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Introduction

Healthy teeth are supported with bone tissue in the maxilla and mandible called 
alveolar bone, which is subjected to remodeling associated with the functional 
demands of mastication [1]. However, teeth loss and alveolar bony defects are 
common and pose a significant health problem in dental clinics. Reconstruction 
of alveolar bone and replacement of missing teeth using dental implants and 
bone grafts greatly enhances treatment success and patient satisfaction [2]. 
Currently, the potential market in dental implants and bone grafts is great and 
includes virtually every dental treatment plan in some way.

Worldwide, the market size for dental implants is estimated to reach nearly 
$5 billion in 2023 (BCC research report 2018–23) [3]. Dental implants show 
many advantages over the conventional prostheses, including high patient ac-
ceptance, natural appearance, and less requirement of maintenance. Indeed, 
dental implants have played a major role in oral rehabilitation in recent decades. 
Based on the National Center for Health Statistics, more than 90% of adults 
in the United States have untreated dental caries, and 69% show at least one 
missing tooth [4]. Moreover, more than 24% of adults aged 74 years and older 
are completely edentulous [4]. Also, nearly 10 million patients per year have 
dental injuries due to road accidents and sport injuries [3]. Therefore millions of 
patients need replacements for their missing teeth, hence facilitating extensive 
demand for dental implants. In 2016, Europe and Asia dominated the dental im-
plant market due to an increase in the edentulous population [5]. By 2020, it has 
been estimated that 25% of Europeans will be older than 60 years. In addition, 
increased oral-care awareness in developed countries is anticipated to drive the 
market growth of dental implants [5].

There are many patients that require alveolar bone reconstruction prior to 
placement of dental implants. This is the reason for the demand and market for 
bone substitutes. Recently, the global market for bone substitutes was valued at 
more than $2.4 billion [6]. In addition, new products in a variety of shapes and 
sizes are providing excellent biological and clinical properties, thereby increas-
ing the demand for bone substitutes. Bone grafts are widely used in orthopedic 
and maxillofacial surgeries for numerous applications. They can be catego-
rized into natural and synthetic grafts, with natural bone grafts harvested from 
patients themselves or donors, and synthetic grafts being of artificial origin. 
Because natural bone grafts have several clinical limitations, synthetic grafts are 
nowadays leading the global market [6].

Interestingly, the acceptance and utilization of dental implants and bone 
grafts by dental practitioners are increasing. This means that the science and 
techniques of dental implants and bone grafts should take their rightful place in 
the armamentarium of the dental health professional. Therefore clinicians and 
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dental scientists should always gain a thorough knowledge of science related to 
materials and biological issues of dental implants and bone grafts.

The focus of this book is on the optimization of science and application of 
dental implants and bone grafts. In order to understand the principles of dental 
implants and bone grafts, we must first understand alveolar bone, as it part of a 
more specialized and complex system compared to other skeletal bone tissues. 
As discussed in Chapter 1, the alveolar process is a major component of the 
tooth-supporting apparatus and is comprised of alveolar bone proper, cortical 
alveolar bone, alveolar crest, and trabecular bone. The alveolar process devel-
ops along with the dentition and undergoes resorption following extraction of 
teeth. With the advent of dental implant-supported rehabilitation, understanding 
and preserving the alveolar bone has become more imperative than ever before. 
In order to achieve the same, knowledge about applied biology, composition, 
microstructure and anatomic, clinical, and radiographic features of alveolar 
bone is essential. Hence, the aim of Chapter 1 is to provide the reader with a 
thorough knowledge of alveolar bone characteristics and its applied biology in 
relation to dental implant therapy.

Chapters  2 and 3 highlight the clinical application and procedures of al-
veolar bone reconstruction as well as implant osseointegration. In particular, 
Chapter 2 focuses on edentulism. Whether partial or complete, toothlessness has 
always posed great challenges to clinicians. Among the multitude of available 
replacement options, dental implants have currently gained importance due to 
well-established and standard protocols. A systematic approach to diagnosis and 
treatment planning is fundamental to the success of dental implants and their 
long-term functionality. The success of dental implants treatment is owed to their 
longevity and biocompatibility. Furthermore innovative implant designs can cater 
to a multitude of patient needs. Thus understanding the clinical indications can be 
regarded as the deciding factor for the success of osseointegrated dental implants.

Bone grafts are used as scaffolds to replace the missing bone and assist in 
new bone formation and healing. These materials can be derived from a patient’s 
own body (i.e., natural substitutes) or can be of a synthetic origin. Chapter 3 dis-
cusses the most commonly used bone graft materials for bone regeneration. It 
has been estimated that more than 2 million alveolar bone-grafting procedures 
are carried out yearly worldwide. Usually they involve replacing missing bone 
tissue with a suitable bone substitute that has the ability to trigger bone regen-
eration. This provides adequate tooth support and allows successful implant 
placement and osseointegration.

Chapter  4 explores dental implant design and surface modification as an 
important means to improving osseointegration. It discusses new developments 
in implant surface modifications that are critical for bone healing. Introduction 
of nanostructural features into implant surfaces accompanied by defined 
modification of the inorganic chemical status of the surfaces, including the re-
lease of ions, shows a great potential for addressing and improving implant 
osseointegration and antibacterial properties. These surfaces might be further 
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improved by immobilization of peptide sequences addressing both subprofiles 
(i.e., improved osseointegration and long-term antimicrobial properties). In 
many, though not all, studies the early stages of tissue regeneration and anti-
microbial properties appear to be improved by organic surface modifications. 
However, it should be kept in mind that due to heterogeneity in study design, 
interstudy comparability is complicated. Therefore long-term clinical studies 
are still necessary to validate long-term success. Future directions could include 
the development of electrochemical treatments to remove biofilm contamina-
tions from inserted implants, as it has been found that both anodic or cathodic 
polarization will increase pH, reduce pO2, and generate reactive oxygen species 
(ROS) as well as reactive chlorine species (RCS), all of which are discussed as 
active agents against bacteria. Unlike conventional chairside treatment methods, 
here the application of a current to electrically conductive implants would result 
in an attack of the bacterial biofilm directly from the implant surface. For or-
ganic coatings, a promising strategy appears to be multifunctional coatings that 
address multiple aspects simultaneously, such as promoting bone and soft tissue 
regeneration as well as reducing bacterial adhesion and biofilm formation.

Chapter 5 proceeds with the science of materials related to synthetic bone 
grafts. This chapter describes the main characteristics and the potential of syn-
thetic bone graft substitutes based on calcium for dental applications. It reviews 
aspects such as the composition, the structure, and the processing routes of the 
different families of materials to give the reader a general overview of the differ-
ent materials. Particular attention is given to calcium phosphates due to the close 
chemical resemblance of these materials to the mineral phase of bone. Other 
families such as calcium sulfates, calcium carbonates, and calcium-containing 
bioactive glasses are also discussed. The chapter places particular attention on 
the current and novel strategies based on ion doping (to mimic mineral bone 
composition), surface functionalization (to mimic extracellular matrix), and ad-
ditive manufacturing (to make highly porous yet mechanically stable scaffolds) 
in the fabrication of the next generation of materials to help accelerate tissue 
healing and improve bone growth at impaired sites.

Chapter 6 focuses on tissue-engineering techniques for bone grafts. In recent 
years, bone tissue-engineering techniques have shown great promise for genera-
tion of dental bone grafts with highly biomimetic properties. Alveolar bone tis-
sue engineering uses a combination of scaffolds, cells, and/or bioactive factors 
to generate new bone tissue and, occasionally, other related and interfacial tissue 
types relevant to the periodontal unit. Given the highly complex environment of 
the periodontium in which alveolar bone resides, composite scaffold design has 
been instrumental in producing truly biomimetic scaffolds that can recapitulate 
the heterogeneous chemical, physical, and biological properties of dental bone. 
One important aspect of composite scaffold design has been utilizing novel ma-
terial combinations and composite materials from multiple classes—including 
synthetic polymers, natural polymers, and ceramics—to provide a myriad of 
biomimetic features. Building upon this, the emergence of high-fidelity scaffold 
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fabrication techniques in rapid prototyping have enabled the production of com-
plex, spatially defined architectures from these composite materials. Furthermore 
tissue engineers have utilized multiphasic and gradient scaffold design to directly 
address the heterogeneity of alveolar bone and its surrounding periodontium. 
Thus more biomimetic scaffolds and dental bone grafts have been produced by 
combining composite material selection, high-fidelity 3D scaffold fabrication, 
and multiphasic scaffold design. Further improvements to dental bone graft en-
gineering can be explored through the development of more precise mechanical, 
physical, and biological gradients that mimic the periodontal unit.

The chapters in the second part of the book focus on the biological in-
teraction and biocompatibility of dental implants and bone grafts. Chapter  7 
highlights the importance of cellular and molecular interaction. It provides an 
overview of the cellular interactions and the genetic regulations at the bone-
implant interface, based on experimental in vivo studies and available studies in 
humans. The first section discusses the current knowledge on the cellular and 
molecular events governing the initial cell recruitment, early inflammation, and 
the transition from inflammation to bone formation and remodeling during the 
phases of osseointegration. The modulation of these events, by different implant 
surfaces, and their relationship with the structural and functional development 
of the interface are emphasized. A subsequent section focuses on selected key 
biological factors potentially involved in the osteogenic differentiation of mes-
enchymal stem cells (MSCs) or in coupling of bone formation and remodeling 
at the interface. Further, the chapter discusses possible phenotypic polarizations 
of macrophages at the interface, in vivo. Finally, it provides some insights into 
possible dysregulations of the molecular activities at the interface, under se-
lected bone-compromising conditions.

Chapter 8 reviews bone regenerative issues related to bone grafting bioma-
terials. Tens of millions of European citizens are partially edentulous and lack 
sufficient bone for placement of dental implants. This chapter reviews the dif-
ferent options used by oral surgeons for guided bone regeneration (GBR) prior 
to dental implant placement. Autologous bone grafting is the gold standard but 
requires a second surgery, induces pain, and the quantity is limited. Allogeneic 
bone from tissue banks carries the risk of immune rejection and is subjected to 
uncontrolled resorption. Animal-derived products such as deproteinized bovine 
bone are very popular in oral surgery, but there are safety concerns with the 
possible transmission of diseases. Synthetic bone substitutes such as calcium 
phosphate bioceramics are increasingly used for filling small bone defects be-
cause of their biocompatibility and osteoconductive properties. MSCs associ-
ated with calcium phosphate bioceramics have shown to induce de novo bone in 
preclinical and clinical studies. These cells can be easily isolated and amplified 
in culture from a bone marrow aspiration. When mixed with biomaterials, these 
cells attach on their surface and the extemporaneous mixture can be applied to 
atrophied alveolar bone for its regeneration. GBR membranes are essential for 
favoring bone regeneration while preventing fibrous tissue invasion. However, 
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synthetic resorbable membranes should be preferred over animal-derived prod-
ucts made from porcine skin for safety and ethical reasons. Furthermore these 
collagen membranes exhibit a rapid resorption when exposed to the proteases 
of the oral cavity. This chapter also presents future directions in bone regenera-
tion, such as the use of 3D-printed personalized scaffolds and allogeneic MSCs.

Chapter 9 explores issues related to cell-based therapies in bone regeneration. 
Cell-based therapies hold great promise for regenerative treatment of bone defects. 
MSCs are most commonly used to prepare cell-based constructs for bone repair. 
Although preclinical and clinical evidence of successful bone healing by MSC-
based constructs exists, those are far from becoming implemented as standard 
treatment in clinics. Considerable variation in cell-based construct preparation and 
study design between studies emphasize the need for a standardized manufacturing 
protocol and controlled trials. Furthermore the mechanism by which transplanted 
cells contribute to bone regeneration remains to be unraveled to further aid in de-
veloping strategies to increase bone regenerative efficacy. Additionally, in view of 
the impractical generation procedure of cell-based constructs with time-consuming 
ex vivo manipulation, directions to improve feasibility and cost-effectiveness of 
such cell-based constructs are increasingly being explored.

Chapter  10 extensively reviews pharmacological interventions targeting 
bone diseases in adjunction with bone grafting. Skeletal diseases are often dif-
ficult to treat by means of systemic pharmacological intervention due to poor 
drug uptake and systemic toxicity, both of which limit therapeutic efficacy. 
Therefore bone-targeting agents have been developed to target drugs to the 
skeleton. The majority of these bone-targeting agents exploit their affinity to 
positively charged Ca2+ ions that are abundantly present in the mineral phase 
of bone. A better understanding of bone biology provides new opportunities 
to develop novel bone-targeted molecular therapeutics to treat bone diseases, 
such as osteoporosis, osteomyelitis, osteosarcoma, and bone metastasis. This 
chapter illustrates the most important features of the most commonly applied 
bone-targeting agents. Subsequently, various strategies aimed at conjugating 
these bone-targeting agents to either drugs or biomaterial-based systems for 
local delivery are reviewed. The chapter concludes with a summary of the most 
promising preclinical applications of bone-targeting drug delivery systems.

Chapter 11 addresses the modern assessment methods of bone-to-biomaterials 
regeneration. Mainly, it focuses on the application of high-resolution X-ray imag-
ing modalities currently available for the assessment of biomaterials and (bone) 
tissue engineered constructs, with a specific focus on micro-computed tomogra-
phy (CT) and CT-derived techniques. It also discusses the development, applica-
tions, and limitations of both in vivo and ex vivo micro-CT imaging methods. 
Moreover, it describes in detail state-of-the-art X-ray imaging techniques, like 
X-ray phase contrast, scatter contrast, fluorescence contrast, and hybrid X-ray im-
aging. Finally, it presents challenging nanoresolution multimodal in vivo imaging. 
Such techniques are providing a simultaneous view into associated molecular, 
functional, and anatomical changes.
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Finally, Chapter 12 aims to explore the frontiers in dental implant therapy and 
bone grafting and how much preclinical research efforts are needed to achieve 
the desired clinical translation of the science of dental implants and bone grafts. 
Advances in various areas of biomaterial science have been significantly con-
tributing to bone tissue-engineering research. This chapter outlines the progress 
in biomaterial design for developing a biofunctional material that can accelerate 
therapeutic potential. It discusses various approaches inspired from native bone 
ECM for modification of biomaterial substrates for bone tissue-engineering 
applications. Significant efforts have been made to produce biomaterials with 
biological, compositional, and structural properties. Nevertheless, major issues 
remain that need to be addressed. Most of the approaches have focused on bone 
formation. However, considering that bone tissue has a complex structure with 
unique mechanical features, and bone regeneration is a multifactorial process 
that includes osteogenesis, angiogenesis, inflammation, and bone resorption, 
the biomaterial should be designed to provide multiple signals to orchestrate all 
these healing events. Another concern is the immunogenicity of the transplanted 
biomaterials. Although most synthetic polymers are biocompatible, the long-
term fate of their degradation product and their effect in the body are still not 
well understood. Presently, most biomaterials affecting in vivo bone regenera-
tion have been tested in small animals with mesoscale defect models. Therefore 
there is still a need to investigate the potential of biomaterials in larger animal 
models with relatively larger defect sizes that have better relevance to clinical 
problems associated with humans.

Rationale of book

In clinical dentistry, dental implants and bone grafts are becoming increasingly 
crucial. The evolution of these materials and techniques has led to an increase 
in successful dental treatment as well as patient satisfaction. This is because 
research on alveolar bone biomaterials (dental implants and bone grafts) has 
vastly expanded with increased understanding at the molecular and cellular 
level. However, knowledge of these biomaterials and biological aspects is still 
surprisingly limited. Thus this book presents a critical review of the science of 
alveolar bone biomaterials that will help to propel the continuing evolution of 
modern dental implants and bone grafts.

Goals of book

On completion of reading this book, dental practitioners/scientists should be 
able to:

●	 Understand the structure, function, and pathology of the alveolar bone 
system

●	 Understand the rationale and clinical indications of dental implants and al-
veolar bone replacements/reconstruction



Introduction  xxiii

●	 Consider the issues involved in selecting alveolar bone biomaterials (dental 
implants and bone grafts)

●	 Understand the biological basis of interactions between alveolar bone and 
biomaterials

●	 Utilize information available about the cellular and molecular basis for 
bone-implant regeneration in vivo and in humans

●	 Explore ongoing frontier research of dental implants and bone grafts within 
all relevant fields
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