific cells from the bloodstream and
quickly create an autologous functional endothelium. Aptamers against EPCs were screened
through the Cell-SELEX and covalently grafted on to polydimethylsiloxane (PDMS) and
polytetrafluoroethylene (PTFE) substrates. Functionalized scaffolds were incubated with
whole porcine blood, washed twice to remove non-specific debris, and stained for CD31 and
CD144 by immunofluorescence to identify EPCs. EPCs were observed only on aptamer-grafted
prosthesis, whereas no CD31 and CD144 positive cells were retained on control discs [144].
Five years later, Chen et al. designed an artificial ECM using aptamer-grafted polyethylene
glycol (PEG) hydrogels: aptamers screened for against cell surface receptors were used as
binding sites for cells and they were attached on to the gel through free radical polymeriza‐
tion. It was demonstrated that the amount of cells adhered to hydrogels was proportional to
the amount of aptamer incorporated into the hydrogels [145].
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Considering those results, we want to show the possibility of enriching natural synthetic
scaffolds with aptamers against human Fibronectin to enhance cell adhesion and growth.

For this purpose, we used aptamer screened for against human fibronectin (Base Pair
Biotechnologies, Pearland, TX) and modified at their 3′-end with a thiol group and at their 5′-
end with biotin.

4.1. Aptamers enhance cell adhesion and proliferation on polymeric scaffolds

Two natural polymer scaffolds were used as substrates: a thiolate hyaluronic acid/polyethy‐
lene glycol hydrogel (tHA/PEGDA) and a chitosan modified with D-(+)-raffinose film. tHA/
PEGDA gels are 3D matrices normally used for stem cell culture and which offer scant adhesion
to cells. For this reason, they are often enriched with adhesion molecules, such as RGD
peptides, when firmer adhesion is required. Aptamers were bound to these hydrogels by
exploiting the acrylate functional groups of PEGDA, which can easily bind thiol groups on
aptamers. Five microliters of aptamer at increasing concentration were mixed to each 50 μl gel.

Chitosan is one of the most investigated natural polymers for TE applications, because it is
highly biocompatible [146]. However, some cell types grow slowly on chitosan films, and
consequently they were chosen as substrates to be enriched with aptamers. Aptamers were
immobilized on 2% chitosan films (r = 3.0 mm; h = 0.25 mm) at increasing concentration by
exploiting the spontaneous ability of chitosan to bind sulfur-containing substances [147].

Figure 4. Study of aptamer ability to enhance the proliferation of human osteoblasts (hOB) on tHA/PEGDA hydrogel.
Microphotographs, taken with an inverted microscope, showing hOB cells on tHA/PEGDA after 48 h of culture (A–D).
The rate of cell growth is proportional to the quantity of aptamer used for the functionalization (E).

Five thousand hOB cells (human osteoblasts) on tHA/PEGDA gels and 5000 MC3T3-E1 cells
(murine preosteoblasts from bone/calvaria) on 2% chitosan films were cultured for 7 days.
Cells were monitored day by day with an inverted microscope.

Cell proliferation on tHA/PEGDA and chitosan substrates is shown in Figures 4 and 5.
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Figure 5. Study of aptamer ability to enhance the proliferation of murine osteoblastic cells (MC3T3-E1) on 2% chitosan
films. Microphotographs, taken with an inverted microscope, showing MC3T3-E1 cells on 2% chitosan films after 48 h
of culture and stained with the Trypan Blue to discriminate viable and dead cells. The rate of cell growth is proportion‐
al to the quantity of aptamer used for the functionalization (E).

In both the cases, aptamers increase the number of adhering cells and the rate of cell growth
is proportional to the amount of aptamer used. Cell morphology appear round both in control
groups and in aptamer-rich samples, unlike the flattened spindle shape morphology that is
normally observed on tissue culture plastic substrates, and is routinely associated to firm cell
adhesion. Although cell adhesion does appear improved in the presence of aptamers, as
indicated by a significantly higher number of cells, the culture substrate is mechanically elastic
and the normal morphological features of a good adhesion cannot be achieved.

Figure 6. Histograms representing the amount of protein adsorbed on polymeric scaffolds with or without aptamers.
Scaffolds were incubated for 2 h with 30 μg of proteins. The amount of protein bind by the scaffold was quantitated
through the Bradford.

Although aptamers act on both substrates presumably in comparable ways, by binding
fibronectin, the rationale for their use is possibly different, as suggested by results of protein
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adsorption assays reported in Figure 6, where 30 μg of serum protein were incubated for 2 h
on different scaffolds with or without aptamers and quantitated with Bradford.

The presence of aptamers on tHA/PEGDA quantitatively increases the amount of fibronec‐
tin on the gel and this may explain the improved cell adhesion and proliferation. Cells on
control gels do not get in contact with adsorbed proteins and lack good attachment points for
their integrins. Availability of a higher amount of adhesive protein then results in more firmly
adhering cells. On the other hand, chitosan is known to bind massive amounts of protein from
the supernatant and aptamers do not affect the quantity of adsorbed proteins. A viable
hypothesis for the effects of aptamers on chitosan is therefore that aptamers may affect the
quality of adsorbed protein. Aptamers may preserve the natural conformation of fibronectin
on films, without unfolding it and maintaining a favorable exposure of adhesion sequences
for cells.

Evidences reported show that aptamers are a viable approach to improve the biocompatibili‐
ty of scaffolds, ameliorating the process of adhesive protein adsorption on surfaces both
quantitatively and qualitatively, and should further investigated to create tissue-specific
scaffold for tissue engineering.

5. Summary

Scaffolds for tissue engineering should support an appropriate cellular activity. In particular,
cell adhesion and proliferation depend mainly on the efficiency of protein adsorption at the
interface, a process deeply influenced by surface chemistry. Nowadays, a wide number of
treatments have been proposed to enhance scaffold biocompatibility, including physical and
chemical treatments or biological coatings. In this chapter we reported on the use of aptam‐
ers to improve scaffold biocompatibility.

After a general presentation on tissue engineering in Section 1, Section 2 described the rationale
to control protein adsorption on biomaterial surfaces. A panoramic view of the methods
developed and reported in literature to improve scaffold biocompatibility was reviewed. At
the end of the section the possibility of using aptamers for this goal was outlined.

Section 3 contained general information about aptamers. The technique to obtain aptamers
(SELEX) was well described and a general view on the use of aptamers in biomedical appli‐
cations was outlined. Finally, in Section 4 after the explanation of the rationale to use aptam‐
ers as enhancers for scaffold biocompatibility, our preliminary results were reported. In
particular, we investigated the possibility to immobilize aptamers on different substrates to
improve scaffold biocompatibility in vitro, with similar results. Aptamers were bound to tHA/
PEGDA hydrogels or to chitosan films: in both the cases the adsorption of proteins was
ameliorated, as well as the adhesion and proliferation of cells. The results obtained paved the
way to further investigation of the use of aptamers in combination with scaffolds for tissue
engineering applications.

Aptamer-Mediated Selective Protein Affinity to Improve Scaffold Biocompatibility
http://dx.doi.org/10.5772/63265

345



Acknowledgements

The study was supported by a 2013 grant by the American Academy of Implant Dentistry
Foundation. We thank Dr. Bill Jackson and Dr. Lisa Thurston (Base Pair Biotechnologies,
Pearland, TX, USA) for their precious advice. We also thank Dr. Gallia Graiani and Dr. Andrea
Toffoli (Dentistry Center, University of Parma), Dr. Benedetta Ghezzi, Dr. Anna Lidia
Perruccio, Dr. Maria Siciliano, Dr. Alessandra Zecca (Department of Biomedical Biotechno‐
logical and Translational Sciences, University of Parma) for their assistance.

Conflict of interest

The authors have no conflict of interest to disclose.

Author details

Ludovica Parisi1,2, Carlo Galli1,2,4*, Lisa Elviri3, Annalisa Bianchera3, Paola Lagonegro4,
Simone Lumetti1,2, Edoardo Manfredi1,2 and Guido Maria Macaluso1,2,4

*Address all correspondence to: carlo.galli@unipr.it

1 Department of Biomedical Biotechnological and Translational Sciences, University of Parma,
Parma, Italy

2 Dentistry Center, University of Parma, Parma, Italy

3 Department of Pharmacy, University of Parma, Parma, Italy

4 IMEM-CNR, University of Parma, Parma, Italy

References

[1] Mason, C. and P. Dunnill, A brief definition of regenerative medicine. Regen Med, 2008.
3(1): p. 1–5.

[2] Langer, R. and J.P. Vacanti, Tissue engineering. Science, 1993. 260(5110): p. 920–926.

[3] Dimitriou, R., et al., Bone regeneration: current concepts and future directions. BMC
Med, 2011. 9: p. 66.

[4] Oryan, A., et al., Bone regenerative medicine: classic options, novel strategies, and
future directions. J Orthop Surg Res, 2014. 9(1): p. 18.

Advanced Techniques in Bone Regeneration346



Acknowledgements

The study was supported by a 2013 grant by the American Academy of Implant Dentistry
Foundation. We thank Dr. Bill Jackson and Dr. Lisa Thurston (Base Pair Biotechnologies,
Pearland, TX, USA) for their precious advice. We also thank Dr. Gallia Graiani and Dr. Andrea
Toffoli (Dentistry Center, University of Parma), Dr. Benedetta Ghezzi, Dr. Anna Lidia
Perruccio, Dr. Maria Siciliano, Dr. Alessandra Zecca (Department of Biomedical Biotechno‐
logical and Translational Sciences, University of Parma) for their assistance.

Conflict of interest

The authors have no conflict of interest to disclose.

Author details

Ludovica Parisi1,2, Carlo Galli1,2,4*, Lisa Elviri3, Annalisa Bianchera3, Paola Lagonegro4,
Simone Lumetti1,2, Edoardo Manfredi1,2 and Guido Maria Macaluso1,2,4

*Address all correspondence to: carlo.galli@unipr.it

1 Department of Biomedical Biotechnological and Translational Sciences, University of Parma,
Parma, Italy

2 Dentistry Center, University of Parma, Parma, Italy

3 Department of Pharmacy, University of Parma, Parma, Italy

4 IMEM-CNR, University of Parma, Parma, Italy

References

[1] Mason, C. and P. Dunnill, A brief definition of regenerative medicine. Regen Med, 2008.
3(1): p. 1–5.

[2] Langer, R. and J.P. Vacanti, Tissue engineering. Science, 1993. 260(5110): p. 920–926.

[3] Dimitriou, R., et al., Bone regeneration: current concepts and future directions. BMC
Med, 2011. 9: p. 66.

[4] Oryan, A., et al., Bone regenerative medicine: classic options, novel strategies, and
future directions. J Orthop Surg Res, 2014. 9(1): p. 18.

Advanced Techniques in Bone Regeneration346

[5] Giannoudis, P.V., T.A. Einhorn, and D. Marsh, Fracture healing: the diamond con‐
cept. Injury, 2007. 38 Suppl 4: p. S3–S6.

[6] Albrektsson, T. and C. Johansson, Osteoinduction, osteoconduction and osseointegra‐
tion. Eur Spine J, 2001. 10 Suppl 2: p. S96–S101.

[7] Dimitriou, R., E. Tsiridis, and P.V. Giannoudis, Current concepts of molecular aspects
of bone healing. Injury, 2005. 36(12): p. 1392–1404.

[8] Pountos, I., et al., Efficacy of minimally invasive techniques for enhancement of fracture
healing: evidence today. Int Orthop, 2010. 34(1): p. 3–12.

[9] Matsumoto, T., et al., Therapeutic potential of vasculogenesis and osteogenesis
promoted by peripheral blood CD34-positive cells for functional bone healing. Am J
Pathol, 2006. 169(4): p. 1440–1457.

[10] Im, G.I., Y.W. Shin, and K.B. Lee, Do adipose tissue-derived mesenchymal stem cells
have the same osteogenic and chondrogenic potential as bone marrow-derived cells?
Osteoarthritis Cartilage, 2005. 13(10): p. 845–853.

[11] Niemeyer, P., et al., Comparison of mesenchymal stem cells from bone marrow and
adipose tissue for bone regeneration in a critical size defect of the sheep tibia and the
influence of platelet-rich plasma. Biomaterials, 2010. 31(13): p. 3572–3579.

[12] Seo, B.M., et al., Investigation of multipotent postnatal stem cells from human perio‐
dontal ligament. Lancet, 2004. 364(9429): p. 149–155.

[13] Seo, B.M., et al., Recovery of stem cells from cryopreserved periodontal ligament. J Dent
Res, 2005. 84(10): p. 907–912.

[14] Egusa, H., et al., Stem cells in dentistry – part I: stem cell sources. J Prosthodont Res,
2012. 56(3): p. 151–165.

[15] Finkemeier, C.G., Bone-grafting and bone-graft substitutes. J Bone Joint Surg Am, 2002.
84-A(3): p. 454–464.

[16] Giannoudis, P.V., H. Dinopoulos, and E. Tsiridis, Bone substitutes: an update. Injury,
2005. 36 Suppl 3: p. S20–S27.

[17] Rose, F.R. and R.O. Oreffo, Bone tissue engineering: hope vs hype. Biochem Biophys
Res Commun, 2002. 292(1): p. 1–7.

[18] Salgado, A.J., O.P. Coutinho, and R.L. Reis, Bone tissue engineering: state of the art and
future trends. Macromol Biosci, 2004. 4(8): p. 743–765.

[19] Kokemueller, H., et al., Prefabrication of vascularized bioartificial bone grafts in vivo
for segmental mandibular reconstruction: experimental pilot study in sheep and first
clinical application. Int J Oral Maxillofac Surg, 2010. 39(4): p. 379–387.

Aptamer-Mediated Selective Protein Affinity to Improve Scaffold Biocompatibility
http://dx.doi.org/10.5772/63265

347



[20] Ohgushi, H., et al., Tissue engineered ceramic artificial joint – ex vivo osteogenic
differentiation of patient mesenchymal cells on total ankle joints for treatment of
osteoarthritis. Biomaterials, 2005. 26(22): p. 4654–4661.

[21] Kim, S.J., et al., A multi-center, randomized, clinical study to compare the effect and
safety of autologous cultured osteoblast (Ossron) injection to treat fractures. BMC
Musculoskelet Disord, 2009. 10: p. 20.

[22] Langer, R. and D.A. Tirrell, Designing materials for biology and medicine. Nature, 2004.
428(6982): p. 487–492.

[23] Dhandayuthapani, S., et al., Bromelain-induced apoptosis in GI-101A breast cancer
cells. J Med Food, 2012. 15(4): p. 344–349.

[24] Kikuchi, M., Hydroxyapatite/collagen bone-like nanocomposite. Biol Pharm Bull, 2013.
36(11): p. 1666–1669.

[25] Lee, S.S., et al., Bone regeneration with low dose BMP-2 amplified by biomimetic
supramolecular nanofibers within collagen scaffolds. Biomaterials, 2013. 34(2): p. 452–
459.

[26] Pastorino, L., et al., Oriented collagen nanocoatings for tissue engineering. Colloids
Surf B Biointerfaces, 2014. 114: p. 372–378.

[27] Nishiyama, Y., P. Langan, and H. Chanzy, Crystal structure and hydrogen-bonding
system in cellulose Ibeta from synchrotron X-ray and neutron fiber diffraction. J Am
Chem Soc, 2002. 124(31): p. 9074–9082.

[28] Agnihotri, S.A., N.N. Mallikarjuna, and T.M. Aminabhavi, Recent advances on
chitosan-based micro- and nanoparticles in drug delivery. J Control Release, 2004.
100(1): p. 5–28.

[29] Aravamudhan, A., et al., Cellulose and collagen derived micro-nano structured
scaffolds for bone tissue engineering. J Biomed Nanotechnol, 2013. 9(4): p. 719–731.

[30] Perez, R.A., et al., Utilizing core-shell fibrous collagen-alginate hydrogel cell delivery
system for bone tissue engineering. Tissue Eng Part A, 2014. 20(1–2): p. 103–114.

[31] Mistura, D.V., et al., Development, characterization, and cellular adhesion of poly(L-
lactic acid)/poly(caprolactone triol) membranes for potential application in bone tissue
regeneration. Artif Organs, 2013. 37(11): p. 978–984.

[32] Perez, R.A. and M.P. Ginebra, Injectable collagen/alpha-tricalcium phosphate cement:
collagen-mineral phase interactions and cell response. J Mater Sci Mater Med, 2013.
24(2): p. 381–393.

[33] Williams, D.F., On the mechanisms of biocompatibility. Biomaterials, 2008. 29(20): p.
2941–2953.

Advanced Techniques in Bone Regeneration348



[20] Ohgushi, H., et al., Tissue engineered ceramic artificial joint – ex vivo osteogenic
differentiation of patient mesenchymal cells on total ankle joints for treatment of
osteoarthritis. Biomaterials, 2005. 26(22): p. 4654–4661.

[21] Kim, S.J., et al., A multi-center, randomized, clinical study to compare the effect and
safety of autologous cultured osteoblast (Ossron) injection to treat fractures. BMC
Musculoskelet Disord, 2009. 10: p. 20.

[22] Langer, R. and D.A. Tirrell, Designing materials for biology and medicine. Nature, 2004.
428(6982): p. 487–492.

[23] Dhandayuthapani, S., et al., Bromelain-induced apoptosis in GI-101A breast cancer
cells. J Med Food, 2012. 15(4): p. 344–349.

[24] Kikuchi, M., Hydroxyapatite/collagen bone-like nanocomposite. Biol Pharm Bull, 2013.
36(11): p. 1666–1669.

[25] Lee, S.S., et al., Bone regeneration with low dose BMP-2 amplified by biomimetic
supramolecular nanofibers within collagen scaffolds. Biomaterials, 2013. 34(2): p. 452–
459.

[26] Pastorino, L., et al., Oriented collagen nanocoatings for tissue engineering. Colloids
Surf B Biointerfaces, 2014. 114: p. 372–378.

[27] Nishiyama, Y., P. Langan, and H. Chanzy, Crystal structure and hydrogen-bonding
system in cellulose Ibeta from synchrotron X-ray and neutron fiber diffraction. J Am
Chem Soc, 2002. 124(31): p. 9074–9082.

[28] Agnihotri, S.A., N.N. Mallikarjuna, and T.M. Aminabhavi, Recent advances on
chitosan-based micro- and nanoparticles in drug delivery. J Control Release, 2004.
100(1): p. 5–28.

[29] Aravamudhan, A., et al., Cellulose and collagen derived micro-nano structured
scaffolds for bone tissue engineering. J Biomed Nanotechnol, 2013. 9(4): p. 719–731.

[30] Perez, R.A., et al., Utilizing core-shell fibrous collagen-alginate hydrogel cell delivery
system for bone tissue engineering. Tissue Eng Part A, 2014. 20(1–2): p. 103–114.

[31] Mistura, D.V., et al., Development, characterization, and cellular adhesion of poly(L-
lactic acid)/poly(caprolactone triol) membranes for potential application in bone tissue
regeneration. Artif Organs, 2013. 37(11): p. 978–984.

[32] Perez, R.A. and M.P. Ginebra, Injectable collagen/alpha-tricalcium phosphate cement:
collagen-mineral phase interactions and cell response. J Mater Sci Mater Med, 2013.
24(2): p. 381–393.

[33] Williams, D.F., On the mechanisms of biocompatibility. Biomaterials, 2008. 29(20): p.
2941–2953.

Advanced Techniques in Bone Regeneration348

[34] Donaruma, L.G., Definitions in biomaterials, D. F. Williams, Ed., Elsevier, Amster‐
dam, 1987, 72 pp. J Polym Sci Part C: Polym Lett, 1988. 26(9): p. 414.

[35] Williams, D.F., The Williams dictionary of biomaterials, L.U. Press. 1999.

[36] A., M., Dinamiche delle interazioni materiale-ambiente biologico, in Biomateriali –
dagli impianti protesici alla medicina rigenerativa, Patròn Editore, editor, Bologna,
2005. p. 27–47.

[37] Tang, L. and W. Hu, Molecular determinants of biocompatibility. Expert Rev Med
Devices, 2005. 2(4): p. 493–500.

[38] Thevenot, P., et al., Surface chemistry influences cancer killing effect of TiO2 nanopar‐
ticles. Nanomedicine, 2008. 4(3): p. 226–236.

[39] Tegoulia, V.A., et al., Surface properties, fibrinogen adsorption, and cellular interac‐
tions of a novel phosphorylcholine-containing self-assembled monolayer on gold.
Langmuir, 2001. 17(14): p. 4396–4404.

[40] Martins, M.C., B.D. Ratner, and M.A. Barbosa, Protein adsorption on mixtures of
hydroxyl- and methyl-terminated alkanethiols self-assembled monolayers. J Biomed
Mater Res A, 2003. 67(1): p. 158–171.

[41] Agashe, M., et al., Molecular simulation to characterize the adsorption behavior of a
fibrinogen gamma-chain fragment. Langmuir, 2005. 21(3): p. 1103–1117.

[42] Ruckenstein, E. and Z.F. Li, Surface modification and functionalization through the
self-assembled monolayer and graft polymerization. Adv Colloid Interface Sci, 2005.
113(1): p. 43–63.

[43] Tang, L., L. Liu, and H.B. Elwing, Complement activation and inflammation trig‐
gered by model biomaterial surfaces. J Biomed Mater Res, 1998. 41(2): p. 333–340.

[44] Barbosa, J.N., et al., The influence of functional groups of self-assembled monolayers
on fibrous capsule formation and cell recruitment. J Biomed Mater Res A, 2006. 76(4):
p. 737–743.

[45] Dyshlovenko, S., et al., Pulsed laser modification of plasma-sprayed coatings: experi‐
mental processing of hydroxyapatite and numerical simulation. Surface Coat Technol,
2006. 201(6): p. 2248–2255.

[46] Forster, Y., et al., Surface modification of implants in long bone. Biomatter, 2012. 2(3):
p. 149–157.

[47] Rezania, A., et al., The detachment strength and morphology of bone cells contacting
materials modified with a peptide sequence found within bone sialoprotein. J Biomed
Mater Res, 1997. 37(1): p. 9–19.

Aptamer-Mediated Selective Protein Affinity to Improve Scaffold Biocompatibility
http://dx.doi.org/10.5772/63265

349



[48] Dee, K.C., T.T. Anderson, and R. Bizios, Osteoblast population migration characteris‐
tics on substrates modified with immobilized adhesive peptides. Biomaterials, 1999.
20(3): p. 221–227.

[49] Zreiqat, H., et al., Differentiation of human bone-derived cells grown on GRGDSP-
peptide bound titanium surfaces. J Biomed Mater Res A, 2003. 64(1): p. 105–113.

[50] Ferris, D.M., et al., RGD-coated titanium implants stimulate increased bone forma‐
tion in vivo. Biomaterials, 1999. 20(23–24): p. 2323–2331.

[51] Elmengaard, B., J.E. Bechtold, and K. Soballe, In vivo effects of RGD-coated titanium
implants inserted in two bone-gap models. J Biomed Mater Res A, 2005. 75(2): p. 249–
255.

[52] Rammelt, S., et al., Coating of titanium implants with collagen, RGD peptide and
chondroitin sulfate. Biomaterials, 2006. 27(32): p. 5561–5571.

[53] Hennessy, K.M., et al., The effect of RGD peptides on osseointegration of hydroxya‐
patite biomaterials. Biomaterials, 2008. 29(21): p. 3075–3083.

[54] Geissler, U., et al., Collagen type I-coating of Ti6Al4V promotes adhesion of osteo‐
blasts. J Biomed Mater Res, 2000. 51(4): p. 752–760.

[55] Roehlecke, C., et al., Synergistic effect of titanium alloy and collagen type I on cell
adhesion, proliferation and differentiation of osteoblast-like cells. Cells Tissues Organs,
2001. 168(3): p. 178–187.

[56] Huang, L., et al., The effect of hyaluronan on osteoblast proliferation and differentia‐
tion in rat calvarial-derived cell cultures. J Biomed Mater Res A, 2003. 66(4): p. 880–884.

[57] Takada, T., et al., Sulfated polysaccharides enhance the biological activities of bone
morphogenetic proteins. J Biol Chem, 2003. 278(44): p. 43229–43235.

[58] Song, K.M., S. Lee, and C. Ban, Aptamers and their biological applications. Sensors
(Basel), 2012. 12(1): p. 612–631.

[59] Ellington, A.D. and J.W. Szostak, In vitro selection of RNA molecules that bind specific
ligands. Nature, 1990. 346(6287): p. 818–822.

[60] Mascini, M., I. Palchetti, and S. Tombelli, Nucleic acid and peptide aptamers: funda‐
mentals and bioanalytical aspects. Angew Chem Int Ed Engl, 2012. 51(6): p. 1316–1332.

[61] Ku, T.H., et al., Nucleic acid aptamers: an emerging tool for biotechnology and
biomedical sensing. Sensors (Basel), 2015. 15(7): p. 16281–16313.

[62] Sun, H. and Y. Zu, A highlight of recent advances in aptamer technology and its
application. Molecules, 2015. 20(7): p. 11959–11980.

[63] Geiger, A., et al., RNA aptamers that bind L-arginine with sub-micromolar dissocia‐
tion constants and high enantioselectivity. Nucleic Acids Res, 1996. 24(6): p. 1029–1036.

Advanced Techniques in Bone Regeneration350



[48] Dee, K.C., T.T. Anderson, and R. Bizios, Osteoblast population migration characteris‐
tics on substrates modified with immobilized adhesive peptides. Biomaterials, 1999.
20(3): p. 221–227.

[49] Zreiqat, H., et al., Differentiation of human bone-derived cells grown on GRGDSP-
peptide bound titanium surfaces. J Biomed Mater Res A, 2003. 64(1): p. 105–113.

[50] Ferris, D.M., et al., RGD-coated titanium implants stimulate increased bone forma‐
tion in vivo. Biomaterials, 1999. 20(23–24): p. 2323–2331.

[51] Elmengaard, B., J.E. Bechtold, and K. Soballe, In vivo effects of RGD-coated titanium
implants inserted in two bone-gap models. J Biomed Mater Res A, 2005. 75(2): p. 249–
255.

[52] Rammelt, S., et al., Coating of titanium implants with collagen, RGD peptide and
chondroitin sulfate. Biomaterials, 2006. 27(32): p. 5561–5571.

[53] Hennessy, K.M., et al., The effect of RGD peptides on osseointegration of hydroxya‐
patite biomaterials. Biomaterials, 2008. 29(21): p. 3075–3083.

[54] Geissler, U., et al., Collagen type I-coating of Ti6Al4V promotes adhesion of osteo‐
blasts. J Biomed Mater Res, 2000. 51(4): p. 752–760.

[55] Roehlecke, C., et al., Synergistic effect of titanium alloy and collagen type I on cell
adhesion, proliferation and differentiation of osteoblast-like cells. Cells Tissues Organs,
2001. 168(3): p. 178–187.

[56] Huang, L., et al., The effect of hyaluronan on osteoblast proliferation and differentia‐
tion in rat calvarial-derived cell cultures. J Biomed Mater Res A, 2003. 66(4): p. 880–884.

[57] Takada, T., et al., Sulfated polysaccharides enhance the biological activities of bone
morphogenetic proteins. J Biol Chem, 2003. 278(44): p. 43229–43235.

[58] Song, K.M., S. Lee, and C. Ban, Aptamers and their biological applications. Sensors
(Basel), 2012. 12(1): p. 612–631.

[59] Ellington, A.D. and J.W. Szostak, In vitro selection of RNA molecules that bind specific
ligands. Nature, 1990. 346(6287): p. 818–822.

[60] Mascini, M., I. Palchetti, and S. Tombelli, Nucleic acid and peptide aptamers: funda‐
mentals and bioanalytical aspects. Angew Chem Int Ed Engl, 2012. 51(6): p. 1316–1332.

[61] Ku, T.H., et al., Nucleic acid aptamers: an emerging tool for biotechnology and
biomedical sensing. Sensors (Basel), 2015. 15(7): p. 16281–16313.

[62] Sun, H. and Y. Zu, A highlight of recent advances in aptamer technology and its
application. Molecules, 2015. 20(7): p. 11959–11980.

[63] Geiger, A., et al., RNA aptamers that bind L-arginine with sub-micromolar dissocia‐
tion constants and high enantioselectivity. Nucleic Acids Res, 1996. 24(6): p. 1029–1036.

Advanced Techniques in Bone Regeneration350

[64] Eyetech Study, G., Preclinical and phase 1A clinical evaluation of an anti-VEGF
pegylated aptamer (EYE001) for the treatment of exudative age-related macular
degeneration. Retina, 2002. 22(2): p. 143–152.

[65] Eyetech Study, G., Anti-vascular endothelial growth factor therapy for subfoveal
choroidal neovascularization secondary to age-related macular degeneration: phase II
study results. Ophthalmology, 2003. 110(5): p. 979–986.

[66] Ireson, C.R. and L.R. Kelland, Discovery and development of anticancer aptamers. Mol
Cancer Ther, 2006. 5(12): p. 2957–2962.

[67] Xiang, D., et al., Nucleic acid aptamer-guided cancer therapeutics and diagnostics: the
next generation of cancer medicine. Theranostics, 2015. 5(1): p. 23–42.

[68] Jayasena, S.D., Aptamers: an emerging class of molecules that rival antibodies in
diagnostics. Clin Chem, 1999. 45(9): p. 1628–1650.

[69] Ng, E.W. and A.P. Adamis, Anti-VEGF aptamer (pegaptanib) therapy for ocular
vascular diseases. Ann N Y Acad Sci, 2006. 1082: p. 151–171.

[70] Nucleic acid aptamers for diagnostics and therapeutics: global markets. Available from:
http://www.marketresearch.com/BCC-Research-v374/Nucleic-Acid-Aptamers-
Diagnostics-Therapeutics-8412378/.

[71] Tuerk, C. and L. Gold, Systematic evolution of ligands by exponential enrichment: RNA
ligands to bacteriophage T4 DNA polymerase. Science, 1990. 249(4968): p. 505–510.

[72] Kulbachinskiy, A.V., Methods for selection of aptamers to protein targets. Biochemis‐
try (Mosc), 2007. 72(13): p. 1505–1518.

[73] Tombelli, S., M. Minunni, and M. Mascini, Analytical applications of aptamers. Biosens
Bioelectron, 2005. 20(12): p. 2424–2434.

[74] Gopinath, S.C., Methods developed for SELEX. Anal Bioanal Chem, 2007. 387(1): p.
171–182.

[75] Vianini, E., M. Palumbo, and B. Gatto, In vitro selection of DNA aptamers that bind L-
tyrosinamide. Bioorg Med Chem, 2001. 9(10): p. 2543–2548.

[76] Levesque, D., et al., In vitro selection and characterization of RNA aptamers binding
thyroxine hormone. Biochem J, 2007. 403(1): p. 129–138.

[77] Song, K.M., et al., Gold nanoparticle-based colorimetric detection of kanamycin using
a DNA aptamer. Anal Biochem, 2011. 415(2): p. 175–181.

[78] Niazi, J.H., S.J. Lee, and M.B. Gu, Single-stranded DNA aptamers specific for antibiot‐
ics tetracyclines. Bioorg Med Chem, 2008. 16(15): p. 7245–7253.

[79] Wang, A.Z., et al., Superparamagnetic iron oxide nanoparticle-aptamer bioconjugates
for combined prostate cancer imaging and therapy. ChemMedChem, 2008. 3(9): p.
1311–1315.

Aptamer-Mediated Selective Protein Affinity to Improve Scaffold Biocompatibility
http://dx.doi.org/10.5772/63265

351



[80] Joeng, C.B., et al., ssDNA aptamers that recognize diclofenac and 2-anilinophenylace‐
tic acid. Bioorg Med Chem, 2009. 17(15): p. 5380–5387.

[81] Mendonsa, S.D. and M.T. Bowser, In vitro selection of high-affinity DNA ligands for
human IgE using capillary electrophoresis. Anal Chem, 2004. 76(18): p. 5387–5392.

[82] Mendonsa, S.D. and M.T. Bowser, In vitro selection of aptamers with affinity for
neuropeptide Y using capillary electrophoresis. J Am Chem Soc, 2005. 127(26): p. 9382–
9383.

[83] Kunii, T., et al., Selection of DNA aptamers recognizing small cell lung cancer using
living cell-SELEX. Analyst, 2011. 136(7): p. 1310–1312.

[84] Van Simaeys, D., et al., Study of the molecular recognition of aptamers selected through
ovarian cancer cell-SELEX. PLoS One, 2010. 5(11): p. e13770.

[85] Daniels, D.A., et al., A tenascin-C aptamer identified by tumor cell SELEX: systematic
evolution of ligands by exponential enrichment. Proc Natl Acad Sci U S A, 2003. 100(26):
p. 15416–15421.

[86] Gold, L., et al., Diversity of oligonucleotide functions. Annu Rev Biochem, 1995. 64: p.
763–797.

[87] Green, L.S., et al., Inhibitory DNA ligands to platelet-derived growth factor B-chain.
Biochemistry, 1996. 35(45): p. 14413–14424.

[88] Zhou, J., et al., Structural prediction and binding analysis of hybridized aptamers. J Mol
Recognit, 2011. 24(1): p. 119–126.

[89] Shigdar, S., et al., RNA aptamers targeting cancer stem cell marker CD133. Cancer Lett,
2013. 330(1): p. 84–95.

[90] Qiao, L., et al., A new application of aptamer: one-step purification and immobiliza‐
tion of enzyme from cell lysates for biocatalysis. J Biotechnol, 2015. 203: p. 68–76.

[91] Saberian-Borujeni, M., et al., Nanoscaled aptasensors for multi-analyte sensing.
Bioimpacts, 2014. 4(4): p. 205–215.

[92] Chen, A. and S. Yang, Replacing antibodies with aptamers in lateral flow immunoas‐
say. Biosens Bioelectron, 2015. 71: p. 230–242.

[93] Wu, J., et al., Recent trends in SELEX technique and its application to food safety
monitoring. Mikrochim Acta, 2014. 181(5–6): p. 479–491.

[94] Hayat, A. and J.L. Marty, Aptamer based electrochemical sensors for emerging
environmental pollutants. Front Chem, 2014. 2 41 doi: 10.3389/fchem.2014.00041.

[95] Lee, J.H., F. Jucker, and A. Pardi, Imino proton exchange rates imply an induced-fit
binding mechanism for the VEGF165-targeting aptamer, Macugen. FEBS Lett, 2008.
582(13): p. 1835–1839.

Advanced Techniques in Bone Regeneration352



[80] Joeng, C.B., et al., ssDNA aptamers that recognize diclofenac and 2-anilinophenylace‐
tic acid. Bioorg Med Chem, 2009. 17(15): p. 5380–5387.

[81] Mendonsa, S.D. and M.T. Bowser, In vitro selection of high-affinity DNA ligands for
human IgE using capillary electrophoresis. Anal Chem, 2004. 76(18): p. 5387–5392.

[82] Mendonsa, S.D. and M.T. Bowser, In vitro selection of aptamers with affinity for
neuropeptide Y using capillary electrophoresis. J Am Chem Soc, 2005. 127(26): p. 9382–
9383.

[83] Kunii, T., et al., Selection of DNA aptamers recognizing small cell lung cancer using
living cell-SELEX. Analyst, 2011. 136(7): p. 1310–1312.

[84] Van Simaeys, D., et al., Study of the molecular recognition of aptamers selected through
ovarian cancer cell-SELEX. PLoS One, 2010. 5(11): p. e13770.

[85] Daniels, D.A., et al., A tenascin-C aptamer identified by tumor cell SELEX: systematic
evolution of ligands by exponential enrichment. Proc Natl Acad Sci U S A, 2003. 100(26):
p. 15416–15421.

[86] Gold, L., et al., Diversity of oligonucleotide functions. Annu Rev Biochem, 1995. 64: p.
763–797.

[87] Green, L.S., et al., Inhibitory DNA ligands to platelet-derived growth factor B-chain.
Biochemistry, 1996. 35(45): p. 14413–14424.

[88] Zhou, J., et al., Structural prediction and binding analysis of hybridized aptamers. J Mol
Recognit, 2011. 24(1): p. 119–126.

[89] Shigdar, S., et al., RNA aptamers targeting cancer stem cell marker CD133. Cancer Lett,
2013. 330(1): p. 84–95.

[90] Qiao, L., et al., A new application of aptamer: one-step purification and immobiliza‐
tion of enzyme from cell lysates for biocatalysis. J Biotechnol, 2015. 203: p. 68–76.

[91] Saberian-Borujeni, M., et al., Nanoscaled aptasensors for multi-analyte sensing.
Bioimpacts, 2014. 4(4): p. 205–215.

[92] Chen, A. and S. Yang, Replacing antibodies with aptamers in lateral flow immunoas‐
say. Biosens Bioelectron, 2015. 71: p. 230–242.

[93] Wu, J., et al., Recent trends in SELEX technique and its application to food safety
monitoring. Mikrochim Acta, 2014. 181(5–6): p. 479–491.

[94] Hayat, A. and J.L. Marty, Aptamer based electrochemical sensors for emerging
environmental pollutants. Front Chem, 2014. 2 41 doi: 10.3389/fchem.2014.00041.

[95] Lee, J.H., F. Jucker, and A. Pardi, Imino proton exchange rates imply an induced-fit
binding mechanism for the VEGF165-targeting aptamer, Macugen. FEBS Lett, 2008.
582(13): p. 1835–1839.

Advanced Techniques in Bone Regeneration352

[96] Inc, E., Phase 3 study presented at world ophthalmology congress evaluates investi‐
gational use of macugen in patients with diabetic macular edema. 2010.

[97] Sultan, M.B., et al., A phase 2/3, multicenter, randomized, double-masked, 2-year trial
of pegaptanib sodium for the treatment of diabetic macular edema. Ophthalmology,
2011. 118(6): p. 1107–1118.

[98] Hermann Eye Center, WV. A Pilot Study for the Treatment of Iris Neovascularization
With Macugen. In: ClinicalTrials.gov [Internet]. Bethesda (MD): National Library of
Medicine (US). 2006 . Available from: https://clinicaltrials.gov/ct2/show/NCT00295828
NLM Identifier: NCT00295828.

[99] Rosenbaum JT. Future for biological therapy for uveitis. Curr Opin Ophthalmol. 2010
Nov;21(6):473–7.

[100] Pfizer. Long-Term Use Of Pegaptanib In Patients For Subfoveal Choroidal Neovascu‐
larization Secondary To Age-Related Macular Degeneration In: ClinicalTrials.gov
[Internet]. Bethesda (MD): National Library of Medicine (US). 2008- . Available from:
https://clinicaltrials.gov/ct2/show/NCT00845273 NLM Identifier: NCT00845273.

[101] Jo, N., et al., Inhibition of platelet-derived growth factor B signaling enhances the
efficacy of anti-vascular endothelial growth factor therapy in multiple models of ocular
neovascularization. Am J Pathol, 2006. 168(6): p. 2036–2053.

[102] Di Cera, E., Thrombin as procoagulant and anticoagulant. J Thromb Haemost, 2007. 5
Suppl 1: p. 196–202.

[103] Bock, L.C., et al., Selection of single-stranded DNA molecules that bind and inhibit
human thrombin. Nature, 1992. 355(6360): p. 564–566.

[104] Griffin, L.C., et al., In vivo anticoagulant properties of a novel nucleotide-based
thrombin inhibitor and demonstration of regional anticoagulation in extracorporeal
circuits. Blood, 1993. 81(12): p. 3271–3276.

[105] ARCA Biopharma. Study of NU172 as Anticoagulation in Patients Undergoing Off-
pump CABG Surgery (SNAP-CABG-OFF). In: ClinicalTrials.gov [Internet]. Bethesda
(MD): National Library of Medicine (US). 2008- . Available from: https://clinicaltri‐
als.gov/ct2/show/NCT00808964 NLM Identifier: NCT00808964.

[106] Bates, P.J., et al., Discovery and development of the G-rich oligonucleotide AS1411 as
a novel treatment for cancer. Exp Mol Pathol, 2009. 86(3): p. 151–164.

[107] Girvan, A.C., et al., AGRO100 inhibits activation of nuclear factor-kappaB (NF-kappaB)
by forming a complex with NF-kappaB essential modulator (NEMO) and nucleolin.
Mol Cancer Ther, 2006. 5(7): p. 1790–1799.

[108] Soundararajan, S., et al., The nucleolin targeting aptamer AS1411 destabilizes Bcl-2
messenger RNA in human breast cancer cells. Cancer Res, 2008. 68(7): p. 2358–2365.

Aptamer-Mediated Selective Protein Affinity to Improve Scaffold Biocompatibility
http://dx.doi.org/10.5772/63265

353



[109] Bates, P.J., et al., Antiproliferative activity of G-rich oligonucleotides correlates with
protein binding. J Biol Chem, 1999. 274(37): p. 26369–26377.

[110] Bruno, J.G., Predicting the uncertain future of aptamer-based diagnostics and thera‐
peutics. Molecules, 2015. 20(4): p. 6866–6887.

[111] Duclair, S., et al., High-affinity RNA aptamers against the HIV-1 protease inhibit both
in vitro protease activity and late events of viral replication. Mol Ther Nucl Acids, 2015.
4: p. e228.

[112] Cheng, C., et al., Potent inhibition of human influenza H5N1 virus by oligonucleoti‐
des derived by SELEX. Biochem Biophys Res Commun, 2008. 366(3): p. 670–674.

[113] Binning, J.M., et al., Development of RNA aptamers targeting Ebola virus VP35.
Biochemistry, 2013. 52(47): p. 8406–8419.

[114] Shum, K.T., J. Zhou, and J.J. Rossi, Aptamer-based therapeutics: new approaches to
combat human viral diseases. Pharmaceuticals (Basel), 2013. 6(12): p. 1507–1542.

[115] Wandtke, T., J. Wozniak, and P. Kopinski, Aptamers in diagnostics and treatment of
viral infections. Viruses, 2015. 7(2): p. 751–780.

[116] Gopinath, S.C. and P.K. Kumar, Aptamers that bind to the hemagglutinin of the recent
pandemic influenza virus H1N1 and efficiently inhibit agglutination. Acta Biomater,
2013. 9(11): p. 8932–8941.

[117] Kwon, H.M., et al., An RNA aptamer that specifically binds to the glycosylated
hemagglutinin of avian influenza virus and suppresses viral infection in cells. PLoS
One, 2014. 9(5): p. e97574.

[118] Musafia, B., R. Oren-Banaroya, and S. Noiman, Designing anti-influenza aptamers:
novel quantitative structure activity relationship approach gives insights into aptam‐
er-virus interaction. PLoS One, 2014. 9(5): p. e97696.

[119] Shiratori, I., et al., Selection of DNA aptamers that bind to influenza A viruses with
high affinity and broad subtype specificity. Biochem Biophys Res Commun, 2014.
443(1): p. 37–41.

[120] Suenaga, E. and P.K. Kumar, An aptamer that binds efficiently to the hemagglutinins
of highly pathogenic avian influenza viruses (H5N1 and H7N7) and inhibits hemag‐
glutinin-glycan interactions. Acta Biomater, 2014. 10(3): p. 1314–1323.

[121] Bruno, J.G., et al., Development of DNA aptamers for cytochemical detection of
acetylcholine. In Vitro Cell Dev Biol Anim, 2008. 44(3–4): p. 63–72.

[122] Bruno, J.G., et al., A novel screening method for competitive FRET-aptamers applied
to E. coli assay development. J Fluoresc, 2010. 20(6): p. 1211–1223.

[123] Schlesinger, S.R., et al., Metallo-β-lactamases and aptamer-based inhibition. Pharma‐
ceuticals 2011, 4, 419–428 doi: 10.3390/ph4020419

Advanced Techniques in Bone Regeneration354



[109] Bates, P.J., et al., Antiproliferative activity of G-rich oligonucleotides correlates with
protein binding. J Biol Chem, 1999. 274(37): p. 26369–26377.

[110] Bruno, J.G., Predicting the uncertain future of aptamer-based diagnostics and thera‐
peutics. Molecules, 2015. 20(4): p. 6866–6887.

[111] Duclair, S., et al., High-affinity RNA aptamers against the HIV-1 protease inhibit both
in vitro protease activity and late events of viral replication. Mol Ther Nucl Acids, 2015.
4: p. e228.

[112] Cheng, C., et al., Potent inhibition of human influenza H5N1 virus by oligonucleoti‐
des derived by SELEX. Biochem Biophys Res Commun, 2008. 366(3): p. 670–674.

[113] Binning, J.M., et al., Development of RNA aptamers targeting Ebola virus VP35.
Biochemistry, 2013. 52(47): p. 8406–8419.

[114] Shum, K.T., J. Zhou, and J.J. Rossi, Aptamer-based therapeutics: new approaches to
combat human viral diseases. Pharmaceuticals (Basel), 2013. 6(12): p. 1507–1542.

[115] Wandtke, T., J. Wozniak, and P. Kopinski, Aptamers in diagnostics and treatment of
viral infections. Viruses, 2015. 7(2): p. 751–780.

[116] Gopinath, S.C. and P.K. Kumar, Aptamers that bind to the hemagglutinin of the recent
pandemic influenza virus H1N1 and efficiently inhibit agglutination. Acta Biomater,
2013. 9(11): p. 8932–8941.

[117] Kwon, H.M., et al., An RNA aptamer that specifically binds to the glycosylated
hemagglutinin of avian influenza virus and suppresses viral infection in cells. PLoS
One, 2014. 9(5): p. e97574.

[118] Musafia, B., R. Oren-Banaroya, and S. Noiman, Designing anti-influenza aptamers:
novel quantitative structure activity relationship approach gives insights into aptam‐
er-virus interaction. PLoS One, 2014. 9(5): p. e97696.

[119] Shiratori, I., et al., Selection of DNA aptamers that bind to influenza A viruses with
high affinity and broad subtype specificity. Biochem Biophys Res Commun, 2014.
443(1): p. 37–41.

[120] Suenaga, E. and P.K. Kumar, An aptamer that binds efficiently to the hemagglutinins
of highly pathogenic avian influenza viruses (H5N1 and H7N7) and inhibits hemag‐
glutinin-glycan interactions. Acta Biomater, 2014. 10(3): p. 1314–1323.

[121] Bruno, J.G., et al., Development of DNA aptamers for cytochemical detection of
acetylcholine. In Vitro Cell Dev Biol Anim, 2008. 44(3–4): p. 63–72.

[122] Bruno, J.G., et al., A novel screening method for competitive FRET-aptamers applied
to E. coli assay development. J Fluoresc, 2010. 20(6): p. 1211–1223.

[123] Schlesinger, S.R., et al., Metallo-β-lactamases and aptamer-based inhibition. Pharma‐
ceuticals 2011, 4, 419–428 doi: 10.3390/ph4020419

Advanced Techniques in Bone Regeneration354

[124] Stecker, J.R., et al., Dynamics and visualization of MCF7 adenocarcinoma cell death by
aptamer-C1q-mediated membrane attack. Nucleic Acid Ther, 2012. 22(4): p. 275–282.

[125] Shangguan, D., et al., Cell-specific aptamer probes for membrane protein elucidation
in cancer cells. J Proteome Res, 2008. 7(5): p. 2133–2139.

[126] Mallikaratchy, P., et al., Aptamer directly evolved from live cells recognizes mem‐
brane bound immunoglobin heavy mu chain in Burkitt's lymphoma cells. Mol Cell
Proteomics, 2007. 6(12): p. 2230–2238.

[127] Van Simaeys, D., et al., Identification of cell membrane protein stress-induced phos‐
phoprotein 1 as a potential ovarian cancer biomarker using aptamers selected by cell
systematic evolution of ligands by exponential enrichment. Anal Chem, 2014. 86(9): p.
4521–4527.

[128] Hamaguchi, N., A. Ellington, and M. Stanton, Aptamer beacons for the direct detec‐
tion of proteins. Anal Biochem, 2001. 294(2): p. 126–131.

[129] Li, J.J., X. Fang, and W. Tan, Molecular aptamer beacons for real-time protein recogni‐
tion. Biochem Biophys Res Commun, 2002. 292(1): p. 31–40.

[130] Levy, M., S.F. Cater, and A.D. Ellington, Quantum-dot aptamer beacons for the
detection of proteins. Chembiochem, 2005. 6(12): p. 2163–2166.

[131] Bagalkot, V., et al., Quantum dot-aptamer conjugates for synchronous cancer imag‐
ing, therapy, and sensing of drug delivery based on bi-fluorescence resonance energy
transfer. Nano Lett, 2007. 7(10): p. 3065–3070.

[132] Zhou, D., Quantum dot-nucleic acid/aptamer bioconjugate-based fluorimetric biosen‐
sors. Biochem Soc Trans, 2012. 40(4): p. 635–639.

[133] Lee, K.Y., et al., Bioimaging of nucleolin aptamer-containing 5-(N-benzylcarboxya‐
mide)-2′-deoxyuridine more capable of specific binding to targets in cancer cells. J
Biomed Biotechnol, 2010. 2010: p. 168306.

[134] Min, K., et al., Simultaneous electrochemical detection of both PSMA (+) and PSMA (–)
prostate cancer cells using an RNA/peptide dual-aptamer probe. Chem Commun
(Camb), 2010. 46(30): p. 5566–5568.

[135] Kim, G.D., et al., 6″-Debromohamacanthin A, a bis (indole) alkaloid, inhibits angio‐
genesis by targeting the VEGFR2-mediated PI3K/AKT/mTOR signaling pathways. Mar
Drugs, 2013. 11(4): p. 1087–1103.

[136] Min, K., et al., Dual-aptamer-based delivery vehicle of doxorubicin to both PSMA (+)
and PSMA (–) prostate cancers. Biomaterials, 2011. 32(8): p. 2124–2132.

[137] Chu, T.C., et al., Aptamer mediated siRNA delivery. Nucl Acids Res, 2006. 34(10): p.
e73.

Aptamer-Mediated Selective Protein Affinity to Improve Scaffold Biocompatibility
http://dx.doi.org/10.5772/63265

355



[138] Farokhzad, O.C., et al., Nanoparticle-aptamer bioconjugates: a new approach for
targeting prostate cancer cells. Cancer Res, 2004. 64(21): p. 7668–7672.

[139] Farokhzad, O.C., et al., Targeted nanoparticle-aptamer bioconjugates for cancer
chemotherapy in vivo. Proc Natl Acad Sci U S A, 2006. 103(16): p. 6315–6320.

[140] Guo, J., et al., Aptamer-functionalized PEG-PLGA nanoparticles for enhanced anti-
glioma drug delivery. Biomaterials, 2011. 32(31): p. 8010–8020.

[141] Lee, I.H., et al., Targeted chemoimmunotherapy using drug-loaded aptamer-dendrim‐
er bioconjugates. J Control Release, 2011. 155(3): p. 435–441.

[142] Cao, Z., et al., Reversible cell-specific drug delivery with aptamer-functionalized
liposomes. Angew Chem Int Ed Engl, 2009. 48(35): p. 6494–6498.

[143] Wu, J., et al., Nucleolin targeting AS1411 modified protein nanoparticle for antitumor
drugs delivery. Mol Pharm, 2013. 10(10): p. 3555–3563.

[144] Hoffmann, J., et al., Immobilized DNA aptamers used as potent attractors for porcine
endothelial precursor cells. J Biomed Mater Res A, 2008. 84(3): p. 614–621.

[145] Chen, N., et al., Cell adhesion on an artificial extracellular matrix using aptamer-
functionalized PEG hydrogels. Biomaterials, 2012. 33(5): p. 1353–1362.

[146] Gasperini, L., J.F. Mano, and R.L. Reis, Natural polymers for the microencapsulation
of cells. J R Soc Interface, 2014. 11(100): p. 20140817.

[147] Elviri, L., et al., Macroporous chitosan hydrogels: effects of sulfur on the loading and
release behaviour of amino acid-based compounds. Carbohydr Polym, 2015. 132: p. 50–
58.

Advanced Techniques in Bone Regeneration356



[138] Farokhzad, O.C., et al., Nanoparticle-aptamer bioconjugates: a new approach for
targeting prostate cancer cells. Cancer Res, 2004. 64(21): p. 7668–7672.

[139] Farokhzad, O.C., et al., Targeted nanoparticle-aptamer bioconjugates for cancer
chemotherapy in vivo. Proc Natl Acad Sci U S A, 2006. 103(16): p. 6315–6320.

[140] Guo, J., et al., Aptamer-functionalized PEG-PLGA nanoparticles for enhanced anti-
glioma drug delivery. Biomaterials, 2011. 32(31): p. 8010–8020.

[141] Lee, I.H., et al., Targeted chemoimmunotherapy using drug-loaded aptamer-dendrim‐
er bioconjugates. J Control Release, 2011. 155(3): p. 435–441.

[142] Cao, Z., et al., Reversible cell-specific drug delivery with aptamer-functionalized
liposomes. Angew Chem Int Ed Engl, 2009. 48(35): p. 6494–6498.

[143] Wu, J., et al., Nucleolin targeting AS1411 modified protein nanoparticle for antitumor
drugs delivery. Mol Pharm, 2013. 10(10): p. 3555–3563.

[144] Hoffmann, J., et al., Immobilized DNA aptamers used as potent attractors for porcine
endothelial precursor cells. J Biomed Mater Res A, 2008. 84(3): p. 614–621.

[145] Chen, N., et al., Cell adhesion on an artificial extracellular matrix using aptamer-
functionalized PEG hydrogels. Biomaterials, 2012. 33(5): p. 1353–1362.

[146] Gasperini, L., J.F. Mano, and R.L. Reis, Natural polymers for the microencapsulation
of cells. J R Soc Interface, 2014. 11(100): p. 20140817.

[147] Elviri, L., et al., Macroporous chitosan hydrogels: effects of sulfur on the loading and
release behaviour of amino acid-based compounds. Carbohydr Polym, 2015. 132: p. 50–
58.

Advanced Techniques in Bone Regeneration356

Chapter 15

Stem Cells for Bone Regeneration: Role of Trophic
Factors

Yogambha Ramaswamy, Khoon S Lim,
Hala Zreiqat and Zufu Lu

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/63357

Abstract

Stem cells  play  a  critical  role  in  tissue  regeneration  and repair,  maintenance  and
turnover and the control of haematopoiesis in the various tissues. These cells have an
incredible ability to differentiate into specific cell types like osteoblasts, chondrocytes
or myocytes and to develop bone, cartilage or muscle tissues. Now it is believed that
the cells do not differentiate by themselves but rather the secretion of the bioactive
(trophic) factors which are responsible for the functional outcome of the tissue. Stem
cells reside in complicated and dynamic three-dimensional (3D) microenvironments in
vivo known as stem cell niches. The niches are composed of extracellular matrix (ECM),
soluble and tethered proteins and supporting cells, which have a profound influence
on the functionality of the cells, including differentiation and trophic factor release. In
this chapter, we review and emphasize the influence of stem cell microenvironment on
the secretion of trophic factors and their perspective application for bone regeneration.

Keywords: bone, stem cells, tissue regeneration, niche, trophic factors

1. Introduction

Bone is a highly vascularized tissue with an intrinsic property to self-repair, regenerate and
remodel.  It  has an excellent ability to heal traumatic injuries (e.g. fractures) without any
formation of scars. However, there still exist a number of clinical scenarios where their self-
repair and regenerative capabilities fail.  Some of the classic examples include large bone
defects caused by traumatic injury, infection, tumour resection and skeletal abnormalities due
to  congenital  diseases.  Bone-related  injuries  resulting  from these  clinical  scenarios  have
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significant impacts on the health and lifestyle of individuals. In the USA alone, more than half
a million patients experience problems due to bone defects each year, with medical cost
associated with these defects being more than $2.5 billion/annum and this figure is expected
to double by 2020. It is estimated that about 2.2 million bone graft procedures are performed
around the world annually [1–3]. The current strategies used for augmenting bone regenera‐
tion include different bone-grafting methods, such as autologous bone grafts and allografts
[4]. Autologous bone grafts have relatively successful clinical outcomes; however, donor site
morbidity, limited supply and the complicated surgical procedures associated with bone
harvests hinder the efficacy of such procedures. On the other hand, allogenic bone grafts are
excellent in terms of sourcing large quantities of donor tissue required for treating large bone
defects;  however,  the  issues  related  to  immunogenicity,  rejection  reaction  and  disease
transmission render this treatment less ideal [4, 5]. The shortcomings associated with these
treatments have led to exploring tissue engineering approaches and stem cell-based thera‐
pies for bone repair.

There is great promise for stem cell-based therapeutics for the treatment of numerous diseases
and injuries; as such, substantial investment has been made over the past decade for new
therapies. Stem cells play a critical role in tissue regeneration and repair, maintenance,
turnover and the control of haematopoiesis in the bone marrow. They are considered as an
attractive cell population for bone repair due to their proliferation, osteogenic potential and
secretion of potent endogenous trophic factors to enhance local vascularization. These cells
have an incredible ability to differentiate into specific cell types like osteoblasts, chondro‐
cytes or myocytes and to develop bone, cartilage or muscle tissues. It is believed that the stem
cells can help in repairing the damaged tissue not only by direct differentiation process but
also indirectly through the secretion of their bioactive (trophic) factor [6]. In case of any tissue
damage, the stem cells can be attracted to the damage site wherein they secrete bioactive factors
that can function to trophically assist the repair and regeneration process.

In this chapter, we discuss about the (1) role of the stem cells in bone regeneration and their
trophic factors and (2) the influence of stem cell microenvironment on the secretion of trophic
factors and their effects on bone regeneration. The stem cell-based therapies using trophic
factors may have profound clinical applications.

2. Stem cells and bone regeneration

Bone regenerates through complex and organized biological events of bone induction and
conduction. This process involves a number of cell types and molecular signalling pathways
in a defined sequence to maximize the repair and regeneration of the skeletal tissue. The
organic matrix of the bone tissue is composed of collagen type I fibres (approximately 95%)
proteoglycans and numerous non-collagenous proteins (5%) [7]. Non-collagenous proteins
participate in the process of matrix maturation, mineralization and may regulate the func‐
tional activity of bone cells. Primarily, the functional integrity of bone tissue is maintained by
the cell types such as osteoblasts (bone-forming cells) and osteoclasts (bone-resorbing cells).
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During the phase of bone formation, the osteoblasts are recruited from mesenchymal stem
cells (MSCs) present in bone marrow [8]. On the other hand, osteoclasts are derived from
haematopoietic stem cells through committed osteoclast progenitors that fuse to form mature
multinucleated cells [9]. The regeneration process occurs through osteogenesis initiated by
skeletal stem cell also known as mesenchymal stem cells. During embryogenesis, the devel‐
opment of the skeletal tissue occurs by intramembranous and endochondral ossification. Bone
formations begin with aggregation of MSCs to form condensations and within the mesenchy‐
mal condensation core; cells differentiate into chondrocytes in endochondral ossification or
directly into osteoblasts in the intramembranous bone formation pathway [10]. Therefore, stem
cells play a key role in bone regeneration and are considered to have the potential to treat bone
defects either through cell-based therapies or tissue engineering. Stem cell-mediated bone
regeneration provides a number of potential therapeutic advantages as compared to the use
of autograft tissues. As such, therapeutic uses of stem cells are being explored extensively for
bone tissue regeneration applications. MSCs and adipose-derived stem cells (ADSCs) have
received considerable attention in this regard and have been extensively evaluated for bone
regeneration.

Numerous studies in animal models clearly demonstrate that stem cells have the potential to
treat critical-sized segmental defects, mandibular defects and effective spinal fusion to name
a few. More recently, Liu et al. showed that systemic injection of MSCs into mandibular defects
of dogs can increase new bone formation as compared to the defect without any cells [11].
Some clinical reports also suggest that MSCs and ADSCs can be used for treating fractures of
the distal tibia, osteonecrosis of the femoral head and maxillary defects [12–16]. Although these
results are promising, the efficacy of translating these outcomes into clinical practice at a large
scale is still in infancy.

In addition to the cell-based therapies, stem cells are combined with biomaterials and im‐
planted into the defect site and this tissue engineering approach is considered to be a prom‐
ising strategy to treat bone defects. Numerous small animal studies have shown that treating
the bone defects with a combination of biomaterials and MSCs can augment bone regenera‐
tion. Human bone marrow MSCs and macroporous calcium phosphate cement were com‐
bined and transplanted into critical-sized cranial defects in rats. The constructs generated
much more new bone and blood vessels than the control calcium phosphate cement without
cells [16]. Porous tantalum rods were implanted with or without autologous bone marrow
stromal cells (BMSCs) on hind legs in dogs and the scaffold combined with cells enhanced new
bone formation after 12 weeks of implantation [17]. These studies indicate that the combina‐
tion of scaffolds with stem cells can enhance bone regeneration to greater extent. Likewise,
composite scaffolds consisting of polycaprolactone and tricalcium phosphate (TCP) com‐
bined with autologous MSCs or recombinant human bone morphogenetic protein 7 was trans‐
planted into critical-sized defects of the long bones of the sheep. The composite scaffold loaded
with growth factor and MSCs was able to induce enhanced bone formation, indicating the
importance of soluble factor in effective bone regeneration [18]. The osteogenic capability of
ADSCs cells in healing critical-size mouse calvarial defects showed that implantation of apa‐
tite-coated poly lactic-co-glycolic acid scaffolds seeded with ADSCs can heal critical-size skel‐
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etal defects without genetic manipulation or the addition of exogenous growth factors [19, 20].
These animal studies with a combination of scaffolds and stem cells have shown great prom‐
ise with excellent bone regeneration capabilities; however, translation of these into clinical use
is limited. A study by Kawate et al. used a tissue engineering approach and transplanted β-
TCP with MSCs and a free vascularized fibula into three young patients with steroid-in‐
duced osteonecrosis of the femoral head. Two out of the three patients showed healing of the
defect with new bone formation and vascularization within 27 months of implantation.
Although these studies with a tissue engineering approach was promising, problems still
persist in terms of validating the source of the stem cells, the safety, the cost involved and more
importantly understanding the molecular mechanisms involved and these questions has to be
addressed before any clinical application can be achieved [21].

3. Stem cell trophic factors

In the recent past, stem cell technology has revolutionized the field of regenerative medicine
and has been an attractive platform for the purposes of tissue repairs and cancer treatments.
Stem cells are ideal for regenerative purposes due to their multipotentiality and self-renew‐
ing capabilities and this concept is fairly well established through many in vitro, in vivo and
preclinical studies [22]. These cells play important roles in many biological processes, includ‐

Figure 1. Various paracrine factors released by mesenchymal stem cells which play an important role in mitogenesis,
angiogenesis, apoptosis and scarring. Endothelial Growth Factor (EGF), Fibroblast Growth Factor (FGF), Hepatocyte
Growth Factor (HGF), Insulin Growth Factor (IGF), Kerotinocyte growth factor (KGF ), Macrophage Inflammatory
Proteins (MIP), Secreted Frizzled-Related Protein 2, Stanniocalcin-1(STC-1), Stromal cell derived factor (SDF), Trans‐
forming Growth Factor (TGF), Vascular Endothelial Growth Factor (VEGF).
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ing anti-inflammation, cell migration, proliferation and differentiation, and signal pathway
activation or inhibition. There is strong understanding that stem cells (especially MSCs) are
able to repair the tissue by modulating the environment they reside, influencing the im‐
mune response, supporting angiogenesis, and also through the productive cross talk with the
resident cells as illustrated in schematic diagram (Figure 1). It is believed that the stem cells
may be able to achieve these activities through the secretion of a broad panel of biomole‐
cules called as trophic factors including growth factors, cytokines and chemokines and also
the factors released in the extracellular vesicles (exosomes and microvesicles) [23–25]. There‐
fore, in recent years, researchers have a notion that the secret to the stem cell-based therapy
may lie in the stem cell-secreted biomolecules rather than the cell itself as a therapeutic tool.
Hence, there is a curious enthusiasm to explore and understand more about these secretion
factors in order to enable a switch from use of stem cells to the use of stem cell secretion factors
in regenerative medicine [22, 26]. MSCs are reported to secrete a variety of trophic factors such
as transforming growth factors (TGF-α and β), hepatocyte growth factor (HGF), epithelial
growth factor (EGF), basic fibroblast growth factor (FGF-2), insulin-like growth factor-1
(IGF-1), and vascular endothelial growth factor (VEGF) which induces mitogenesis and an‐
giogenesis and are also anti-apoptotic. Other trophic factors like interleukins, stromal cell-
derived factor-1 and prostaglandin 2 are the key immunomodulatory cytokines [6, 25, 27, 28]
as illustrated in Figure 2. Some fundamental studies have demonstrated that administration
of stem cell condition medium containing bioactive factors released by the cells in culture
medium can exert regenerative properties. Stem cell-derived secretory molecules has shown
some promising tissue-repairing properties in cardiovascular [29], renal [6, 30], liver [31], lung
injury [32], and neurodegenerative disease models [22, 33]. Trophic factors secreted by MSCs
have induced proliferation of endogenous cardiac progenitor cells in vitro. Nakanishi et al.
highlighted that conditioned media from rat MSCs can promote proliferation and migration
of isolated cardiac progenitor cells and prevent their apoptosis when subjected to hypoxia and
serum starvation [34]. Furthermore, human MSC secretions harvested in conditioned medi‐
um, reduced infarct size and preserved cardiac function in a large animal model of myocar‐
dial infarction [35]. MSC-conditioned media harvested after 24 h enhanced the paracrine effect
and prevented oxygen-induced neonatal lung injury in a rat model [36]. An interesting study
by Du et al. showed that MSC-conditioned media could even protect hepatocytes and sinus‐
oidal endothelial cells and stimulate their regeneration in reduced-size rat liver transplanta‐
tion [37]. The outcomes of this work was well complemented by another study undertaken by
Van Poll et al., who provided clear evidence that introduction of MSC-conditioned media in
a D-galactosamine-induced rat model of acute liver injury could enhance proliferation of hep‐
atocytes and reduce apoptotic hepatocellular death, thereby increasing the survival rates and
preventing hepatic failures [38]. The role of trophic factors in the treatment of chronic kid‐
ney disease is well demonstrated by Koppen et al. in a rat model. This study showed that
administration of human embryonic MSC-conditioned media decreases the progression of
chronic kidney disease with reduced hypertension and glomerular injury indicating the ther‐
apeutic benefits of trophic factors for kidney-related injuries and disease [39]. Most of the
investigators have shown the beneficial effects of trophic factors from MSCs; however, it is not
just confined to these cells alone. Adipose-derived stem cells which are also gaining popular‐
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ity as an attractive source of cells for regenerative purposes is showing similar properties. Sowa
et al. showed that growth factors from ADSCs can promote peripheral nerve regeneration
through paracrine secretion of trophic factors regardless of donor age or anatomic site of origin.
The effects of mouse ADSCs-conditioned medium were tested on Schwann cells and dorsal
root ganglion neurons in vitro. The results showed that ADSCs produced factors which were
capable of promoting survival and proliferation of Schwann cells and enhancing the neurite
outgrowth in dorsal root ganglion neurons in vitro [40]. Yamada et al. showed that ADSC-
secreted molecules could induce a trophic effect in pancreatic islet culture conditions in vitro.
These results suggested that trophic factors, particularly VEGF, secreted by human ADSCs
enhanced the survival and function of porcine islet cells [41]. These studies suggest that the
stem cell trophic factors alone have the potential for therapeutic use and can enhance effects
in regeneration. The concept of utilizing the stem cell secretome for tissue repair is undoubt‐
edly a step forward towards cell-free regenerative medicine and the effect of trophic factors in
many other types of tissues like bone, ligament and for wound healing purposes is being
explored.

Figure 2. Architecture of the stem cell niche consisting of extracellular matrix, support cells, soluble trophic factors,
transmembrane cell adhesion molecules and progenitor cells.

4. Stem cell trophic factors for bone regeneration

So far the use of stem cells in bone regeneration has largely been focussed on either trans‐
planting the stem cells directly to the defect site or through the tissue engineering ap‐
proaches. However, in recent years, the paracrine effects of stem cells in bone regeneration are
being extensively explored and this can have positive implications in the field of bone
regeneration. The secretion factors of the stem cells (e.g. MSCs) may have potential therapeu‐
tic applications in rheumatoid arthritis, osteoarthritis, genetic bone and cartilage disorders as
well as bone metastasis [42]. The secretion factors released from the MSCs during their,
osteogenic differentiation process induce recruitment and differentiation of endogenous
progenitors. Murine MSCs was cultured in osteogenic medium and the condition media was
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collected and assessed for its effects on differentiation and migration of exogenous MSCs. The
results showed that MSCs maintained in osteogenic medium, secreted factors at specific time
points that induced alkaline phosphatase activity in exogenous MSCs as well as their migra‐
tion thus showing the important contribution of trophic factors in the process of bone repair
[43]. A study by Ando et al. showed that MSC-derived trophic factors can accelerate the healing
process in distraction osteogenesis. In this study, serum-free conditioned medium derived
from human MSCs was locally administered into the distraction gap in a high-speed distrac‐
tion osteogenesis mouse model. The introduction of the MSC condition media supported the
recruitment of murine bone marrow stromal cells and endothelial promoting osteoblast
proliferation, differentiation and angiogenesis [44]. The role of trophic factors in treating
rheumatoid arthritis is well demonstrated by Ishikawa et al. using dental pulp stem cells
(DPSCs). This study showed that delivery of serum-free conditioned media from DPSCs into
a collagen type II antibody-induced arthritis mouse model of the rheumatoid arthritis can
inhibit inflammation-induced M2-type conditions I and suppress osteoclastogenesis and bone
destruction in collagen type II antibody-induced arthritis [45]. An excellent study by Doorn et
al. showed that trophic factors from human MSCs can contribute immensely to bone forma‐
tion. In this study, human MSCs (hMSCs) were treated with small molecule dibutyryl cyclic
adenosine monophosphate (db-cAMP) and the condition media was collected. This was used
to culture a variety of cells including human umbilical vein endothelial cells, osteosarcoma,
breast cancer and mouse myoblast cell line. The treatment of the condition media from cAMP-
treated hMSCs to various cells could improve their proliferation and induce osteogenic
differentiation with differential effects on migration. This study indicated that the trophic
factors secreted by hMSCs can be tuned for a specific application [26, 46]. An in vitro study to
investigate the role of brain-derived neurotrophic factor (BDNF) in spinal cord repair has
shown that the condition media with the increased levels of BDNF was able to protect the
motoneurons and enhance its survival rate, thus indicating the therapeutic benefits the trophic
factors can have in the treatments of spinal cord injuries [47].

Furthermore, Cantinieaux et al. also showed the paracrine-mediated actions of bone marrow
stromal cells for treating spinal cord injuries. An in vitro and in vivo study was conducted to
evaluate the effects of factors released by the bone marrow stromal cells in a spinal cord injury
in a rat model. The in vitro studies showed that bone marrow stromal cell-conditioned medium
protected the neurons from apoptosis, activated macrophages and also exhibited some
proangiogenic properties. Similar beneficial effects of trophic factors from the bone marrow
stromal cells condition was also observed in the in vivo studies with histological analysis
showing the proangiogenic action and tissue protection effect [48].

In addition, the effect of secretion factors from human umbilical cord-derived mesenchymal
stem cells on the osteogenesis of human MSCs has shown to initiate osteogenic differentia‐
tion with increased amount of calcium deposit, and upregulation of osteogenic gene expres‐
sion [49]. These outcomes suggests that stem cell trophic factors may have key solutions for
bone repair and regenerations and further mechanistic understanding can reveal their
potential for further clinical applications.
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5. Stem cell microenvironment: biophysical cues and trophic factors

Stem cells reside in complicated and dynamic three-dimensional (3D) microenvironments in
vivo known as stem cell niches where they undergo self-renewal and differentiation. Their
function is maintained through an array of complex signals derived from this niche [50–52].
Structurally, the niche is composed of extracellular matrix (ECM), soluble proteins like
chemokines, cytokines and growth factors, supporting cells and physical factors. [53, 54]. ECM
proteins are the influential components of the niche and they primarily help in maintaining
stem cell homoeostasis and direct lineage commitment. ECM forms the vital communication
network for transferring the cell signals emanated from soluble and matrix-bound factors and
from cell-matrix interactions and the composition of the ECM can govern the fate of the cells
considerably [55–57]. This concept is very well demonstrated through the preservation of the
decellularized matrix which was able to guide stem cell differentiation into the cell types
residing in the tissue from which the ECM was derived. On the basis of these properties,
decellularized organs have been used in tissue engineering and for developing cell therapy
approaches [58, 59]. ECM parameters are extremely dynamic and are spatially and tempora‐
rily controlled during development suggesting that they play a morphogenetic role in guiding
differentiation and arrangement of cells. Support cells play an important role in restricting the
stem cells to their niche through the cell surface adhesion proteins. The interactions between
the stem cells and the support cells are largely governed by cadherin proteins that form
adherens junctions. As such, stem cells are able to maintain their stemness and self-renewal
when they are in the vicinity of the support cells [60]. Once the cell divides, one daughter cell
remains in contact with the support cell and the other migrates from the niche and commits
itself to a particular lineage [61]. Recent study by Polisetti et al. provided excellent insights
into molecular mechanisms of progenitor cell niche anchorage mediated by integrins-,
cadherins- and dystrophin-associated proteins that regulates both stable and dynamic cell-
matrix and cell-cell interactions within the limbal niche [62]. Additionally, support cells such
as perivascular stromal cells including nestin+ mesenchymal stromal cell (MSC) [63], leptin
receptor (Lepr) expressing mesenchymal cell and Mx1+ stromal cells [64] have shown to play
vital roles in regulating the functions of hematopoietic cells in bone marrow. Support cells such
as osteoblasts were believed to play an important role in preserving the HSCs in a quiescent
state and help in their maintenance or just form a niche supportive of early lymphoid
progenitors [65, 66]. These studies suggest the importance of support cells in the architecture
of stem cell niche which eventually affects the functions of stem cells [67]. Soluble molecules
are another important component of the niche besides ECM and support cells and are
absolutely critical for directing the stem cell fate. Soluble factors can be in the form of growth
factors, cytokines, enzymes, transforming growth factors, bone morphogenic factors and
vitamin C to name a few [68, 69]. These factors can be either added to the culture conditions
or secreted by the stem cells or the supporting cells in the niche. These factors can then bind
to the membrane receptors of the cells and trigger the cell signalling pathways altering the
gene expression of the stem cells [61, 70, 71]. Soluble molecules that are prevalent in most of
the niches include Wnts, hedgehog proteins, FGF and bone morphogenetic proteins (BMP) .
Some of these molecules are key factors in regulating the self-renewal of haematopoietic stem
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cells. It is well established through many studies that Wnts and hedgehog proteins play a key
role in osteogenesis especially in bone formation, maintaining cellular differentiation and
regulating the formation of bone and cartilage, whereas FGFs and BMPs have profound impact
on the osteoprogenitor differentiation and the regulation of the endochondral and intramem‐
branous ossification [60, 72]. Similarly, soluble growth factors and cell membrane-bound
factors such as platelet-derived growth factor (PDGF), TGF-β, VEGF, BMP and Notch
signalling have been implicated as having multivariable effects on cardiac development [73,
74]. In recent years, it has been established that the stem cell niche is not just confined to the
soluble factors and cell-cell interactions but also to the definable physical and mechanical cues,
which influences the decision-making capability of the stem cells. A number of investigators
have demonstrated that stem cells have the ability to sense and transduce the physical and
mechanical cues. The cues such as mechanical strain, stiffness, shear stress and topography
can regulate the fate of the cells. It has been shown that application of mechanical strain can
increase proliferation and decrease differentiation in human embryonic cells, which affects the
cell alignment in the direction of the strain and also directs the MSCs to myogenic pheno‐
type. It has been shown that MSCs can express high levels of ligament-specific markers under
the influence of rotational strain [75–78]. Additionally, the fate of the stem cells can also be
influenced by the substrate stiffness. The effect of stiffness on stem cell differentiation has been
well demonstrated by numerous investigators and an excellent study by Engler et al. showed
that variation in the substrate stiffness can modulate the differentiation of stem cells into
various specific lineages such as neuronal, muscle and osteogenic lineages. This lineage
commitment was found to depend largely on the elasticity of the substrate [53]. A similar result
was highlighted by Saha et al., and Banerjee et al., who showed that changes in the substrate
stiffness can present a defining influence on the differentiation of neural progenitor cells with
stiff substrates modulating the cells to astrocytes while the softer ones towards neuronal
differentiation [79, 80]. Stem cells are also sensitive to the shear stress and this can result in the
morphological changes which in turn affects the cell behaviour at the molecular level. A study
by Illi et al. showed that shear stress can stimulate the molecular pathways leading to histone
modifications in mouse embryonic stem cells resulting in epigenomic regulations [81]. In
addition, the shear stress has been shown to affect the differentiation of stem cells into vascular
cells. Exposure of stem cells to shear stress increased the expression of endothelial cell-specific
markers such as von Willebrand factor and vascular endothelial-cadherin [75]. Topographi‐
cal cues can also influence various behaviours of the stem cells similar to stress, strain and
stiffness. Topographical modifications in the substrate can change the morphological fea‐
tures of the cells which can vary the orientation of the cytoskeletal structure of the cells thus
affecting the function of the stem cell fate. Dalby et al. showed the influence of ordered and
disordered nanoscale pattern on differentiation of MSCs. This study showed that osteogene‐
sis was more predominant with ordered nanoscale pattern with an increase in the expres‐
sion of genes responsible for osteogenic differentiation as compared to the disordered
pattern [82]. A similar outcome was reported by Zouani et al. who showed that substrates with
large nanodepths (100 μm) induced higher osteogenic differentiation as compared to the small
depths (10 μm) indicating that stem cells can sense and respond to the topographical changes
and regulate their function [83–85].
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Such studies have convinced that the mechanical cues can influence the fate of the stem cells;
however, the mechanistic insights as to how these cues direct the differentiation of stem cells
is just beginning to be unravelled. Stem cells can sense the stiff microenvironment and
transduce the signals through the Rho kinase [86, 87], TGF-β [88, 89], Src family kinases [90]
and phosphor-tyrosine signalling pathways [91, 92]. Other studies by Dupont et al. and Swift
et al. have shown that yes-associated protein and transcriptional coactivator with PDZ-binding
motif also have a significant role in regulating the stem cell differentiation mechanism in
response to mechanical parameters. While more and more mechanistic data begins to emerge,
it is only clear that mechanical cues are potent physical parameters in the regulation of stem
cell differentiation [93–96]. The release and beneficial effects of trophic factors from the stem
cells will also depend on the microenvironment it is residing in. Changes in the microenvir‐
onment with respect to the biological and mechanical cues can affect the release of trophic
factors which can have profound implications in their functionality. More studies are now
beginning to emerge to decipher these concepts using various artificial platforms. For example,
Abdeen et al. studied the combined role of stiffness and matrix protein on the secretory profile
of MSCs and their effects on human microvascular endothelial cells. In this work, the condi‐
tioned media from MSCs adherent to polyacrylamide hydrogel with controlled matrix rigidity
and protein composition was collected and applied to a model angiogenesis assay using
HMVECs within Matrigel. The result from this study showed that secretion of the trophic
factors was related to a combined effect of stiffness and adhesion protein for directing
proangiogenic signalling [97]. Jose et al. pretreated the MSCs with glycine-histidine-lysine
(GHK), a peptide fragment of osteonectin and a matrix cellular protein with reported
proangiogenic potential. The study revealed a dose-dependent increase in VEGF concentra‐
tion in media conditioned by GHK-treated MSC, which increased endothelial cell prolifera‐
tion, migration and tubule formation. This study suggested that microenvironment of the stem
cells can have significant influence on the trophic factors and their functionality [98].
Furthermore, Silva et al. showed that the secretome of the bone marrow MSCs were affected
when the cells were cultured on fibronectin peptide-modified hydrogels as compared to the
unmodified gels and this change in the secretome-induced higher metabolic viabilities and
neuronal cell densities [99]. Hoch et al. also showed that cell-secreted decellularized extracel‐
lular matrices can preserve the bone-forming phenotype of the differentiated MSC. In this
study, osteogenically induced MSCs were cultured on the decellularized matrices and the
osteogenic and angiogenic potential was measured after the withdrawal of the induction
media. It was found that culturing osteogenically induced MSCs on decellularized matrix can
enhance calcium deposition and secretion of proangiogenic factor such as VEGF [100].

It has also been noted that the changes in the microenvironment of the stem cells due to
biomolecules can also affect the trophic factors secretion by the stem cells and this can in turn
affect the functionality of the cells by our group and others. We have shown that short-term
exposure of human osteoblasts to tumour necrosis factor (TNF-α) can promote osteogenic
differentiation and also stimulate human osteoblasts to secrete soluble factors that can foster
a microenvironment favouring osteogenic differentiation of ADSC [101]. A similar study was
performed by Czekanska et al., whereby MSCs were stimulated with interleukin-1β (IL1β),
granulocyte-colony stimulating factor (GCSF), stromal cell-derived factor 1 (SDF1) and stem
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cell factor (SCF) for about 2 h. The results showed that a mere 2-h stimulation could affect the
expression of multiple cytokine genes and proteins in MSC significantly. IL1β strongly
promoted the secretion of a wide range of proteins with chemotactic, proinflammatory and
angiogenic properties, whereas SCF regulated the expression of proteins involved in prolifer‐
ation, chondrogenesis and ECM regulation. This outcome was clear evidence that the changes
in secretome can be directed towards a desired final functional outcome through the selec‐
tion of the most appropriate cytokine [102, 103].

Through numerous studies reported in the literature, it is quite evident that the stem cell
function greatly depends on the architecture of the niche; any physical or biochemical
disruption can affect the stem cell function profoundly.

6. Conclusions

Stem cells are in a way considered to be the “building blocks” of regenerative medicine and
are believed to possess solutions to many types of injuries and diseases. Enormous amount of
research is focussed on deciphering and understanding the functionalities of these cells
through the cell-based therapy, through tissue engineering or purely through their para‐
crine activities.

The idea of “stem cell free regenerative” medicine has undoubtedly captured a great deal of
attention in the recent few years. Most studies suggest that the use of stem cells secretory
molecules such as trophic factors, microvesicles or exosomes can be advantageous and
valuable in the treatment of injuries or diseases compared to the cell-based therapies. There
are more to be explored in terms of their mechanisms at a molecular level, the effect of
microenvironment on their release, and the long-term effects of these kinds of treatments in
an in vivo scenario. Answers to these questions can help in validating cell-free regenerative
technology as a potential therapeutic tool.
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