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Foreword

I am glad to write a foreword for this book “Advances in Dental Implantology using 
Nanomaterials and Allied Technology Applications” to be published by Springer, 
USA, that focuses on the use of nanotechnology in dentistry and particularly in the 
field of implants. This book, edited by Drs. Ramesh S. Chaughule and Rajesh  
Dashaputra, presents a collection of topics from eminent authors across the globe on 
the use of nanobiomaterials for implantology and their clinical applications.

Nanotechnology is a new field that has enormous scope in the dental science. One can 
make use of it in understanding and achieving cell-specific functions. Nanoscale surface 
morphology augments the surface area and thus provides an increased implant surface 
area that can react to the biologic environment. The composition of dental implants, 
surface energy, and roughness and topography can be improved for better osseointegra-
tion, and cellular activities and tissue responses occurring at the bone–implant interface 
can be altered by nanoscale modifications and can result in better treatment outcomes.

Nanosurface modification changes chemical as well as biological interactions of 
the implant, due to changed implant surface interaction with ions, biomolecules, and 
cells. This change in interactions in turn favorably influences molecular and cellular 
activities, leading to altered osseointegration. Numerous methods have been tried to 
enhance the osteointegration property by promoting the attachment, proliferation, 
and differentiation of bone-forming cells on the implant surface. Graphene and their 
products may provide excellent coating strategies for dental implants to improve 
osteointegration. Nanotechnology offers therapeutic methods for esthetic dentistry. 
Teeth that undergo treatment, such as fillings or crowns, will be restored with natural 
biological materials in a manner that is indistinguishable from natural dentition.

In recent years, there have been numerous publications appearing in the nano-
technology in dentistry. Developments in clinical applications are likely to acceler-
ate in future. All the authors led by Dr. Chaughule should be congratulated to present 
a comprehensive and timely book to produce a useful and comprehensive text on 
nanobiomaterials and their clinical applications in dental implants.

C. N. R. Rao
Jawaharlal Nehru Centre for Advanced Scientific Research
Bangalore, India
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Foreword

I am delighted to be asked to write a foreword for the second book in dentistry 
‘Advances in Dental Implantology Using Nanomaterials and Allied Technology 
Applications’ to be published by Springer, USA.

Endo-osseous dental implants have revolutionised how clinicians manage 
patients with failing dentitions. Patient demand has driven the need for shorter treat-
ment times necessitating quicker healing and rapid reconstructions leading to a 
search for newer technologies. Whilst a number of textbooks have been written, 
there are very few bringing together the application of nanotechnology across the 
field of implantology. This book builds on the concepts of nanotechnology, already 
covered in the first book ‘Dental Applications of Nanotechnology’ published by 
Springer, and its impact on the provision of dental implant treatment. The authors, 
led by Dr. Chaughule, have done an excellent job in succinctly putting together 
ways in which nanotechnology can influence and has influenced the provision of 
implant treatment from surgery to prosthetic reconstruction and post-treatment bio-
logical complications. The second section on ‘Applications’ of such new technolo-
gies in the field of implantology gives this book a unique feature by bringing science 
and technology into clinical application.

The book is aimed at experienced clinicians and those new to dental implantology 
as well as students, researchers and scientists. It is well written and structured mak-
ing it easy for the reader to follow the difficult notions at the nano level as applied to 
implantology. In my 20 years of experience in implantology, this is a much needed 
book which provides useful and relevant content to readers and can serve as a general 
textbook or a reference book. I commend the efforts of the authors in producing this 
comprehensive book, which closes an important gap in an ever-changing field.

Ulpee Darbar
Eastman Dental Hospital & Institute
London, UK
Royal College of Surgeons, Edinburgh
Edinburgh, UK
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Foreword

As a clinician fascinated by scientific backgrounds and as a passionate reader from 
early childhood on, I always feel excited when I open a new book. This one over 
exceeded my expectations.

There are books that have more footnotes and references than text, which is great 
help for a small group of researchers, but the majority of clinicians would close the 
book as quickly as a flash. Then there are books in dentistry that look more like 
picture books: nice to turn pages, but nothing to underline. And finally, there are 
books like this one: valuable information, a good read, text parts to be underlined, 
literature references inviting for further study and images from clinical work excel-
lently illustrating the topics at hand.

The editors of the book, “Advances in Dental Implantology using Nanomaterials 
and Allied Technology Applications”, Professor Ramesh S.  Chaughule and Dr. 
Rajesh Dashaputra, together with many prestigious contributors across the globe, 
collected research and clinic in the best way possible. This provides us with compre-
hensive information on the expanding fields of nanotechnology as well as the latest 
developments in materials science, engineering and technology applied in dentistry. 
This book is quite essential to valuable research and a natural sequel to their numer-
ous published papers and the book: “Dental Applications of Nanotechnology”.

It is the unique combination of clinician-researcher-teacher-mentor-author-
speaker features with IT understanding, which enables one to write such a compre-
hensive work.

Nanotechnology and its application in dentistry are hot topics. This book covers 
aspects ranging from research to the clinic, providing a complete framework and 
knowledge base. Nanotechnologies are increasingly used for surface modifications 
of dental implants. This book explains why nanometer-controlled implant surfaces 
may ultimately direct the nature of peri-implant tissues and improve their clinical 
success rate.

Students, researchers and clinicians who want to learn more about nanomaterial 
utilization in bone regeneration, prosthetic rehabilitation, biofilm and peri-implanti-
tis control, bone grafting and tissue engineering will benefit from the solid footing 
in this compilation.
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The second part of the book is the sum of accumulated knowledge about the 
newest developments in dentistry. And it is more than just an update. It provides an 
overview of the current state of knowledge, valuable clinical protocols for CAD/
CAM technology, modelling and impressions in implants, printing in dentistry, 
maxillofacial reconstruction, 3D impressions in maxillofacial surgery and zygo-
matic implants. As an oral surgeon, periodontist and implantologist, I find this book 
to be a comprehensive professional reference that bridges the gap between funda-
mental materials science and medicine.

This book is laying the foundation for further publications that I am looking 
forward to read.

Snehjena Pohl
Department of Oral Medicine and Periodontology,
Medical Faculty, 
University of Rijeka, 
Rijeka, Croatia
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Preface

The term nanotechnology is widely attributed to the American Nobel Laureate  
Dr. Richard Feynman. It is mainly concerned for the creation of functional materi-
als, devices, and systems through control of matter in 1–100  nm length scale 
exploiting physical, chemical, and biological properties. Nanotechnology is a rela-
tively newer field of science that is finding enormous scope in dental and medical 
science. This field is useful in multitude of applications, including dental diagnosis, 
materials, surface treatments of dental implants, and improving orthopedic implant 
devices. The changes in chemistry or topography of implant surface can occur due 
to nanoscale modification which can alter the implant surface interaction with ions, 
biomolecules, and cells leading to create surfaces with controlled topography and 
chemistry. Nanobiomaterials used in dental applications have superior abrasion 
resistance, lower shrinkage, and enhanced optical and esthetic properties due to 
their enhanced surface-to-volume ratio as compared to their bulk materials. Thus, 
they are used in light polymerizable composites, impression materials, ceramics, 
and dental implant coatings. Nanotechnology offers engineers and biologists new 
ways of interacting with relevant biological processes. Moreover, it has provided 
means of understanding and achieving cell-specific functions. The elucidation of 
bone healing physiology has driven investigators to engineer implant surfaces that 
closely mimic natural bone characteristics. Thus, the field of nanotechnology has 
bright prospects as it offers the possibility of great advances and improvement in the 
field of dentistry with an extrapolation of current resources to a new scale.

In modern dentistry, dental implant plays most viable role in the replacement of 
missing teeth. Implant restores not only form and function but also esthetics of the 
patients. Dental implants are manufactured from materials such as pure titanium, 
surgical stainless steel, and titanium alloys. The long-term survival of implants pri-
marily depends on seamless osseointegration with bone and can get compromised 
by the inflammatory condition that causes peri-implantitis and loss of supporting 
bone. Osseointegration at the bone–implant interface and the amount of bacterial 
colonization around the implants have to be looked into carefully. The enhancement 
of bone formation at the bone–implant interface has been achieved through the mod-
ulation of osteoblasts adhesion and spreading, induced by structural modifications 
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of the implant surface, particularly at the nanoscale level. In this context, traditional 
chemical and physical processes find new applications to achieve the best dental 
implant technology.

The use of nanotechnology has been tested on a wide range of materials (such as 
metals, ceramics, polymers, and composites), either nanostructured surface features 
or constituent nanomaterials including grains, fibers, or particles with at least one 
dimension from 1 to 100 nm. The osteointegration of the orthopedic implants could 
improve the biocompatibility and the life span of the implants. The ideal implants 
should be made by materials easily colonized by bone-forming cells (osteoblasts), 
which can synthesize new bone matrix. The implant surfaces can alter cellular and 
tissue responses that may promote osseointegration. Some implant materials are not 
often compatible with osteoblasts, but rather promote the formation of soft connec-
tive tissue. Surface coatings using nanohydroxyapatite and calcium phosphate 
(CaP) particles make the new implants more acceptable as these materials enhance 
the integration of nanocoatings resembling biological materials to the periodontal 
tissues. Furthermore, osteoconductive nanoparticles induce a chemical bond with 
bone to attain good biological fixation for implants. Bioactive CaP nanocrystals 
deposited on titanium implants are resorbable and stimulate bone apposition and 
healing. Future nanometer-controlled surfaces may ultimately direct the nature of 
peri-implant tissues and improve their clinical success rate. Surface modification of 
implants using antibacterial properties can also decrease the potential for infection, 
and certainly improves clinical outcomes.

We are pleased to introduce this second book “Advances in Dental Implantology 
using Nanomaterials and Allied Technology Applications” to aspiring and working 
scientists, dental practitioners, and as a ready reference for the dental students to 
understand the principles of nanotechnology, its applications, and latest techniques. 
The first book “Dental Applications of Nanotechnology” was very well received by 
all the interested readers. The present second book covers primarily two sections. 
The first section covers Nanobiomaterials in implant applications, in bone regen-
eration, prosthetic rehabilitation, to control biofilm and peri-implantitis, bone graft-
ing and tissue engineering. The second section covers implant stability, 
peri-implantitis, lasers, CAD/CAM technology, impressions, 3D printing, recon-
struction with bone grafts, and zygomatic implants under Applications.

Nanotechnology assists in understanding and achieving cell-specific functions 
and thus critical steps in osseointegration can be modulated by nanoscale modifica-
tion of the implant surface. It is possible to mimic bone formation process occurring 
at nanoscale level to achieve better osseointegration and higher implant surface ratio. 
Praveena et al. discuss in their chapter about the role of nanotechnology in the vari-
ous methods and techniques of imparting nanoparticle-coated implants for the 
improvement of osseointegration using nanosurface features of dental implants and 
their antimicrobial activity. The application of nanomaterials in craniofacial bone 
regeneration is a newly advancing field which holds great capabilities for enhancing 
conventional therapeutic methods. Chapter by Hosseinpour et al. highlights the appli-
cations of nanobiomaterials as bone scaffolds, delivery systems, and barrier mem-
branes for craniofacial bone regeneration. Maxillofacial reconstruction is complicated 
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due to the etiology and nature of the tissue injury. Nanobiomaterials in prosthetic 
rehabilitation of maxillofacial defects play an important role. Sybil et al. have shown 
in their chapter that the restoration of soft tissues like skin, cartilage, and mucosa 
without the support of the underlying bony architecture is possible with prosthesis. 
Graphene-based materials have gained extensive attention in the field of dentistry. 
Rokaya et al. have summarized the basic properties of graphene and the latest prog-
ress based on current knowledge. Minimizing biofilm formation and peri-implantitis 
is a great concern. Petrini et al. have discussed the novel materials and surfaces that 
could decrease early failure and improve long-term success in implantology. 
Reconstruction of craniofacial defects poses a challenging task for craniofacial sur-
geons. Bone grafting is the standard technique employed for bone reconstruction. 
However, with the advent of novel biomaterials as bone substitutes for grafting pro-
cedures, attractive alternatives have unlocked for surgeons. Kalluri and Duan have 
focused on the various biomaterials that are currently used as bone substitutes in 
craniofacial bone regeneration along with an update of the active research among 
each class of biomaterials going on in this area. For damaged tissues and organs 
affected by trauma, a regenerative medicine is required. Advanced nano-functional 
biomaterials can promote cellular adhesion, proliferation, differentiation, and mor-
phogenesis in a controlled spatiotemporal manner. Midha et  al. discuss about the 
importance of nanobiomaterials in tissue engineering and biological interaction with 
stem cells. In implants, a direct relationship seems to exist between the primary sta-
bility and bone density. Polyurethane foam has been proposed for in vitro tests to 
simulate the consistency and the density of the bone.   Chapter by Tumedei et  al. 
emphasizes the role of polyurethane foam as a model to study primary implant 
stability.

Peri-implant diseases, such as peri-implant mucositis and peri-implantitis, cor-
respond to former periodontal conditions—gingivitis and periodontitis, and, ana-
logically, are considered serious and chronic conditions jeopardizing the undertaken 
rehabilitation treatment using implant. Peri-implantitis, which is defined as a patho-
logic condition of all tissues supporting dental implant, can lead to its loss, if not 
recognized and treated on time. Porenczuk and Gorski in their chapter discuss to 
bring closer prevalence and risk factors of peri-implantitis along with prevention and 
treatment methods. The use of laser has increased rapidly in the last couple of 
decades. Their use in implant dentistry has seen an upsurge in the past years. At pres-
ent, wide varieties of procedures are carried out using lasers. Laser can be classified 
based on the wavelengths and tissue on which it acts. The chapter by Miglani and 
Patro highlights the various types of lasers and their various applications at different 
stages of dental implantology. Proper diagnosis and appropriate treatmesnt planning 
is paramount to achieve the best long-term prognosis in implant dentistry. Computer-
aided implant surgery has dramatically improved the quality of surgical procedures 
used for dental implant bed preparation and implant placement. The three-dimen-
sional assessment of the restorative goal using cone beam computerized tomography 
(CBCT), radiographic template, and implant design programs allows realistic plan-
ning and optimized positioning of implants using surgical guides. D’Souza and Aras 
in their chapter explain the applications of CAD/CAM technology in dental implant 
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planning and implant surgery. Accurate replication of the clinical situations in a 
physical or virtual mode is required before and during the treatment for the planning 
or execution of the prosthetic phase by the laboratories. Impression making and 
modelling tools form a vital segment in the armamentarium of implantologists and 
so also the techniques need high level of skill development. Chapter by Dashaputra 
et  al. explores all the techniques and critical steps essential in both the forms of 
modelling and impression making for accurate replications and success. The dental 
field is embracing the trend of digital dentistry. 3D printers and 3D scanners designed 
for dental applications can now help dentists offer a better and more personalized 
service to patients while offering substantial cost reductions and simplifying com-
plex dental appliances production workflows. Implant dentistry was one of the first 
disciplines to experience 3D printed guides for predictable surgeries. A revolution in 
materials and technologies has resulted in further evolution, including the printing of 
prosthodontic frameworks, dentures, and implant components. Kalman discusses 
the exciting advancement of 3D printing and its applications to industry and medi-
cine, with an in-depth presentation of its application to dentistry. Maxillofacial 
reconstruction using bone grafts, dental implants, and bone tissue engineering 
approach is a complex and exciting topic and poses significant challenges to oral and 
maxillofacial surgeons. Advances in the field of bone tissue engineering over the 
past few decades offer promising new treatment alternatives using biocompatible 
scaffold materials, autologous mesenchymal stem cells, and growth factors. 
Guastaldi et al., in their chapter, focus on the reconstruction of the maxilla and the 
mandible. The prime objective of the 3D impression-taking process in oral surgeries 
is obtaining a high-quality copy of one or several implants. This requires structures, 
healthy adjacent and antagonist teeth and other maxillofacial regions, establishing a 
proper interocclusal relationship and then converting this information into accurate 
replicas of the missing or abnormal implanted structures. Chapter by Irfan addresses 
the technical aspects and applications of digital impressions in maxillofacial surger-
ies. On severely resorbed maxilla the limitations for the installation of conventional 
implants require alveolar reconstructive procedures with the use of autogenous bone 
grafts harvested from iliac intraoral donor sites or autologous bone graft, increasing 
morbidity and cost of the treatment. As an alternative to the use of large bone recon-
struction, zygoma bone can be used as anchorage for long implants supporting pros-
thetic rehabilitation. Chapter by Soares et al. discusses the importance of technology 
and virtual planning to correctly disseminate the masticatory forces on these 
implants.

The editors wish to thank all the distinguished and expert contributors for their 
enthusiastic participation in this endeavor and also some contributors who did the 
job at last hour. We are confident that the book will serve as a valuable guide for 
researchers and students of dentistry, materials engineering, bioengineering, and 
medicine. Dr. Chaughule wishes to thank Dr. Suhas Pednekar, Vice Chancellor, 
Mumbai University, Dr. Anushree Lokur, Principal, Ramnarain Ruia Autonomous 
College, and his family members for all the supports. Dr. Dashaputra wishes to 
thank his mentor Dr. Chaughule first to give the opportunity to be a coeditor. He too 
wishes to thank his wife and family for the support during this book preparation. 
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Special thanks are also due to Dr. Snigdha Patki-Chitnis, oral and maxillofacial 
surgeon, who did a very difficult but meticulous job of moderating a difficult chap-
ter on zygoma implants originally written by non-English authors. Last but not 
least, the editors sincerely thank Springer staff for their support from time to time.

Mumbai, India  Ramesh S. Chaughule 
   Rajesh Dashaputra  
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1  Introduction

Dental implants have been in the market place for a long period of time for restoring 
or replacing teeth. The challenges faced by dental surgeons during dental implanta-
tion are controlling the high chances of infections and achieving osseointegration. 
Many studies have been attempted to enhance the osseointegration of implants by 
various surface modifications. The aim of dental manufacturers is to provide dental 
implants with surface biological properties for the adsorption of proteins, the adhe-
sion and differentiation of cells, and tissue integration. These biological properties 
are allied to chemical composition, wettability, and roughness of metal implants 
surfaces. However, the control of these surface properties at the protein and cell 
levels, thus in the nanometer range, remains a potential challenge for researchers 
and dental implants manufacturers [1].

Modern science and technology has undergone a major revolution with the 
 evolution of nanotechnology and hence has been assimilated into various medical 
disciplines including dentistry. Bulk material when reduced to nanoscale, there is sig-
nificant change in the optical, thermal, and antimicrobial properties [2]. This alteration 
of the desired physicochemical properties of nanomaterials has led to the conceptual 
development of “nanodentistry.” The continuous ongoing quest for the introduction 
of newer materials for promoting better oral health has led to the  discovery of various 
nanobiomaterials, advanced clinical tools, and better treatment modalities.

With the advent of hybrid science named nanobiotechnology, nanomaterials 
have noteworthy applications in implant dentistry [3]. The application of “nano” to 
implants, abutments, and bone substitutes drastically changed their biologic 
response. Nanotechnologies generate surfaces with controlled topography and 
chemistry that would aid in understanding biological interactions and developing 
novel implant surfaces with predictable tissue-integrative properties [4].

In this chapter, the biomedical applications of nanoparticles and nanopatterned 
surfaces in implant dentistry, including the recent nanocoated implant materials and 
technologies which are responsible for tuning the cell-specific interactions and 
 promoting osseointegration, are discussed. The sequence of biological events in 
relation to the surface is related. Mechanisms of interaction with blood, platelets, 
and mesenchymal stem cells on the surface of implants are described.

1.1  Nanotechnology Definition

While many definitions of nanotechnology exist, the most widely used is from the 
US Government’s National Nanotechnology Initiative (NNI). According to the 
NNI, nanotechnology is defined as: “Research and technology development at the 
atomic, molecular and macromolecular levels in the length scale of approximately 
1–100 nm range, to provide a fundamental understanding of phenomena and materi-
als at the nanoscale and to create and use structures, devices and systems that have 
novel properties and functions because of their small and/or intermediate size” [5].

C. Praveena et al.



3

Nanotechnology or molecular engineering is the production of functional materi-
als and structures in the range of 0.1–100 nm-nanoscale by various physical or 
chemical methods [6]. The term “nano” is derived from “nanos,” the Greek word 
for “dwarf.” A nanometer is 10−9 a meter or one-billionth of a meter [7]. In simple 
terms, it is engineering at the atomic and molecular scale. It is a highly multidisci-
plinary field and cuts across many disciplines, including colloidal science, chemis-
try, applied physics, and biology.

1.2  Historical Review

Nanotechnology is not a new term. Although nanotechnology has been around since 
the beginning of time, the discovery of nanotechnology is widely attributed to the 
American Physicist and Nobel Laureate, Dr. Richard Phillips Feynman [7]. The first 
use of the word “nanotechnology” has been attributed to Taniguchi in 1974. In 1986, 
Eric Drexler introduced and popularized the term “nanotechnology” in his book 
“Engines of Creation” [5]. Dr. Robert A. Fretias Jr. is one among the pioneer scientists 
who has written about nanomedicine, nanodentistry, and their future changes [5]. It 
was introduced into dentistry as nanocomposites in the year 2002 by Filtek Supreme [8].

1.3  Classification of Nanomaterials

Siegel has classified nanomaterials [6, 9] based on dimensions as shown in Table 1.

1.4  Approaches in Nanotechnology

The fabrication techniques of the nanoscale materials can be divided into the fol-
lowing three approaches [7, 8]:

 (a) Larger to smaller (top-down approach)

Table 1 Classification of nanomaterials based on dimensions

Dimension Characteristics Examples

Zero Clusters/powders Atomic clusters, filaments, and cluster assemblies
One Multilayers Nano thin film
Two Ultrafine grained over‐layers Nanotubes, Nanofibers, and Nanowires
Three Nanophase materials consisting 

of equiaxed nanometer-sized 
grains

Nanoparticles, Nanopowders, Dendrimers, 
Fullerences, Quantum dots, Nanostructures, 
Nanocapsules, and Nanopores

Nanotechnology in Implant Dentistry
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Top-down fabrication reduces large pieces of materials all the way down to the 
nanoscale (Fig. 1). This approach requires larger amounts of materials and can 
lead to waste if excess material is discarded. Here, larger materials are patterned 
and carved down to make nanoscale structures in precise patterns. Materials 
reduced to the nanoscale can suddenly show very different properties, enabling 
unique applications (Table 2).

 (b) Simple to complex (bottom-up approach)
The bottom-up approach to nano-manufacturing creates products by building 
them up from atomic and molecular-scale components, which can be time- 
consuming (Fig. 1). This begins by designing and synthesizing custom-made 
molecules that have the ability to self-assemble or self-organize into higher- 
order structures.

 (c) Functional approach
In this approach, components of the desired functionality are developed without 
regard to how they might be assembled.

Fig. 1 Top-down and bottom-up approaches

Table 2 Examples of top-down and bottom-up approach

Top-down approach examples Bottom-up approach examples

1. Salivary diagnostics
2. Laser plasma application for periodontia
3. Nanotechnology-based root-end sealant
4. Nano needles
5. Nano bone fibers
6. Nanocomposites
7. Nanotechnology for GIC
8. Nanoceramic technology
9. Nanobond
10. Nanosolutions
11. Coating agents
12. Nanotechnology for impression materials
13. Nanocomposite denture teeth
14. Nanoparticles as antimicrobial agents
15. Implants surface coatings
16. Nano bone replacement materials

1. Inducing local anesthesia
2. Hypersensitivity cure
3. Tooth repair
4. Nanorobotic dentifrice (dentifrobots)
5. Orthodontic nanorobots
6. Dental durability and cosmetics
7. Nanotech floss
8. Photosensitizers and carriers
9. Diagnosis and treatment of oral cancer
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2  Concept of Osseointegration

Modification of dental osseous implants at nanoscale level produced by various 
techniques can alter biological responses that may improve osseointegration and 
dental implant procedures. The high success rates for endosseous implants have 
resulted from many research approaches with the aim of enhancing and accelerating 
bone anchorage to the implant, thereby providing optimal support for the intraoral 
prosthetic devices. This innovatory breakthrough has first emerged from the research 
efforts of the Branemark group in the late 1960s by pioneering the placement of 
machined screw-type commercially pure titanium (cpTi) implants with minimum 
surgical trauma. The bone bonding ability, termed as “osseointegration” by 
Brånemark et al. (1977), of this machined implant was principally the result of the 
proper surgical technique providing macrostability to the implant and the biocom-
patible nature of the bulk titanium [10].

Osseointegration of dental implants was earlier characterized as a structural and 
functional connection between newly formed bone and the implant surface, which 
became a synonym for the biomechanical concept of secondary stability [11]. 
Osseointegration comprises a cascade of complex physiological mechanisms simi-
lar to direct fracture healing (Fig. 2). The drilling of an implant cavity resembles a 
traumatic insult to bony tissue leading to distinct phases of wound healing [12]. 
New bone generates from the borders of the drill hole (distance osteogenesis) or by 
osteogenic cells on the surface of the implant (contact osteogenesis). In distance 
osteogenesis, osteoblasts migrate to the surface of the implant cavity, differentiate, 
and lead to the formation of new bone. Thus, bone grows in an appositional manner 

Fig. 2 Osseointegration. (a) Intimate contact with gingival tissue. (b) Contact osteogenesis
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towards the implant. In contact osteogenesis, osteogenic cells migrate directly onto 
the implant surface and generate de novo bone [13].

After decades of research, better designs and materials have evolved, with increase 
in survival rate and low failure rate. The most frequent cause for failure is insufficient 
bone formation around the implant surface. In this, the implant surface and tissue 
interface play a critical role [14]. Implant surface composition, surface energy, sur-
face roughness, and topography are the four material-related factors which can influ-
ence biological events at the bone–implant interface. Macro, micro, and nano are the 
three types of surface structures. Current surface structures are controlled, at best, at 
the micron level, but tissue response is mainly dictated by processes controlled at the 
nanoscale. Surface profiles of implants in the nanometer range play an important role 
in the adsorption of proteins and adhesion of osteoblastic cells, promote osteogenic 
differentiation, and may improve the osseointegration of the implants [15]. Hence, 
we need strategies to improve the current metallic dental implants, through surface 
modifications of the implant either by applying novel ceramic coatings or by pattern-
ing the implant’s surfaces.

3  Interactions of Surface Dental Implants with Blood

The first biological event after the implantation is blood–implant contact [16]. 
Immediate response is adsorption of platelets and interaction of plasma proteins 
with the implant surface (Fig. 3). Plasma proteins with other substances such as 
glucose, amino acids, and various ions influence the wettability of implant surface 

Fig. 3 Interactions of the 
surface of implant with 
blood
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which can be altered by its surface modifications [17]. It is assumed that Vroman 
effect will be observed around the implant surface in which the highest mobility 
proteins generally arrive first and are later replaced by less mobile proteins that have 
a higher affinity for the surface which enhance osseointegration [18]. As it has been 
proven that hydrophilic surface exhibits better blood coagulation and osseointegra-
tion than a hydrophobic surface, modern implants are emerging with high hydro-
philic and rough implant surfaces (Fig. 4) [19].

Fibronectin and vitronectin help in cell attachment by cell-binding RGD domain 
(arg-gly-asp tripeptide). RGD chain interacts with cell membrane [20] integrins, 
which in turn play a vital role in adhesion of many cell lineages.

3.1  Role of Macrophage Cells

Macrophage lineage depends on its phenotype, i.e., if the stimulus is for proregen-
erative (M2) macrophage phenotype, more number of M2 will be in that vicinity 
compared to proinflammatory (M1) phenotype [16]. Dominant proregenerative 
(M2) macrophage phenotype which aids in tissue regeneration forms the bone 
around the implant, by stimulating the osteogenic differentiation of osteoprogenitor 
cells and suppressing the inflammatory response [16].

3.2  Interactions Between Surfaces and Mesenchymal Stem Cells

Blood coagulation is followed by various cell interactions. After migration of mes-
enchymal stem cells (MSCs) to the implant site by chemokine stimulus from sur-
rounding tissues, it invades the three-dimensional microporous structure that allows 
diffusion of regulatory factors [21, 22] and helps in the migration, proliferation, and 

Fig. 4 Cellular interactions of hydrophilic surface (a) and hydrophobic surface (b)

Nanotechnology in Implant Dentistry



8

differentiation of MSCs. Once the MSC recruitment in the injured site is completed, 
it adheres on the local extracellular matrix as well as on the implant surface begin-
ning an extensive proliferation in order to build up new tissue. Surface modification 
of implant surface at nano level helps in the adhesion of MSCs (Fig. 5).

Here MSCs can be differentiated into either fibroblastic or osteoblastic based on 
the stimulus. If the stimulus is for fibroblast cells, it initiates fibrous capsule forma-
tion obstructing the bond between implant and bone by forming collagen and thus 
results in an implant failure [23]. At the same time, it is desired to have more fibro-
blastic proliferation near gingival part of implant. Studies have revealed less 
 fibroblast proliferation at nanosurface than conventional surface which facilitates 
better osseointegration [24].

Increased levels of alkaline phosphatase and calcium are observed in cell layers 
on nanosized materials after 21 and 28 days [25, 26]. Nanorough Ti and nanostruc-
tured Ti showed better results compared to nanosmooth surfaces [27, 28] and greatly 
enhanced osseointegration has been observed with micro- and nanopore surfaces 
[29, 30]. Adhesion, proliferation, and differentiation of MSCs depend on local 
chemical environment, surface topography of implant, and its surface tension for 
predictable regeneration.

3.3  Nanosurface and Bacterial Proliferation

It is noted that a profound decrease in bacterial colonization on nanostructured TiO2 
and ZnO regardless of the surface [31]. These observations need further research on 
biofilm formation and peri-implantitis around implants.

Fig. 5 Depiction of cell 
interactions on surfaces 
with and without nanoscale 
features
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4  Surface Functionalization for Enhanced Osseointegration

The surface of a titanium implant plays a central role in determining the biological 
response of the host bone for several reasons (Fig. 6).

The surface characteristics of an implant regulate the healing mechanisms at the 
bone–implant interface since it is the only region contacting the bone. Surface function-
alization had gained the interest of many manufacturers for enhancing the biomechani-
cal anchorage and osseointegration of the implant at the histological level. Commonly 
used techniques [14] to alter surface properties of titanium are as follows (Table 3).

All these modifications regulate the morphology, physicochemical composition, 
and surface energy of the implant surface. Two categories of surface properties are 
commonly suggested for affecting the tissue response to the implant: surface topog-
raphy and physicochemical composition.

Fig. 6 Effect of surface characteristics of the implant on the osteogenic response
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4.1  Topographical Features of Titanium Surfaces

The fate of an implant after implantation is decided by the adsorption of biomolecules 
and the consequent interactions of cells on the implant surface. Rough  topography 
increases the surface area of the implant and cell adhesion, thereby achieving higher 
bone-to-implant contact and better biomechanical integrity [32]. It has been shown 
that moderate roughness (Ra, between 1 and 2 μm) and complex microtopographies 
are important for the enhanced osseointegration of titanium implants [33]. Implants 
with rough surfaces exhibited greater bone–implant interface compared to smooth 
surfaces [34].

Table 3 Methods for creating nano-features on dental implants

S. 
no. Method Characteristics

I. Ceramic coatings Thin layer of bioactive ceramics is applied on the implant 
surface and form a carbonated apatite layer on the implant 
surface through dissolution and precipitation.
Advantages:
  – Faster healing time
  – Enhanced bone formation
  – Firmer implant-bone attachment
  – Reduction of metallic ion release

II. Self-assembly of 
monolayer

These are ordered organic films in supramolecular chemistry 
formed by chemisorptions of an active organic coating on a 
solid surface

III. Physical approaches
(a) Plasma spraying Charged metallic ions or plasma are deposited on the surface by 

kinetic energy. Widely used for calcium phosphate coatings 
(HA) deposition.
Advantages:
  – Increased osteoblastic density.
  – Greater bone-implant contact
Drawbacks:
  – Long-term stability of implants affected
  – Lack of adherence of the coating can result in health 

hazards
(b) Sputtering Thin films of bioceramics are deposited by high-energy 

bombardment of high-energy ions.
Advantages:
Improved healing response and initial fixation.
Drawbacks:
Very slow deposition rate

(c) Ion deposition This method enables injection of elements on the near-surface 
region of the substrate using a beam of high-energy (10 keV) 
ions.

(continued)
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Table 3 (continued)

S. 
no. Method Characteristics

IV. Chemical methods
(a) Anodic oxidation With the help of this technique, the smooth surface of titanium 

implants can be transformed into nano tubular structures of less 
than 100 nm diameter.

(b) Acid treatment By combining strong acids or bases and oxidants nano pits 
networks (pit diameter 20–100 nm) can effectively be generated 
on Titanium, Ti6Al4V, CrCoMoalloys, and Tantalum.

(c) Alkali treatment In this method, the titanium implant is immersed in either 
sodium or potassium hydroxide followed by heat treatment at 
800 °C for 20 min that is followed by rinsing in distilled water.
Advantages:
Results in the growth of a nanostructured and bioactive sodium 
titanate layer on the dental implant surface.

(d) Combination of 
anodization and 
chemical treatment

A combination of hydrothermal treatments and sodium 
hydroxide has been employed to titanium to create a wide 
variety of unique nanostructures.
Advantages:
Improved biological properties

(e) Hydrogen peroxide 
treatment

H2O2 leads to oxidation and chemical dissolution of the titanium 
surface. The reaction between hydrogen peroxide and titanium 
dental surfaces leads to the formation of Titanium peroxy gels.
Advantages:
Immersion of treated dental implants in simulated body fluid 
leads to the development of thicker layers of titania gel which is 
beneficial for deposition of apatite crystals

(f) Sol-gel treatment This method leads to the formation of a uniform suspension of 
submicroscopic oxide particles in liquid (sol) by the procedure 
of controlled hydrolysis and condensation.
Advantages:
Leads to early bone healing and enhanced mechanical 
interlocking with bone. Sol-gel coating process improves dental 
implant surfaces by nanoscale surface modifications

(g) Chemical vapor 
deposition

Nonvolatile compounds are deposited on the implant surface by 
a chemical reaction between implant surface and chemicals 
present in the gas.
Advantages:
By the process of chemical vapor deposition, metallic surface 
properties can be modified at the nanoscale level.

(h) Combination of 
chemical vapor and 
sol-gel method

With the help of these techniques Niobium oxide and diamond- 
like carbon nano topographies have been deposited on titanium 
and other substrates which improve the bioactivity of 
implantable metals.
Advantages:
Metallic surface properties can be improved

(continued)
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Cellular interactions are affected by the surface topography. Surface roughness in 
the range from 1 to 10 μm influences the interface biology. Only limited studies docu-
mented better cellular proliferation on surfaces with microrough topography. Mustafa 
et al. [35] blasted the machined titanium surfaces with different microtopographies 
and found an insignificant increase in cell proliferation parallel to increasing rough-
ness. However, numerous other studies demonstrated a negative correlation between 
surface microroughness and cell proliferation [36]. In the study done by Boyan et al. 
[37] it has been shown that on surfaces with rough microtopographies, osteoblasts 
secrete factors, such as osteoprotegerin (OPG), receptor activator of nuclear factor 
kappa B ligand (RANKL), prostaglandins (PGE1 and PGE2), and TGF-β1, that 
enhance osteoblast differentiation while decreasing osteoclast formation and activity 
[38]. These results reveal that on rough surfaces osteoblasts demonstrate a more dif-
ferentiated phenotype, although the proliferation is negatively affected.

4.2  Physicochemical Composition of Titanium Surfaces

The surface chemistry, wettability, and charge are the other important parameters 
that affect the extent of bone response besides the surface topographical features 
[39]. Due to high affinity to oxygen, a very thin oxide film is formed on the titanium 
interacting surface when exposed to air [40]. Titanium dioxides have properties 
similar to ceramics. The chemical stability and corrosion resistance of its dense and 
protective oxide film determine the biocompatibility of titanium [41]. The crystal 
structure of this film is believed to be imperative for the success of implant integra-
tion. Anatase or rutile surfaces showed enhanced cellular proliferation and mineral-
ized nodule formation, compared with amorphous ones [42]. Preliminary studies 
demonstrated that hydrophilic nature of titanium surfaces positively influences the 
cell differentiation and growth factor production [43, 44]. There are also differing 
results from other studies. Culture test of MSCs done by Bauer et al. [45] on nano-
tubular titanium surfaces having unlike wettability characteristics has shown 

Table 3 (continued)

S. 
no. Method Characteristics

V. Nanoparticle 
deposition
(a) Sol-gel Creates a thin film of controlled chemical characteristics. 

Atomic-scale interactions display strong physical interactions
(b) Discrete crystalline 
deposition

Superimposes a nanoscale surface topographical complexity on 
the surface.

(c) Lithography and 
contact printing 
technique

Many different shapes and materials can be applied over the 
surface. Approaches are labor intensive and require considerable 
development prior to clinical translation and application on 
implant surface
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improved cellular adhesion on superhydrophobic surfaces compared with superhy-
drophilic surfaces. It is difficult to state that the hydrophilicity of surface is the only 
basis for enhanced outcomes with the current availability of uncertain results. The 
microtopography, the local chemical environment, and wettability altogether must 
be taken into consideration for eliciting the predictable results.

4.3  Nanotopographical Modification of Titanium Surfaces

After implantation, osteoblasts in the human body encounter various nanostructures 
during their cellular and tissue interactions creating an imperative need to produce 
better implant materials having also nanometer roughness. Several studies have rec-
ommended that nanophase materials formed from various chemistries such as met-
als, polymers, composites, and ceramics enhanced cellular activities when compared 
with conventional microrough materials [46]. Nanobiomaterials with nanoscale 
 surface topography possess an increased percentage of atoms and crystal structures 
and higher surface area with high surface energy than the conventional ones leading 
to increased initial protein adsorption which is very crucial in regulating the cellular 
interactions on the implant surface. Webster et al. [47] reported increased osteoblast 
adhesion on nanophase materials. It has been proved that osteoblasts cultured on 
nanophase biomaterials exhibited improved osteogenic behavior than on conven-
tional materials [48].

Although several methods are developed to produce nanoscale structures on tita-
nium surface, the electrochemical anodization of titanium is the most popular and 
novel technique to produce controlled structures on implant surfaces for load- 
bearing approaches [49]. The titania nanotube arrays are the most promising type of 
titanium nanosurfaces for dental implantology [50]. Several studies have verified 
that cells cultured on these nanotubular surfaces showed better adhesion, prolifera-
tion, ALP activity, and bone matrix deposition [51]. Nanotubular surfaces drasti-
cally improved bone bonding strength by almost ninefold compared with grit blasted 
surfaces. The histological analysis showed greater bone–implant contact and colla-
gen type I expression [52]. Cellular responses are considerably influenced by the 
nanomorphological features such as length, diameter, and wall thickness of titania 
nanotubes [53]. Although nanotubular structures on titanium offer a suitable infra-
structure for better osseointegration [54, 55], still there is a need for further studies 
that would optimize the production of nanotubes for improved bioactivity.

5  Implant Coatings

In many cases, the failure occurs at the tissue–implant interface, which may be due 
to the implant material weakening its bond with the natural material. To overcome 
this, implants are often coated with a biocompatible material to increase their 
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adherence properties and produce a greater surface area to volume ratio for the 
highest possible contact area between the implant and natural tissue.

In addition to the higher surface areas and improved adhesion properties of the 
nanoparticle coatings, improved coating techniques are also being developed. While 
high temperature processes such as plasma spray can melt ceramic particles and 
reduce their surface area and adhesion properties, new low temperature processes 
with electromagnetic fields can maintain the nanomaterial properties. This provides 
the maximum possible contact area between the implants and bone surface to 
improve the potential for ingrowth in the host bone.

Nanotechnology brings a variety of new high surface area biocompatible nano-
materials and coatings to increase the adhesion, durability, and life span of implants. 
Nanostructure modification of dental implants improves osseointegration through 
enhanced biomimicry of host structures. Ceramic materials such as calcium phos-
phate (hydroxyapatite or HA) and calcium carbonate are the available calcium 
derivative nanoparticles (Table 4).

The composition of HA simulates the composition of the bone and teeth. HA like 
tricalcium phosphate does not undergo any resorption. Due to its chemical property 

Table 4 Range of materials added to calcium phosphate for the production of nanocomposite 
coatings and their advantages and concerns

Material Advantages Concerns

Carbon 
nanotubes 
(CNT)

• Excellent mechanical properties
• Used to reinforce the HA

• Nonbiodegradable.
• Possible transfer of internal 
organs after the degradation of the 
matrix.
• Free graphite is difficult to 
disperse homogeneously.

Nano- 
crystalline 
diamond

• Act as a selective protective barrier 
between implant and human 
environment, preventing release of 
metallic ions.
• Resistance to bacterial colonization
• Antioxidant and anticarcinogenic

• Limited studies documenting 
improved bone–implant interface

Bioactive glass • Increased surface bioactivity.
• Improves the bioactivity of metallic 
dental implants.

• Special attention is needed to 
control the surface reactivity rates.

Al2O3 
nanoparticles

• Improved osseointegration
• Good mechanical and strength 
properties
• No adverse effect on cellular activity

TiO2 
nanoparticles

• Capable of inducing cell growth and 
enhances osteoblastic activity.

• Crystallinity control is 
required.

Silica • Alters the surface and interfacial 
properties of HA composites

• Long-term adhesion and 
reliability

Collagen • Improved osteogenic effects and 
formation of new bone tissue without 
encapsulation.
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and ability to form crystals with inorganic components of teeth, it can build chemi-
cal bonds and make sure the immediate integration of titanium implants with the 
teeth and tissues around it. Nanoscale hydroxyapatite (HA)-coated implant surface 
will accelerate osseointegration and improve its quality relative to that of non- 
coated implants. The nanomechanical properties of the surrounding bone are evalu-
ated by nanoindentation which shows the tissue quality significantly improving 
around HA-coated implants. Nano-hydroxyapatite is used as a single coating or in 
a combination with collagen, bioglass, or titanium dioxide in a composite coating to 
imitate the bio-environment of native bones [56].

Calcium carbonate is the other calcium derivative nanoparticle well known for 
its biocompatibility and osseoconduction. A direct contact has been reported 
between bone and calcium carbonate without any soft tissue interface.

5.1  Nanoparticle Coatings with Antimicrobial Activity

Dental implants are prone to failure as a result of bacterial biofilm accumulation. 
Implant surface designing should support the attachment of target tissue cells and 
prevent bacterial adhesion. Increasing the antibacterial ability and decreasing the 
bacterial compatibility of implant surfaces limits the biofilm formation. Zhao et al. 
[57] reviewed the in vitro and in vivo investigations for antibacterial coatings on 
Ti-based implants. Although progress has been made regarding antibacterial coating 
of implants, still there is no wide clinical utilization and in vivo information of anti-
bacterial coating of implants.

Several studies reported that using antimicrobial medicines as nanoparticles- 
coated Ti can show sustained release pattern and improved antimicrobial efficiency 
(Table 5) [58].

Table 5 Nanomaterial coatings with antimicrobial activity

Type of material Advantages

Ag 
nanoparticles

Enhanced antimicrobial effect, superior biocompatibility, and noncytotoxicity.

ZnO 
nanoparticles

Enhanced antimicrobial effect and good biocompatibility

CuO 
nanoparticle

Enhanced antimicrobial effects (significant inhibitory zones)

Quercitrin- 1. Increased collagen mRNA levels, decreased matrix metalloproteinase-1/
tissue inhibitor of metalloproteinase-1 mRNA ratio, and decreased 
proinflammatory prostaglandin E2 release under basal and inflammatory 
conditions.
2. Ability to improve soft tissue integration, and therefore to increase dental 
implants success, anti-inflammatory properties.

Chlorhexidine 
(CHX)

Sustained release of CHX and improved antimicrobial efficiency and reduced 
subsequent colonization of the bacteria
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5.1.1  Silver Nanoparticles

Silver ion (Ag+) is a strong antibacterial agent with reasonable stability and broad 
spectrum antimicrobial effects. The size, shape, surface charge, concentration, and 
colloidal state are the most critical physicochemical parameters that affect the anti-
microbial potential of silver nanoparticles (AgNPs). Nano-silver is comparatively 
less reactive than silver ions and therefore well suited for therapeutic and clinical 
applications [59]. AgNPs exhibit their antimicrobial potential through multifaceted 
mechanisms. The most prominent modes of antimicrobial action are through adhe-
sion of AgNPs to microbial cells followed by penetration inside the cells and subse-
quently releasing reactive oxygen species (ROS) and free radicals for modulation of 
microbial signal by transduction pathways [60]. According to Bressan et al., silver- 
containing materials could inhibit bacterial attachment onto the dental implants. 
Studies demonstrated excellent biocompatibility of silver-containing implants 
 without genotoxicity or cytotoxicity and reported no local or systemic side effects 
[61]. Various techniques can be used to prepare silver-containing coatings.

Ion implantations prepared by micro arc oxidation (MAO) provide a porous bio-
functional TiO2 coating with good adhesion to the surface of titanium implants [62]. 
Zhang et al. proved enhanced antimicrobial effect with superior biocompatibility 
and noncytotoxicity by coating TiO2 implants with silver nanoparticles using MAO 
method [62].

5.1.2  Zinc Oxide (ZnO) Nanoparticles

ZnO nanoparticles have been reported to show antibacterial activity against both 
gram-positive and gram-negative bacteria, as well as against the spores which are 
resistant to high temperature and high pressure [63]. The proposed mechanisms for 
ZnO nanoparticles are the generation of hydrogen peroxide as well as the accumula-
tion of the particles on the bacteria surface due to the electrostatic forces. In addi-
tion, ROS generation on the surface of the particles, zinc ion release, membrane 
dysfunction, and nanoparticle internalization could also be taken into account as the 
possible reasons of the antimicrobial activity of these nanoparticles. Memarzadeh 
et al. [63] observed that a 75/25% ratio of ZnO/nano-hydroxyapatite coated sub-
strates deposited by electrohydrodynamic atomization (EHDA) could lead to 
enhanced osteoblast growth and produced a more biocompatible, osseoconductive, 
and antimicrobial implant. Their results also proved minimal toxicity for UMR-106 
cells exposed to ZnO nanoparticles with no release of TNF-a and IL-6 cytokines for 
MG-63 cells cultured on ZnO substrates. According to proliferation and differentia-
tion studies, the substrate exclusively coated with ZnO nanoparticles showed more 
efficiency than that with composite surface coatings.
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5.1.3  Copper Oxide (CuO) Nanoparticles

The exploitation of copper oxide nanoparticles (CuO) has increased rapidly over the 
past decade because of their unique attributes to combat biofilm formation. The 
size, stability, and concentration determine the bactericidal activity of CuO nanopar-
ticles [58]. CuO nanoparticles control the bacterial growth by passing through 
 nanometric pores existing on bacterial cell membranes. CuO nanoparticles demon-
strated high antibacterial activity while maintaining less cytotoxicity. Anu et al. [64] 
concluded that CuO nanoparticle-coated substrates deposited by standard slurry 
dipping method and chemical synthesis efficiently suppressed the dental infections. 
The results showed no inhibitory zones for uncoated materials, while the CuO 
nanoparticle-coated titanium dental implants showed significant inhibitory zones. 
Proliferation, adhesion, and spread of cells are markedly influenced by the forma-
tion of oxidation layer on Ti as per their hypotheses.

5.1.4  Quercitrin-Nanocoated Implants

Quercitrin is a natural yellow color flavonoid obtained from tartary buckwheat and 
from the bark of oak trees. Quercitrin has the inherent ability of enhancing both hard 
and soft tissue integration around the implant, thereby increasing the dental implant 
success and decreasing the risk of peri-implantitis. It is also hypothesized that 
quercitrin- coated dental implants show an inhibitory effect on osteoclastogenesis 
and thus can accomplish delayed bone resorption while promoting bone formation, 
producing more bony tissue just before the remodeling phase. Gomez-Florit et al. 
proved the soft tissue regeneration potential of quercitrin-nanocoated titanium sur-
faces by increased human gingival fibroblasts attachment. The anti-inflammatory 
properties are evaluated by mimicking the anti-inflammatory situation using 
interleukin- 1-beta. The anti-inflammatory results showed increased collagen mRNA 
levels, decreased matrix metalloproteinase-1/tissue inhibitor of metalloproteinase-1 
mRNA ratio, and decreased proinflammatory prostaglandin E2 release under basal 
and inflammatory conditions [65].

5.1.5  Chlorhexidine (CHX) Nanoparticles

Chlorhexidine (CHX) is a broad antimicrobial and antifungal spectrum. In a research 
work by Barbour et al., CHX-coated surface can reduce the growth of Streptococcus 
gordonii, but the CHX is rapidly depleted, leading to a short-term antimicrobial 
effect [66]. Wood et  al. investigated the use of CHX hexametaphosphate (HMP) 
nanoparticles as a porous aggregating coating on titanium dental implants. The pre-
pared CHX–HMP nanoparticle-coated Ti showed sustained release of CHX and 
improved antimicrobial efficiency. According to their microbiological results, 
colony- forming units (CFUs) in the wells containing the CHX–HMP nanoparticle- 
coated Ti decreased as a function of time, whereas CFUs in the uncoated Ti remained 
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constant. Also, their results revealed the existence of more live bacteria on uncoated 
Ti than on nanoparticle-coated Ti after 24 and 48 h [67].

5.2  Vitamin D3 Nanoparticle Coatings

According to currently available data, there is a great interest among dental sur-
geons and implantologists in analyzing relationships between vitamin D3 and the 
osseointegration process. Besides a known role of vitamin D3 in bone metabolism, 
D3 is also very relevant for the normal functioning of the immune system, which is 
of particular importance for a successful integration of a dental implant in surround-
ing bone tissue. Based on the results of a combined electrochemical–theoretical 
study conducted by Jozefina et al. [68], bioactive vitamin D3 coating created the 
dental implant surface more osseoinductive and simultaneously more corrosion 
resistant during exposure to aggressive media (oral cavity fluids).

6  Tissue Regeneration Scaffolds

Nanostructures are being researched for the preparation and improvement of tissue 
regeneration scaffolds. Research areas include the ability to develop molecular sen-
sitive polymers using the optical properties of nanoparticles as a control system, 
manipulating the stiffness and strength of scaffolds using hybrid nanostructures, 
and the use of nanotechnology to prepare molecular imprints to maximize long- 
term viability and function of cells on scaffold surfaces [5].

Some nanomaterials and nanotechnology fabrication techniques that are being 
investigated as tissue regeneration scaffolds that provide improved structures are as 
follows:

 (a) Nanoscale polymers such as Poly-vinyl alcohol (PVA) are being molded into 
heart valves and seeded with fibroblasts and endothelial cells.

 (b) Polymer nanocomposites are being researched for bone scaffolds.

Scientific challenges related to a better understanding of molecular/cell biology 
and fabrication methods for producing large three-dimensional scaffolds are among 
the many obstacles yet to be overcome.

Nanostructures are also being used to study the fundamental properties of 
implanted tissues. In areas of in vivo analysis, nanostructures are used as tracers for 
implanted cells and to study the response of the host to implanted tissues.
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7  Structural Implant Materials and Bone Repair

Nanotechnology in implant dentistry restricts itself not only to implant surface 
modifications but also to other biomaterials used in this field that can be used as 
implants or temporary bioresorbable structures. Bone is a high strength material 
that is used as both weight-bearing and non-weight-bearing. Bones are more than 
just structural materials as they also contain interconnected pores that allow body 
fluids to carry nutrients and permit interfacial reactions between hard and soft tis-
sues. In the case of bone fractures, graft disorders, and dental applications, bones 
may require repair or replacement [5].

A variety of natural materials are used as bone substitutes. These include auto-
grafts from the patient’s pelvis, allograft from another human, bovine material, or 
coral blocks. Natural materials tend to be brittle and can lose mechanical strength 
during sterilization. They can also cause inflammation, pain at the pelvis graft site, 
and potentially transmit disease. Bone cavities can also be filled with synthetic bone 
cement. C. Martin et al. have shown that nanostructured synthetic alloplasts fused 
with collagen promoted bone ingrowth compared to other materials, which could be 
a promising material to regenerate bone in severe bone defects due to atrophy after 
tooth/teeth loss [69]. Current bone cements containing polymethylmethacrylate 
(PMMA) act as filler or grout, which is injected as flowable paste and then hardens 
in  vivo. While PMMA cement can offer adequate mechanical properties and 
 bonding, it is typically recommended only for non-weight-bearing bones. PMMA 
has also been linked to tissue damage, nerve root pain, and other side effects.

High strength nanoceramic materials, such as calcium phosphate appetite (CPA) 
and hydroxyapatite (HA), can be made into flowable, moldable nanoparticle paste 
that can confirm to and interdigitate with bone. As natural bone is approximately 
70% by weight CPA including hydroxyapatite (HA), biocompatibility is thought to 
be extremely high with minimal side effects. As its dense surface and tight 
 three- dimensional crystalline structures will allow for superior compressive strength 
to PMMA, nanoceramics may be suitable for both weight-bearing and non-weight- 
bearing bones [5].

7.1  Bioresorbable Materials

Bioresorbable polymers are currently being used in degradable medical applica-
tions such as sutures and orthopedic fixation devices. With new production  methods, 
nanostructures are being fabricated which could be used as temporary implants. 
Bioresorbable implants will be biodegradable and do not have to be removed in 
subsequent operation. Nanostructured implants are being designed to degrade at a 
rate that will slowly transfer load to a healing bone that it is supporting. Thus, it is 
possible in the near future to have nanomaterials used in the body to exceed current 
human performance on multiple dimensions and beyond current human limita-
tions [8].
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8  Conclusion

The futuristic view of multiple treatment opportunities offered by nanotechnologi-
cal advances may sound unlikely, implausible, or even heretic. Yet, the theoretical 
and applied research to turn them into reality is progressing rapidly. Nanotechnology 
is still advancing and needs much more testing before appreciating its maximum 
potential in implant dentistry. Several nanosurface modification methods are widely 
being developed to enhance surface properties of titanium dental implant that result 
in rapid osseointegration and faster bone healing. Many in vitro and animal studies 
have shown that nanometer-controlled surfaces have a great effect on healing after 
implant placement. It affects the adsorption of proteins, blood clot formation, and 
cell behaviors occurring upon implantation. The techniques and methods developed 
should be applicable to clinical practice. Nanotechnology opens a new spectrum of 
possibilities for advancement in implant dentistry.
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Abstract Reconstruction of oral and craniofacial bone defects has been a challeng-
ing issue for maxillofacial surgeons, periodontists, and scientists. The application of 
nanomaterials in craniofacial bone regeneration is a newly advancing field which 
holds great capabilities for enhancing conventional therapeutic methods. 
Nanomaterials mimicking the nanostructure of bone tissue and representing distinc-
tive smart functions are requisite for better bone regeneration in craniofacial region. 
In addition, nanobiomaterials can immobilize and deliver various bioactive mole-
cules including small molecular drugs, growth factors and genes under a controlled 
manner, which promotes osteogenesis and angiogenesis. Several nanoparticle-based 
approaches such as nanohybrid scaffolds and nano-modified membranes were used 
to enhance bone regeneration for dental implant therapy, maxillary and mandibular 
bone reconstruction, and periodontal regeneration. Despite our knowledge in nano-
biomaterials is rapidly growing, there are still concern regarding their standardiza-
tion, safety, and efficacy for clinical applications. In this chapter, we highlight the 
applications of nanobiomaterials as bone scaffolds, delivery systems, and barrier 
membranes for craniofacial bone regeneration. The key challenges and future direc-
tions of nanomaterials for craniofacial bone regeneration are also discussed.
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1  Introduction

Bone defects in craniofacial area caused by trauma, infections, congenial deformity, 
etc., are common and compromise the functions and aesthetics [1]. Various bone 
grafting materials [2, 3] have been applied to restore the structure and functions. 
Application of autologous bone grafting is the current gold standard in both ortho-
pedic and cranio-maxillofacial bone repair [4, 5]. The autogenous bone grafts are 
obtained from surrounding tissues of the bone defects’ site or from distant anatomi-
cal sites such as iliac crest or rib. However, autogenous bone grafts have limited 
supply and may cause nerve injury, pain, discomfort, and postoperative wound 
infections in the donor sites [6, 7]. In addition, failure in the long-term outcome can 
also be observed as massive resorption of the transplanted autogenous bone [8]. 
Allogenic bone grafts and various biomaterials such as hydroxyapatite (HA), 
 tricalcium phosphate (TCP), and bioactive glass (BG) are receiving an increasing 
attention due to their large supply and no disease transmission. The traditional solid 
bioceramics are less satisfied due to their low bioactivities.

Nanomaterials with designed structures at the size range of several to several 
hundred nanometers (nm) present distinctive physical, chemical, and biological 
characteristics which are different from conventional bulk materials, and attract 
great attention in bone regeneration. For example, nanoparticles have been used for 
tracking mesenchymal stem cells (MSCs) [9, 10], and also for enhancing osteogenic 
differentiation towards various cells [11]. Nano-engineered scaffolds which mimic 
the structure of natural bone consist of a unique combination of hierarchical nano to 
macro structures that are designed and applied for craniofacial bone repairing. For 
example, by manupulating the designing of nanostructures, the mechanical proper-
ties of nanomaterials including their strength and stiffness can be turned to mimic 
natural bone structures [12]. In addition, various forms of nanomaterials such 
as nanofibers, nanotubes, and nanoparticles have recently emerged in the field of 
bone regeneration to improve the performance [13, 14].

In the stem cell-based therapy for bone tissue engineering, nano-/microscale 
interactions with different components of extracellular matrix showed a source of 
passive mechanical forces which can be influenced by a small-scale technology 
(Fig. 1). Nanotechnology fabricates a bio-inspired platform for regulating stem cell 
differentiation through advanced material design and/or smart drug delivery sys-
tems [12]. In the ensuing parts of this chapter, we will discuss nanomaterials incor-
porated scaffolds, nano-delivery systems, and nano-modified membranes for bone 
tissue engineering in craniofacial region.

2  Biological Mechanism of Bone Repair

Bone tissue is naturally structured with a unique pattern of collagen type one nanofi-
bers and hydroxyapatite nanocrystals (Fig.  2). During bone regeneration process, 
assembly of these organic nanofibers with nano-inorganic crystals (biomineralization) 
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is essential. In vivo biomineralization is dependent on extracellular matrix for initia-
tion (nucleation), growth, and determining the nanocrystals’ orientations. Osteoblasts 
form osteoids by creating natural nanocomposites and secreting collagen fibrils [15].

Bone healing is a complex process that usually involves two process primary or 
secondary bone repair. Primary process only remodels lamellar bone in a correct 
anatomical reduction of bone, which may take months to years. Secondary process 
is the most common form of bone repair that occurs in bone defects or fractures, 
which consists of the following steps:

 (a) Hematoma formation in the defect site that brings various growth factors and 
stem cells.

 (b) Acute inflammation that recruits macrophages and neutrophils, and activates 
osteoprogenitor cells.

 (c) Granulation tissue formation with active stem cell proliferation, extracellular 
matrix secretion, and angiogenesis.

 (d) Biomineralization and differentiation of osteoprogenitor cells into osteoblasts, 
vascularization, and woven bone formation.

 (e) Remodelling of the newly formed bone and formation of the Haversian system 
and osteoclasts [16].

Fig. 1 Schematic shows the geometries of representative nanotopography. Stem cells can react to 
the passive forces by nanoscale design of materials (a–c). This “extracellular factors” can also alter 
the cell differentiation (d)
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During these well-orchestrated cascades of biological events, numerous intra/extra-
cellular signalling pathways and cell types participate to regenerate bone and reha-
bilitate the functions [17, 18]. It has been shown that platelet-derived growth factors 
(PDGF), transforming growth factors (TGF), and fibroblast growth factor (FGF) 
play important roles in the initiation and development of bone regeneration. PDGF 
and TGF-β are released immediately after bone injury by osteoblasts and chondro-
cytes [19, 20]. These growth factors have vital roles in the natural proliferation and 
differentiation of osteoprogenitor cells, and abnormal growth factor expressions can 
cause impaired healing [21].

3  Nanobiomaterials for Craniofacial Bone Regeneration

3.1  Nanobiomaterials-Based Bone Substitutes

Natural bone is made of organic constituents including collagen, glycoproteins, and 
glycosaminoglycan (GAGs) and inorganic phase mainly consisting of HA 
(Ca10(PO4)6(OH)2) [22]. The presence of other elements  such as silicon, magne-
sium, sodium, and potassium is also important for the physical property of the bone. 
To repair a bone defect, calcium in combination with phosphates forms the frame-
work and other elements such as silicon helps in initial remineralization process. A 
wide diversity of bone substitute materials has been used in craniofacial bone regen-

Fig. 2 Schematic nanostructure of bone tissue. Natural bone tissue consists of nanostructured 
oriented collagen fibers within an appetite nanocrystals structure
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eration, such as calcium phosphate, calcium carbonate, and calcium sulfate. Calcium 
phosphates show greater resistance to resorption when compared to calcium car-
bonates and calcium sulfates; hence calcium phosphates are more widely used as 
scaffold materials [23]. Calcium phosphate such as HA, biphasic ceramics, TCP, 
and bioactive glass (calcium with phosphates linked to silica glass) are added with 
small molecular drugs, growth factors, and genes for bone tissue regeneration 
[12]. HA is the most widely used bone repair materials and for the design of HA, In 
vitro studies demonstrated that HA with smaller size (nano-HA, 67 nm size) remark-
ably promoted osteoblast adhesion comparing to conventional HA with size of 
179  nm. This may attribute to the high adsorption of vitronectin (a protein that 
promotes adhesion) on nano-HA ceramics [24]. Nano-HA were also applied for 
bone regeneration in sinus floor elevation surgery [25], where nano-HA showed 
similar bone repairing performance to freeze-dried allografts in vivo [26]. Although 
the application of nano-HA in extraction sockets showed hard tissue and soft tissue 
regeneration [27], nano-HA is brittle and its low mechanical strength is considered 
as a major limitation for its applications in bone regeneration. In this regard, many 
composite materials including PCL, PLA, and PLGA combined with nano-HA to 
improve their mechanical properties [28]. In fact, nanobiomaterials opened a new 
horizon for designing the most appropriate scaffolds for specific applications [28]. 
Based on the clinical purposes, they can generate specific characteristics, for 
instance, metallic nanomaterials including titanium and silver can be used in high- 
pressure areas [29, 30]. Ceramic nanomaterial scaffolds provide both metallic and 
nonmetallic properties [31], and composite nanomaterials often demonstrated a 
combination of dual functionality and biocompatibility with desired mechanical 
properties [32].

Nanomaterials in combination with drugs, genes, and proteins/enzymes initiate, 
accelerate, and configure bone regeneration in the body. Currently, researchers are 
stressing on their property of growth factors and enzyme delivery and sustained 
release in the affected site. They can be broadly classified as nanocomposite scaf-
folds, nanofibers scaffold, and nanoparticle incorporated in the scaffold [33].

3.1.1  Nanocomposite Scaffolds

Nanocomposites for bone repairing usually refer to a combination of polymers and 
inorganic nanoparticles that have been applied for bone regeneration due to their 
appropriate mechanical strength and good biocompatibility [34]. The new genera-
tion of materials can synergistically combine the advantages of polymers (e.g., 
lightweight, biocompatibility, and resilient) with the bioactive properties of inor-
ganic nanoparticles [35]. The idea behind the application of nanomaterials is that, 
same scale materials to the bone infrastructure can improve materials’ surfaces and 
bonding with surrounding bone tissues (Fig. 3) [36]. Previous studies demonstrated 
bioactivity of various nanoparticles including HA, TCP, and BG in a polymeric 
matrix which can be originated from polyethylene, polycaprolactone, and poly(ether 
ketone) in bone tissue engineering [34, 35].
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3.1.2  Nanofiber Scaffolds

Nanofibrous incorporated scaffolds commonly consisted of fiber bundles (usually 
10–500  nm) resembling collagen fiber bundles in the extracellular matrix. High 
surface-to-total-volume ratio improves cell adhesion, proliferation, and differentia-
tion in these bone substitutes [37]. In fact, it has been shown that these nanofibrous 
scaffolds adsorb high amount of proteins and interact more properly with the cells 
which significantly increase osteoblasts attachments [38]. It was shown that the 
presence of nanofibers had a good impact on cell shaping and cell growth [39]. In 
vivo studies showed more bone formation after using nanofibrous scaffolds in com-
parison to solid bone substitutes [34, 40].

Fabrication of nanofiber scaffold is done by three methods: electrospinning, self- 
assembly, and phase separation. The electrospinning can be used for both synthetic 
and natural polymers. In the dentistry, gelatin membrane made by electrospinning 
has been used for periodontal tissue regeneration. Self-assembly is an autonomously 
forming process where components are arranged into a specific structure such as 
fibers. Some proteins can self-assemble to form complicated fibrous structures such 
as collagen, the main extracellular matrix in bone tissue. Phase separation is a pro-
cess of quenching a single-phase polymer solution and separating the polymer into 

Fig. 3 The structure of natural bone at different scales and various nanostructured materials used 
in bone regeneration
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a polymer-rich phase and a solvent-rich phase. The separation is thermodynami-
cally preferred as the separated phases have lower free energy in the system [41]. 
With this method, nanofibers with a size of 100 nm can be formed and allow the 
fabrication of heterogeneous structures. Various designs of nanofibers scaffolds aim 
to mimicking the collagen fibers of natural bones. These architectural characteris-
tics of nanofibers also enable the transport of cellular substances such as nutrients 
and signalling molecules [37].

3.1.3  Nanoparticle Incorporation in Scaffolds

Nanoparticles also can act as a bioactive component in scaffolds which enhance 
bone regeneration via sustained release [42]. Calcium- and silica-based nanoparti-
cles have been shown to promote osteogenesis and angiogenesis which lead to a 
significant amount of newly regenerated bone [34]. In addition, they can deliver 
other bioactive molecules such as growth factors and provide a prolonged releasing 
period [43]. The addition of nanoparticles to polymer scaffolds mimics the deposi-
tion of apatite crystals onto the bone matrix, enhancing the cell response for regen-
eration [44]. In addition, nanoparticles embedded in scaffolds can improve 
the mechanical properties for bone tissue engineering applications [45].

3.2  Nano-Based Delivery Systems for Bone Regeneration

Nanotechnology and nano-based delivery systems are applied for bone regeneration 
and provide additional advantages compared to traditioanl delivery systems. Over 
past decades, nanotechnology has rapidly been developing in order to fabricate vari-
ous nanocarriers including micellar formulations [46], polymer-drug incorporation 
[47], liposomal nanocarriers [48, 49], and inorganic nanoparticles [50] for delivery 
therapeutic agents [51, 52].

Nanomaterials with designed size and surface properties can carry small mole-
cule drugs, nucleic acids, and proteins such as growth factors and antibodies [53]. 
In addition, recent investigations are working on “smart” nanoparticle-based deliv-
ery by adding some features to make them to be responsive in their biological envi-
ronment. For instance, there are several nano-based delivery systems that are 
reacting to enzyme, pH, or redox levels alteration [54–56]. Figure 4 shows the cur-
rent approaches for controlled release in nanocarriers.

Although the direct application of various bioactive molecules has been increasing 
for bone regeneration, direct administration has limitations such as non- specificity, 
low cellular uptake, and fast degradations [53]. These limitations lead to the usage 
of supra-physiological dosage which increased the risk of adverse effects and low 
efficiency. Nanoparticle-based carriers can able us to handle pharmacokinetics of the 
agents including protecting them from biodegradation. Nanoparticles as controlled 
drug delivery systems can enhance the efficacy by targeting specific cells and tissues 
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[57], and improve transport properties by allowing more efficient deep penetration of 
therapeutic agents [58]. Nanoparticle-based delivery systems have several benefits in 
comparison to other approaches which include lower immune reaction, flexibility of 
designing to provide smart and low toxicity materials, and safety [59]. However, they 
often have low transfection efficiency [60]. On the other hand, there are various 
designing methods which can ameliorate this problem. In addition, their nano-dimen-
sions cause a remarkable distinct physiochemical property that changes their funda-
mental characteristics including diffusivity, solubility, immunogenicity, and toxicity 
[57]. Several types of nanobiomaterials as delivery systems have been studied in bone 
regeneration. Silica nanoparticles (nS) because of their structure can carry high drug 
loadings and have the capacity of various surface modifications [61]. Several in vitro 
and in vivo studies showed no toxicity of silica particles (reviewed in [61]), and also 
FDA classified silica as “Generally Recognized as Safe” [61]. Clinical investigations 
demonstrated higher osteoinductivity and biocompatibility in silica nanoparticles 
incorporated bone substitutes [62–65]. In addition, silica nanoparticles inhibited bac-
teria adhesion and the unwanted inflammatory reaction [66, 67]. It has been shown 
that PLGA nanoparticles (nPLGA) can be used for target-specific and controlled 
delivery of drugs, antibodies, peptides, and growth factors (reviewed in [68]). In addi-
tion, nPLGA illustrated very little or no toxicity on cells and human organs [69, 70]. 
In the ensuing paragraphs, we will discuss the influencing physical factors, current 
applications of nanocarriers in bone regeneration, and existing challenges and future 
directions.

Fig. 4 Various 
mechanisms of controlled 
release systems of 
nanocarriers. Compared to 
simple diffusion, various 
responsive delivery 
systems are designed 
according to chemical or 
physical stimuli
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3.2.1  Physical Influential Factors

An effective nanocarrier not only should target specific cells and tissues, and effi-
cient cellular uptake [71], but also avoid rapid clearance and immunogenic reactions 
[71, 72]. For instance, shape and size of these particles can determine their circula-
tion time, the ability to pass through biological barriers, degradation, and drug 
release kinetics by affecting surface-to-volume ratio [73].

3.2.1.1 Shape and size

Nanoparticles’ shape affects many delivery characteristics including cellular uptake, 
toxicity, and biodistribution [74]. For instance, in comparison to sphere shape, non-
spherical shapes have higher specific surface area that can provide more feasible 
modifications opportunity for delivery systems. On the other hand, nonspherical 
shapes delineated decreased cellular uptake and biodistribution, and increased 
immunogenicity [74]. In addition to cell uptake, biodistribution of nanoparticles can 
be significantly influenced by their diverse geometry (rods, quasi-hemispherical, 
cylinder, etc.). Decuzzi and Ferrari reported  that among silica nanoparticles with 
four different shapes (spherical, discoidal, quasi-hemispherical, and cylindrical), 
cylindrical shape particles mostly accumulated in the liver, whereas spherical silica 
nanoparticles mainly collected in the reticuloendothelial system [75]. Recent stud-
ies revealed that nanoparticles shape also modulates immune responses. Kumar 
et al. represented that rod-shaped polystyrene nanoparticles stimulate Th1 cells to 
produce antibody while spherical nanoparticles induced Th2 cells antibody expres-
sions [76]. Moreover, ellipsoidal PLGA nanoparticles showed significant induction 
of CD-8+ cells compared to spherical similar particles both in vitro and in vivo [77]. 
These phenomena can be explained by different antigen presentations to immune 
cells which caused different immune reactions, but the exact mechanism of this 
process is still unknown.

The other important physical factor of nanocarriers is their size [78, 79]. Zhang 
et al. demonstrated that size rather than shape can influence toxicity and biodistribu-
tion of nanogold particles. In fact, they showed that nanogold particles are distrib-
uted in different organs based on their sizes [80]. Moreover, cell uptake efficacy can 
be significantly altered by nanoparticles size. For instance, Mou et al. exhibited that 
mesoporous silica nanoparticles (MSNs) with 50 nm diameter had the best cellular 
uptake efficiency among a range of 30–280 nm MSNs particles [81]. Nanotechnology 
also facilitates controlling delivery efficacy of nanoparticles by using various 
designing methods. For instance, Fig. 5 demonstrated a nanolithographical method 
for the preparation of a nanostructured surface with nanogold particles to bind with 
BMP-2 [82]. In this technique, the size of gold nanoparticles can be exactly deter-
mined which offers a molecular-level controlling capability for growth factors 
delivery.
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3.2.1.2 Surface Modifications and Surface Roughness

Recently, surface-modified nanoparticles are becoming attractive drug carriers. In 
this regard, mostly natural or synthetic polymers are used to prepare nanoparticles 
[83]. The surface characteristics of nanoparticles are more important in comparison 
to the core due to the direct contact of this layer with cells, extracellular matrix, and 
fluids. In this regard, nanoparticles can be coated by various hydrophilic polymers 
for longer circulation in the body or can be conjugated with specific ligand proteins 
in order to site-specific delivery.

Lin et  al. demonstrated that the transmembrane transport of MSNs is closely 
related to their surface zeta potentials and thus MSNs with positive charged surface 
can enter the cells more effectively than negatively charged similar nanoparticles 
[84]. Many surface modifications including polyethylenimine (PEI), amino group, 
and poly-l-lysine [85, 86] have been introduced to enhance cell uptake. But usually, 
cationic additive groups cause cytotoxicity and poor bio-stability [87].

Another physical factor is the surface roughness, which can improve protein adsorp-
tion capacity. Previous studies have shown that surface roughness can enhance cellular 
uptake in solid nanoparticles [88, 89]. Although it can influence cell uptake, it has a 
little contribution to lysosomal or endosomal escape and mostly surface modifications 
such as hydrophobic surface modification can improve these processes [90].

Fig. 5 Preparation of a nanostructured surface with nanogold particles to bind with bone morpho-
genic protein-2 (BMP-2) [82]. In this approach, polyethylene glycol (PEG) was used to inhibit 
unspecific adhesion of biological products and BMP-2 immobilized on the surface by binding 
covalently to the amines linkers (a). Phosphor imaging and fluorescent results confirmed the spe-
cific binding of BMP-2 to the functionalized nanomaterial surface (b, c)
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3.2.2  Current Application of Nanocarriers in Bone Regeneration

Nanomaterials commonly were applied for the delivery of growth factors, drugs, and 
nucleic acids (gene delivery) in bone tissue engineering [91]. In the following para-
graphs, we discuss the concept of nanoparticle-based delivery systems for each of 
these categories. In addition, some of the most frequent nanocarriers and their appli-
cations in bone regeneration are summerized.

Growth factors, especially bone morphogenic proteins (BMPs), mainly regulate 
the bone repair process [92]. A multitude of approaches have been investigated to 
deliver and immobilize these factors to the bone substitutes or dental implants [93]. 
One possiblity is to incorporate growth factors into nanoparticles [94, 95]. In this 
regard, nanoscale materials are offering a advantage of molecular-level immobiliza-
tion of scaffolds [80]. For instance, Cao et  al. prepared a chitosan nanoparticle 
incorporated hydrogel loaded with BMP-2 and revealed that this combination 
increases cell proliferation, and adhesion in vitro, and bone regeneration in rabbits’ 
radial critical-sized defects [96]. In addition, chitosan nanoparticle BMP-2 loaded 
hydrogel showed a significantly higher amount of new bone formation and bone 
marrow cavity consolidation in comparison to BMP-2 loaded hydrogel. Another 
improvement that can be done by nanoparticles is the sequential growth factor 
delivery. Previously BMP-2 and BMP-7 co-delivery were achieved by nanocarriers 
that constituted two different polymers (PLGA and poly(3-hydroxybutyrate-co- 3-
hydroxyvalerate) (PHBV)) with different biodegradation periods. In comparison to 
simultaneous delivery, this approach significantly enhanced the proliferation and 
differentiation of MSCs [97].

Another application of nanocarriers is for local drug delivery systems in bone 
tissue engineering [98]. One of the most common drugs that were used in bone 
regeneration is dexamethasone [88, 91]. Oliveira et al. produced a dexamethasone 
loaded dendrimer NPs and they have shown that these pH-responsive drug-loaded 
dendrimers enhanced ectopic bone formation in rat models [99–101] (Fig.  6). 
These evidences confirm that nanoparticles can provide a preprograming capabil-
ity of delivery systems for bone tissue regeneration.

Another application of nanocarriers in bone regeneration is gene delivery. 
Although viral vectors have shown great transduction efficacy, there are some limi-
tations to their clinical applications due to the potential safety and immunogenicity 
concerns [102]. Nonviral vectors such as nanocarriers have been applied to trans-
port genes in a safer way in comparison to their viral counterparts [103]. 
Nanoparticles with rational design can pass through the cell membrane and escape 
from endosome/lysosome [91]. Kim et al. applied amine-modified MSNs for deliv-
ering BMP-2 DNA into rat MSCs [104]. The functionalization of MSNs with amine 
groups and enhanced its transfection ability up to 18%, and totally 66% of MSCs 
were transfected after 7 days. In another study, Santos et al. used PAMAM den-
drimers for BMP-2 transfection which also demonstrated an efficient way of gene 
delivery for bone regeneration [105]. Other small nucleotide sequences such as 
microRNAs and small interfering RNAs which regulate several biological mecha-
nisms post-transcriptionally also can be delivered by nanoparticles. For instance, 
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microRNA-148b was transferred by a photoactivated delivery system by Qureshi 
et al. [106]. They designed a nano-silver delivery system and loaded microRNA via 
photocleavable links. They confirmed the osteogenic induction of adipose- derived 
stem cells in vitro and in vitro controlled by light [107].

Nanoparticles with various compositions  are now available for preclinical 
research and clinical applications to deliver desired drug, growth factors, or bioac-
tive molecules (Fig. 7). The most common nanoparticles that are being applied as a 
delivery system in bone tissue engineering consist of two major categories, organic 
or inorganic particles, and are discussed in the following part.

3.2.2.1 Liposomes

Liposomes are vesicles of mono- or bilayer of natural phospholipids which are com-
monly used as vehicles for drug delivery. For fabricating liposome carriers, genetic 
molecules are incorporated inside the liposome that can be done with two potential 
methods based on the hydrophobic or hydrophilic nature of the desired molecules 
[108]. Liposomes are biodegradable and biocompatible. In addition, technically it is 
feasible to functionalize liposome to react to light, pH, and other stimuli which 
made them  the most frequent clinically applied nanoscale delivery system with 
many commercialized types [110].

Fig. 6 Schematic diagram of Oliveira’s approach for using Dendron-like nanoparticles for dexa-
methasone delivery in bone defects [99]. In this approach, dendritic nanoparticles were internal-
ized into the stem cells and after that seeded on the scaffolds to enhance bone regeneration in vivo
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3.2.2.2 Dendrimers

Dendrimers are nanoparticles made of polymers with tree-like structures. These 
nanoparticles are usually  biocompatible and biodegradable [111]. Its inner  site 
commonly includes amine or other molecules with multiple reaction sites [112], 
and the surrounding functional groups provide a unique physicochemical property. 
These nanocarriers are also able to be responsive to various stimuli such as ionic 
condition, temperature, light, and pH [113]. Dendrimers are frequently used for 
target delivery with reliably reproducible results and appropriate pharmacokinetics 
in clinical applications [114].

3.2.2.3 Polymeric Nanoparticles

Nowadays, polymeric nanoparticles have been attracting attention  due to their unique 
physical properties, various molecular architecture, biodegradability, and biocompat-
ibility. In addition, their fabrication methods are flexible and various functionalization 

Fig. 7 Different types of nanocarriers used as controlled delivery vehicles

Nanobiomaterials in Craniofacial Bone Regeneration



38

techniques are available [116]. Commonly polymeric nanoparticles are of spherical 
shape with 100 nm diameter that can modify according to their applications. Polymeric 
micelles, spherical nanoparticles (Nanocapsules), and nanofibers are the most fre-
quent type of these categories. Polymeric nanoparticles have a great loading capacity 
of various inorganic or organic molecules which can be dispersed, dissolved, or cova-
lently linked with their monomers [116]. Hence, they are currently applied as a deliv-
ery system in cancer treatment, vaccination, inflammatory diseases, and tissue 
engineering [116–118]. Similar to other nanocarriers, polymeric nanoparticles can be 
functionalized with different methods generally based on the size of the ligand. Small 
ligand can be added to them before or after formation [119, 120]. However, larger 
molecules including polysaccharides, antibodies, or growth factors usually denature 
during fabrication; therefore, preferably they are linked at the surface of nanocarri-
ers [121].

3.2.2.4 Nanofibers

Incorporating bioactive molecules directly into the materials is a novel strategy of 
smart delivery systems. But the incorporation of molecules especially proteins 
directly into scaffold is technically hard to procedure due to the desired molecules 
that may denature during fabrication procedure or cannot be released after scaffold 
forming. In this regard, nanofibers gained increasing attention because of their abil-
ity to mimicking natural extracellular matrix structures with high encapsulation effi-
ciency of bioactive molecules [122, 123]. These nanofibers exhibited a gentle 
release pattern of different molecules without the initial burst release [95, 124]. 
Nanofibers can act as delivery vehicles with encapsulating desired molecules at 
specific sites and releasing them with various mechanisms such as erosion or degra-
dation of fibers, and diffusion of factors. Figure 8 showed a specific designing of 
nanofiber scaffold for co-delivery of Dex and BMP-2 that gradually released by 
degradation of nanofibers and enhanced bone regeneration in an animal model [95].

3.2.2.5 Silica and Mesoporous Silica Nanoparticles

Silica is a biocompatible and chemically stable material used in various medical 
applications including drug delivery [125]. According to their application silica 
nanoparticles can be synthesized as mesoporous silica nanoparticles (MSNs), bulk 
silica nanoparticles, or core/shell silica nanoparticles. For controlled drug release 
usage, usually MSNs are applied because of their distinct pore size and structure, vari-
ous morphologies, their resistance to heat, pH, and mechanical stress, and their low 
toxicity and ease of fabrication [126, 127]. Considering their pore size and volume 
that can precisely control during fabrication, they can be loaded by various numbers 
of molecules including small molecular drugs and growth factors [128].
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3.2.2.6 Ceramic and Glass Nanoparticles

Bioceramic nanoparticles have been applied for enhancing scaffolds’ physical prop-
erties, and also controlled delivery of various bioactive molecules [129, 130]. 
Despite that the synthesis of some of the bioceramic nanoparticles, especially bio-
active glasses, is not simple, they attracted a lot of attention due to their advantages 
[131, 132]. Both natural and synthetic nanoscaled molecules can also add to them 
to produce a nanostructure delivery system [133, 134]. In addition, calcium phos-
phate nanoparticles have been previously used for gene delivery system in bone 
defect. DNA-functionalized calcium phosphate nanoparticles effectively delivered 
BMP-2 genes over 10 days [135].

3.2.2.7 Carbon Nanotubes

After the discovery of carbon nanotubes in the 1990s, they have been used in a wide 
variety of fields including microscopy, biosensing, reinforcing materials, and drug 
delivery systems [136]. These materials are graphitic tubular structures which are 
made of carbon atoms with a very high chemical and physical stability. Given their 
tubular molecular structure, they can be functionalized from inside and outside 
which provide a great opportunity for fabricating different delivery systems [137]. 
However, for clinical applications it is still needed to perform deeper toxicity tests 
due to the fact that several variables including diameter, charge, purity, etc., influ-
ence carbon nanotube’s cytotoxicity [138].

Fig. 8 Schematic illustration of the nanofiber loading process. (a) The formation of chitosan 
nanoparticles with BMP-2 loaded BSA. (b) Electrospinning of nanoparticle-embedded copolymer 
nanofibers [95]
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3.2.2.8 Metallic Nanoparticles

Metallic nanoparticles demonstrated distinct properties, and are different from bulk 
nanoparticles due to the quantic effect [139]. Gold nanoparticles among metallic 
nanoparticles have been applied for many purposes, such as bioimaging, biosens-
ing, and drug delivery [140–142]. This versatility is due to their several surface 
modifications, optical properties, and biocompatibility [143]. Gold nanoparticles 
are synthesized with various shapes including rods, spheres, cages, and star-like 
[91]. These nanoparticles were used to deliver bisphosphonate drugs previously 
[144, 145]. For instance, recently alendronate (a common bisphosphonate) is suc-
cessfully delivered by gold nanoparticles in animal models and human [146].

3.2.2.9 Magnetic Nanoparticles

This group of nanocarriers consists of metallic or metallic oxide cores and inorganic 
or polymer coating [147]. Similar to the aforementioned nanoparticles, they can be 
functionalized for target drug release. Application of magnetic nanoparticles as 
drug delivery systems provided the opportunity to control specific target locations 
with an external magnetic field. Some of these materials have been successfully 
administered in bone regeneration for growth factors and gene delivery [122].

3.3  Nano-Modified Membrane Barriers for Guided Bone 
Regeneration

Generally, the growth speeds of connective tissue are faster than bone tissue. As a 
result, the invasion of fibrous tissue occurs in bone defect sites resulting in a barrier 
that prevents the growth of new bone [148, 149]. This invasion of connective tissues 
leads to anatomical aberrations and may need additional surgery for removal [150, 
151]. Guided tissue/bone regeneration (GTR or GBR) is a well-established method 
that utilizes a barrier membrane against connective tissue invasion and promotes 
osteogenesis or bone augmentation forming (Fig.  9) [152–154]. Recent studies 
showed that membranes with drug delivery system could promote the periodontal 
ligament and alveolar bone regeneration (Fig.  9) [147, 149–151]. Currently, this 
method is widely used for periodontal regeneration and dental implants [149, 155].

Many researchers have tried to fabricate and modify GTR/GBR membranes by 
mixing synthetic and natural components by various techniques including film 
 casting [156–158], dynamic filtration [159], and spinning [160]. In addition, these 
membranes can be prepared with drug and growth factors [156, 157, 161]. However, 
a material with appropriate degradability, biological, and mechanical properties is 
still requisite for in  vivo GBR. Although these methods showed some major 
advancement, their application in clinical settings is still limited due to difficulty in 
handling and non-homogenous degradation rate [162]. Recent advances in nano-
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technology increased the chance of fabricating biomimetic multifunctional mem-
branes for periodontal GBR. Figure 10 showed a sample of these novel fabrications 
with the usage of nano-HA.

In a study by Wu et al. (2017), surface-modified chitosan nanofibrous membrane 
was applied in GBR of a critical-sized calvaria model in rats. The nanofibrous 
 chitosan membrane was initially generated by electrospinning and surface modified 
using a butyrylation method. The process of surface modification proved advanta-
geous in creating desirable fibrous morphology, increase in mechanical stability, 
reduced rapid swelling, attracted the adhesion and proliferation of fibroblast, and 
promoted regeneration [163]. The mechanical property of the GBR regenerative 
membrane strongly influences the nature of clinical applicability [164]. For example, 
in another study, a ratio (60:40 wt%) of nano-β-TCP particles and polycaprolactone, 

Fig. 9 A schematic illustration illustrating the normal periodontal tissues (a); injured periodon-
tium in periodontitis (b); and forms of nanobiomaterials applied for periodontal regeneration (c)

Fig. 10 Schematic 
demonstration of the 
spatially designed 
membrane (a), and its 
different layer with 
nano-hydroxyapatite 
incorporation (b)
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respectively, yields a high bending property suitable for regeneration of large man-
dibular defect [165].

An approach to synchronize mechanical property and regenerative function 
inspires the development of multiple layered barrier membranes. The combination 
of carbonated nHA/PLGA using biomimetic and casting techniques can create 
porous and smooth surfaces on opposite sides of the membrane. This approach can 
control membrane flexibility, mechanical strength, and rate of biodegradation, alto-
gether enhancing the biocompatibility and osteoconductivity function of the HA 
nanoparticles [157]. The nanoparticles can mimic the mineral crystals of the body 
and induce a significant change in the mechanical properties and regenerative qual-
ity of the membrane [166]. The fabrication of a robust regenerative membrane with 
bioactive compounds to support adequate regeneration of osteoporotic bone remains 
a major clinical challenge. In a recent study, functionalized nHA/carbon nanotubes 
with graphene oxides promoted osteointegration and regenerative bioactivity essen-
tial for the repair of osteopenic bony defects [167].

The use of electrospinning to fabricate the bilayered GBR membrane is an ideal 
option to enhance flexibility and mechanical strength. The biocompatible polyester 
(PCL) and polyglycerol sebacate (elastomeric polymer) are ideal candidates for this 
method. The bioactivity of the membrane can be further enhanced by the incorporation 
of β-TCP nanoparticles, which is osteoconductive and resorbable to support successful 
regeneration of bony defect [168]. For the same purpose, bilayered silk fibroin/PCL-
PEG-PCL electrospun membranes were combined with nanocalcium phosphate. The 
synthesis of nanocalcium phosphate was done using a distinct approach, using a flame 
spray pyrolysis method. In this method, synthetic precursors of the calcium phosphate 
(liquid form) are pumped through a nozzle, dispersed by oxygen, ignited with methane 
and oxygen premixed gases. The nanoparticles are further collected on glass fiber filter 
above the flame and incorporated into the electrospun polymeric matrix. The mem-
brane attracted apatite nucleation, induced mineralization, and enhanced osteoconduc-
tivity. Furthermore, the tensile strength of the membrane increased with the two-layered 
polymeric matrices maintaining stable coherent phases [169].

In another approach, the GBR membrane can be fabricated using a solution 
casting method with biocompatible, naturally derived polymeric microsphere. In 
this method, chitosan microspheres are initially generated and blended with a 
slurry of nHA particles using a wet chemical precipitation method and casted. An 
in situ biomimetic method can generate nHA/chitosan composite microsphere 
applicable in fabricating a GBR membrane. The incorporation of the microsphere 
can significantly enhance the mechanical property of the membrane. Meanwhile, 
 microsphere- containing membrane has the advantage of maintaining space, 
improving biomimetic function, and promoting effective regeneration of bony 
defects [170]. The regenerative function of the GBR with antimicrobial properties 
can accelerate healing and regeneration of bony defects. The strategy to generate 
these kinds of membrane takes into consideration microbial control and efficient 
recapitulation of the extracellular matrix [171]. Additionally, GBR membranes are 
fabricated to release drugs, serve as regenerative barrier, and guide bone regenera-
tion. In this direction, Tang et al. (2016) fabricated a GBR membrane comprising a 
PLGA/HA (core) and collagen/amoxicillin (shell) via coaxial electrospinning 
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method. The core-shell nanofiber adequately prevented the invasion of fibroblast 
into the area of the bony defect, due to the small pores of the membrane, together 
with its hydrophobic property. The in vitro results confirmed the nanofibrous mem-
brane having the capacity to induce apatite nucleation and efficiently release the 
drug (amoxicillin) [172]. The functional behavior of polymeric membrane can be 
decorated, by the addition of silica nanoparticles and osteoconductive polymeric 
surfaces. First, the silica nanoparticles are synthesized to achieve mono-sized units 
via a sol-gel Stöber’s method [173] to overcome particle aggregation, and poor 
interaction between polymeric interfaces, before electrospinning [174]. It is worth 
noting that the GBR membrane might have different properties, in terms of struc-
ture, regenerative performance, and degradability. However, the membrane must 
be sufficient in stiffness and biocompatibility to prevent collapse and avoid soft 
tissue invasion into the defect area. As such, these key properties will define an 
ideal membrane: (1) biocompatibility, (2) space- making, (3) cell occlusiveness, (4) 
tissue integration, and (5) resorbability [175].

4  Current State and Challenges of Nanobiomaterials 
Application

While promising results are demonstrated using nanomaterials for craniofacial bone 
regeneration, several challenges and prerequisites need to be addressed prior to 
translation to clinical settings. The first challenge is to optimize the biocompatibility 
and mechanical properties. For instance, nanomaterial-based hydrogel demon-
strated a perfect cell proliferation during bone regeneration, but its mechanical 
properties are not suitable for some bone defects. On the other hand, the application 
of nanopolymers can strengthen hydrogel scaffold, however decrease its cellular 
biocompatibility [176]. In order to enhance cell viability, although novel scaffold 
fabrication techniques including electrospinning and 3D printing have been pre-
sented, until now, these methods have not been applied for nanomaterial-based cra-
niofacial bone regeneration [176]. The second important issue is the immunogenic 
properties of the nanomaterials. Despite a bone substitute may totally mimic natural 
bone structure or even show superior cell viability, it may also cause some severe 
immune response in some individuals [177].

The other issue is nanomaterials’ long-term potential side effects and toxicity. 
The ultra-small size of nanoparticles allows them to interact with normally unreach-
able substrates for their bigger counterparts [178]. Those particles’ toxicity relies on 
numerous variables, such as particle size, surface charge, shape, administration 
manner etc. [179]. For instance, nanoparticles applied in oral cavity may enter into 
liver and spleen via bloodstream through the gastrointestinal route [178, 180]. In 
this regard, the systemic distribution of nanoparticles by the gastrointestinal tract 
and bloodstream demonstrated its neurotoxicity in zebra fish [179, 181]. In addi-
tion,  most data about  nanomaterial toxicity is based on in vitro  dose-response 
assays in vitro [182]. More  in vitro evaluating tests are needed to facilitate their 
further safe administrations.
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5  Conclusion and Future Direction

The development of nanotechnology in bone tissue engineering presents greater 
diversity in designing scaffolds for enhancing proliferation, adhesion, and differen-
tiation. Nanobiomaterials, by mimicking the nanostructure of natural bone tissue, 
represented promoted osteoblasts functions in comparison to their microstructured 
counterparts. Several studies have delineated the potential of nanoparticles for 
improving drug delivery and membrane barriers in bone regeneration. These materi-
als showed a precise and smart immobilization of various growth factors in order to 
improve vascularization. In addition, nanofibers resemble the native extracellular 
matrix to provide a better microenvironment for bone regeneration.

Although there is still a need for further knowing the mechanisms and finding 
practical ways especially investigating in vivo long-term safety, for applying them 
in the craniofacial region, it is hoped this rapidly growing field will help us to reach 
efficient therapeutic approaches for craniofacial defects.
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Abstract Maxillofacial reconstruction is complicated due to the etiology and 
nature of the tissue injury. The complexity of the facial structures adds to the diffi-
culty of rehabilitation both functionally and esthetically. Skeletal reconstruction is 
by far the easiest part of the rehabilitation. Restoration of soft tissues like skin, 
cartilage, and mucosa without the support of the underlying bony architecture is 
possible with prosthesis. Silicone is the most commonly used prosthetic material for 
maxillofacial rehabilitation. Nanomaterials play an important role in bestowing 
color compatibility and interface stability in the prosthesis.

Keywords Maxillofacial prosthesis · Nanomaterials · Orbital defect · Nasal defect 
· Auricular defect · Maxillofacial reconstruction

1  Introduction

The structure of any part of the body corresponds to its function and so is it with the 
face. This part of the body supports numerous functions such as vision, hearing, 
breathing, mastication, and speech apart from its esthetic value. Out of the five sense 
organs that humans have, four are exclusively located in the maxillofacial region. 
The maxillofacial skeleton is therefore a unique combination of bony architecture. 
It comprises 14 bones, 6 of which are paired and 2 unpaired [1]. The facial skeleton 
is universally divided into three parts: the upper face comprising mainly of the fore-
head, the midface comprising 13 bones, and the lower face comprising the mandible.
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Mandible is the largest and the strongest bone of the face and is the only movable 
bone in the maxillofacial region. It is connected to the rest of the skull by two tem-
poromandibular joints which are unique, as these are the only joints in the body 
which function exclusively simultaneously. Structurally, mandible is in the shape of 
a parabola, the vertex of which houses the chin, which is a unique esthetic feature 
of humans. Like other bones in the body, mandible has a medullary core with a 
cortical rim but unlike any other bone in the body, maxilla and mandible have mul-
tiple sockets in their alveolar processes for teeth. Maxilla is a paired bone and con-
stitutes majority of the midface. Apart from supporting the teeth, which occlude 
with those in the mandible, maxilla forms part of the palate, lower part of the nose, 
and supports the eye. It houses the maxillary sinus which is an air-filled cavity 
within bone, and humidifies inhaled air, lightens the skull, adds resonance to voice, 
and produces protective mucus. The zygomatic buttress of maxilla is a thick exten-
sion of dense bone from maxilla towards zygomatic bone, the main function of 
which is to transmit occlusal forces to the cranium.

Various conditions affect the maxillofacial skeleton ranging from infections to 
malignancies. A list of the most common conditions affecting maxilla and mandible 
is given in Table 1. Barring a few such as arthritis, Garre’s osteomyelitis, and osteo-
porosis, almost all of these conditions require one or the other form of surgery. 
Treatment of these conditions requires surgeries like fracture fixation, cyst enucle-
ation, tumor resection, ankylosis release, contouring, etc. The extent of surgery 

Table 1 List of some common conditions affecting maxillofacial skeleton [1]

Infections Cysts Benign tumors Bone lesions
Osteomyelitis
Suppurative
Non-suppurative
Garre’s
Infantile
Arthritis

Odontogenic cysts
Radicular
OKC
Periodontal
Dentigerous
Calcifying 
odontogenic
ABC

Odontogenic 
tumors
Ameloblastoma
CEOT
AOT
Non-odontogenic
  Hemangioma
  Osteoma
  Chondroma
  Fibroma

Fibro-osseous lesions
Paget’s disease
Cherubism
Fibrous dysplasia
Ossifying fibroma
Giant cell lesions
CGCG
Cemento-ossifying lesions

Malignant tumors Congenital Others Conditions specific to 
maxillofacial region

SCC
Malignant 
odontogenic tumor
Osteosarcoma
Ewing’s sarcoma

Aplasia
Atresia
Syndromic 
hypoplasia
Cleft alveolus
Hemifacial 
microsomia
Osteogenesis 
imperfecta

Fracture
AV malformations
TMJ ankylosis
Osteoradionecrosis
Osteoporosis

Garre’s osteomyelitis
Cherubism
Ameloblastoma
Dental cysts
Cemento-ossifying lesions
Cleft deformities

OKC odontogenic keratocyst, ABC aneurysmal bone cyst, CEOT calcifying epithelial odontogenic 
tumor, AOT adenomatoid odontogenic tumor, CGCG central giant cell granuloma, SCC squamous 
cell carcinoma, AV arteriovenous, TMJ temporomandibular joint
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depends on the extent and severity of the condition. Because of the nature of the 
disease, malignant lesions and certain locally aggressive lesions such as ameloblas-
toma and odontogenic keratocyst require resection of a rim of normal bone along 
with the lesional tissue. The residual deformity due to such resections, if not treated, 
can cause serious esthetic and functional problems. Reconstruction of the defects 
caused by jaw lesions and related surgeries may be done immediately or as a second 
stage procedure but has to be definitely addressed if one wishes to provide an 
acceptable quality of life to the patient.

2  History of Maxillofacial Skeletal Reconstruction

Most of the walled defects of the jaws such as bony cavities secondary to cyst enu-
cleation heal physiologically. Larger defects of this kind may need particulate or 
granular bone grafts. Alloplastic grafts are osteoconductive which means that these 
grafts act as a scaffold for new bone formation. Osteoinduction is a process where 
osteogenesis is induced by recruitment and stimulation of immature cells. Addition 
of growth factors into alloplastic materials makes them osteoinductive. These two 
properties are considered adequate for new bone formation in bony cavities. 
Therefore, alloplastic grafts alone or in combination with growth factors, are suffi-
cient for large bony cavities where physiologic healing is expected. Table 2 gives a 
list of grafts currently used in treatment of small defects of the jaws.

Reconstruction of defects secondary to resection is not as simple. Grafts used in 
such reconstruction must have osteogenic potential which is the ability of a graft to 
form new bone by the action of vital osteoblasts. For long, the only grafts which had 
osteogenic potential were autografts. A number of autografts have been used to 
reconstruct maxilla and mandible along with associated soft tissue (Table 3).

The gold standard of skeletal reconstruction in maxillofacial region is still autog-
enous bone: vascularized or nonvascularized. Segmental defects of 4–5 cm in size 
can be reconstructed with nonvascularized free bone grafts whereas defects larger 
than 5 cm require vascularized free flaps. This is because bone remodeling within a 
graft prerequisites adequate vascular supply especially to the core of the graft. Bone 
cells within a graft survive on diffusion from the margins during the first 5 days. The 
central parts of large nonvascularized bone grafts become necrotic and are revascu-
larized within weeks to months depending on the vascularity of the donor site and 

Table 2 Grafts currently used for small defects of the jaws [1]

Autogenous corticocancellous 
grafts

Commercially available 
allografts Growth factors

Iliac
Symphysis
Tibial head
Calvarium

Hydroxyapatite
Tricalcium phosphate
Bioactive glass
Calcium sulfate

Bone morphogenetic 
protein
Platelet-rich plasma
Platelet-rich fibrin
Interferon alpha
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Table 3 Currently used maxillofacial reconstructive methods [1]

Graft History Disadvantages

Local soft tissue flaps Insufficient for large 
defects
Not applicable for 
composite defects
Donor site morbidity

  1. Tongue flap
  2. Masseter flap
  3. Buccal fat pad

Guerrero-Santos and Altamirano 
(1996) [3]
Tiwari (1987) [4]
Egyedi (1977) [5]

Regional soft tissue flaps Limited size of graft
Not applicable for 
composite defects
Donor site morbidity
Compromised esthetics

  1. Nasolabial flap
  2. Temporalis flap
  3. Forehead flap
  4. Deltopectoral flap

Cohen and Edgerton (1971) [6]
Lentz (1895) [7]
McGregor (1963) [8]
McGregor and Jackson (1970) [9]

Regional composite flaps Limited size of graft
Donor site morbidity
Compromised esthetics
Difficult to adapt to 
recipient site

  1. Sternocleidomastoid
  2. Trapezius flap
  3. Pectoralis major flap
  4. Platysma flap
  5. Latissimus dorsi flap
  6. Submental flaps
  7. Infrahyoid flaps

Jiano (1908) [10]
Conley (1972) [11]
Ariyan (1979) [12]
Futrell et al. (1978) [13]
Quillen et al. (1978) [14]
Martin et al. (1993) [15]
Wang et al. (1986) [16]

Free nonvascularized bone 
grafts

Limited size of graft
Necrosis of graft
Donor site morbidity  1. Iliac crest

  2. Rib
  3. Calvarium

Taylor (1982) [17]

Free vascularized grafts Donor site morbidity
Increased intraoperative 
time
Need for microvascular 
surgical skills

  1. Fibular grafts
  2. Radial forearm grafts
  3. Iliac crest grafts
  4. Scapular grafts
  5. Dorsalis pedis grafts

Ueba and Fujikawa (1983) [18], 
O’Brien and Morrison (1987) [19]
Soutar et al. (1983) [20]
Taylor (1982) [17]
dos Santos (1984) [21]
McCraw and Furlow (1975) [22]

Allograft and xenograft Infections
Disease transmission
Immunogenicity

  1. Freeze-dried bone 
graft

  2. Decellularized FDBG
Implants Inadequate reconstruction

No functional 
rehabilitation
Implant rejection
Implant breakage or 
exposure
Impedes growth in children
Allergy

  1. Stainless steel
  2. Titanium
  3. Vitallium
  4. Silicon
  5. Acrylic resins
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the structure of the grafted bone. The sources of newly formed bone are perivascular 
osteoprogenitor cells and undifferentiated mesenchymal cells which enter the graft 
accompanying the proliferating vessels [2]. However, in vascularized grafts, remod-
eling takes place across the whole graft at a time and therefore, grafts as large as 
15–20 cm have high level of viability for the majority of bone forming cells inside 
the graft survive through the established blood supply. The primary perfusion of the 
grafted bone also sustains resistance against infections allowing survival of the graft 
independently from the donor site complications [2]. Because of these consider-
ations, free vascularized bone grafts are currently the most suitable for reconstruct-
ing large segmental defects of the jaws.

3  Drawbacks in Present Reconstructive Options

The most commonly used vascularized graft for mandibular segmental defects are the 
fibula and iliac crest. The fibular graft has the advantage of adequate length, good 
stability, and adaptability to the recipient site. The disadvantages are patient immobil-
ity postoperatively, reduced height of graft for dental rehabilitation, and donor site 
morbidity. The iliac crest is a curved piece of mainly cancellous bone that allows 
three-dimensional carving into the shape of hemimandible but has the disadvantage of 
great deal of postoperative pain, gait disturbances, nerve injuries, hernia, and pares-
thesia [23]. Both the grafts need prolonged intraoperative time to harvest and reshape 
the bone to adapt to the recipient site and for donor site management. Moreover, such 
a reconstructive procedure does not completely restore jaw function. Functional den-
tal rehabilitation requires restoration of mandible to near normal which is clinically 
difficult. Figure 1 shows the inadequacy of a vascularized fibula graft for a hemiman-
dibulectomy defect in restoring the height and width of mandible [1].

The inability to replicate complex facial contours is another major drawback. For 
instance, reconstruction of segmental defects in the anterior mandible is challenging 
due to the geometry of bone in this region. Restoring its horseshoe shape to achieve 
proper contour and adequate function with the limitations of autogenous bone grafts 

Fig. 1 (a) Harvested vascularized fibula graft. (b) Radiograph of mandible with vascularized 
graft in situ
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is difficult. Figure 2 shows a case of segmental resection in the anterior mandible 
and the problems associated with its reconstruction [1].

The midface poses a greater challenge because of its intricate anatomy and mul-
tiple interlacing and communicating spaces. Before the development of more 
sophisticated reconstructive techniques, prosthetic appliances were the only modal-
ity available to address the functional and esthetic requirements of such a complex 
defect. Free tissue transfers have made autologous maxillary reconstruction possi-
ble but functional and esthetic results are far from optimal.

4  Maxillofacial Prosthesis

Maxillofacial prostheses fabricated by a skilled prosthodontist or an anaplastologist 
provide an unparalleled reproduction of the lost facial form. It is of utmost impor-
tance that the prostheses be fabricated with optimal esthetics while maintaining an 
adequate appearance over its service lifetime. Modern materials for maxillofacial 
prostheses include vinyl plastisols, polymethylmethacrylates, polyurethanes, latex, 
and silicone elastomers. Properties like chemical inertness, strength, durability, and 
ease of manipulation make silicone elastomers the material of choice in 

Fig. 2 Management of segmental defect in anterior mandible. (a) Clinical photograph of amelo-
blastoma in anterior mandible. (b) Intraoperative photograph of resection of ameloblastoma. (c, d) 
Photograph and radiograph of mandible after implant reconstruction
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maxillofacial prostheses. Silicone elastomers used for the fabrication of maxillofa-
cial prostheses have individual physical and mechanical properties; however, clini-
cal problems such as gradual deterioration of color in a service environment and 
degradation of physical, static, and dynamic mechanical properties are common for 
all. In the chemical industry, during the past 10 years, research has been devoted to 
the development of a new industrial process that incorporates nanoparticles into a 
polymeric matrix, providing a new class of polymeric materials that offers the 
strength of nano-oxides, with the flexibility of the organic polymer matrix. The 
nano-sized material particles result in the optimization of individual material parti-
cle characteristics and control of biological, mechanical, electrical, magnetic, and 
optical characteristics as well. Nano-sized rutile TiO2 and ZnO are known to have a 
high ultraviolet (UV) absorbing and scattering effects that result in protection from 
UV light. Nano-sized SiO2, TiO2, and ZnO are characterized by their small size, 
large specific area, active function, and strong interfacial interaction with the organic 
polymer. Therefore, one can improve the physical properties and optical properties 
of the organic polymer, as well as provide resistance to environmental stress-induced 
aging. Little has been reported in the literature on how the addition of these particles 
to a maxillofacial elastomer could affect its properties. Han et  al. evaluated the 
effect of nano-sized oxides of various compositions in different concentration on 
the mechanical properties of a commercially available silicone elastomer. They 
determined that incorporation of Ti, Zn, or Ce nano-oxides at a concentration of 
2.0% improved the overall mechanical properties of silicone A-2186 maxillofacial 
elastomer [24].

5  Case Reports

5.1  CASE 1: Nasal Prosthesis for a Patient with Mammalian 
Bite Injury [25]

A 32-year-old male patient reported with destructed nasal cartilage caused by a bear 
bite injury (Fig. 3a). Composite skin grafting was done in the upper lip and forehead 
region and a temporary nasal prosthesis was fabricated for the patient post-surgery 
which was retained with white surgical tape. Various prosthetic treatment modali-
ties ranging from acrylic resin nasal prosthesis to implant-retained silicon prosthe-
ses were explained to the patient. The patient chose a spectacle retained nasal 
prosthesis made of acrylic resin due to economic constraints.

The boundary for the impression was outlined on the face. Light petrolatum was 
applied on the eyebrows and eyelashes. While taking care not to distort the nasal 
remnants/tissues by packing moist gauze into the defect, rolled modeling wax was 
used to confine the impression material. Facial moulage was made using an irrevers-
ible hydrocolloid material (Fig. 3b) reinforced with gauze and dental plaster and the 
impression poured in type III dental stone (Fig. 3c). The wax pattern of the nose 
with developed esthetic contours was sculpted on the master cast and the 
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morphology of the wax prosthesis accomplished as per visual knowledge, previous 
photographs of the patient, and discussions with his relatives. The position of the 
wax pattern was further verified with clinical try-in. After marginal adaptation and 
confirmation of contours, the wax pattern was sealed on the master cast and molding 
procedures were carried out. Heat polymerizing clear acrylic resin with incorpora-
tion of intrinsic coloring using an acrylic-based paint to match the basic skin tone 
was packed and processed. The margins of the final prosthesis (Fig.  3d) were 
blended as close as possible with the skin contours. The spectacle frame was aligned 
on the bridge of the nose and attached using autopolymerizing resin. Extrinsic col-
oring was done to make it more esthetically acceptable (Fig. 3e, f).

5.2  CASE 2: Prosthetic Rehabilitation of a Midfacial Defect 
Resulting from Lethal Midline Granuloma [26]

A 22-year-old male patient with lethal midline granuloma, presented with severe 
destruction of midfacial structures including the nose, palate, and the paranasal 
sinuses along with inflamed right eye and adjacent soft tissues (Fig.  4a). 
Rehabilitation for both intra-orally with a prosthetic palate and extra-orally with the 
nasal prosthesis was planned for the patient. However, he only opted for the extra- 
oral nasal prosthesis for his facial disfigurement and exposed defect. A heat- 
polymerizing acrylic resin nasal prosthesis was planned. The boundary for the 

Fig. 3 Spectacle retained nasal prosthesis. (a) Patient’s appearance after surgery. (b) Irreversible 
hydrocolloid impression. (c) Master cast. (d) The final prosthesis. (e, f) Prosthesis in situ
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impression was outlined on the face. Rolled modeling wax was used to confine the 
impression material. Moist gauze was packed to prevent the flow of material into the 
undesired areas of the defect. Facial moulage was made using an irreversible hydro-
colloid material reinforced with gauze and dental plaster under sedation (Fig. 4b). 
The impression was boxed and poured (Fig. 4c) in type III dental stone. The wax 
carving of the nose and the upper lip was carried out on the master cast. Patient’s 
previous photographs and the references from his first circle relatives were taken as 
a guide to carve the wax prosthesis. Clinical trial was performed and the margins 
were flushed properly with the contours of the skin. Spectacle frame was also tried 
to check for the alignment and position to attach it for the final prosthesis. The pros-
thesis was processed using heat polymerizing clear acrylic resin with color incorpo-
rated to match the basic skin color of the patient. An acrylic-based paint was used 
for this purpose. The prosthesis was finished, the borders of the prosthesis rounded 
and eyeglass frame was properly aligned, and attached to the prosthesis using a 
cyanoacrylate adhesive. The attachment was reinforced with autopolymerizing 
acrylic resin at the bridge of the nose. The prosthesis gained retention with the help 
of this glass frame, and the proprioceptive input of an intact functioning lower lip 
aided in balancing and stabilizing the prosthesis. The upper lip was relined with soft 
resilient liner, thus giving a feeling of resiliency to the lower lip. The extrinsic color-
ing was performed. This enhanced the esthetics and resulted in a better appearance 
(Fig. 4d–f).

Fig. 4 Rehabilitation of midface defect. (a) Patient’s photograph with the defect. (b) Irreversible 
hydrocolloid impression. (c) Stone cast. (d) Prosthesis in situ. (e) Lateral Profile before treatment. 
(f) Lateral profile after treatment
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5.3  CASE 3: Orbital Prostheses in Patients with History 
of Carcinoma [27]

 (a) A 45-year-old female patient complained of facial disfigurement due to loss of 
left eye. A history of carcinoma of the left eye followed by exenteration was 
recorded. As a result of altered facial esthetics, the patient suffered severe emo-
tional trauma in terms of social acceptance.

 (b) A 58-year-old female patient complained of missing right orbital contents fol-
lowing the surgery due to adenoid cystic carcinoma (Fig. 5a).

Both the patients were seeking an artificial orbital replacement. On examination, 
there was no anatomical undercut in the defect that could be utilized for retention. 
A custom-made ocular and orbital prosthesis was planned and the treatment proce-
dure explained to the patient. Identical methods were employed to verify the reli-
ability of the results in both patients.

Impression of the orbital defect was made using irreversible hydrocolloid rein-
forced with dental plaster and the cast poured in dental stone (Fig. 5b). The stone 
cast was duplicated with silicone duplicating material in a metal flask. After the 
duplicating material set, the master cast was separated and stone cast poured in the 

Fig. 5 Orbital prosthesis for exenteration defect. (a) Frontal view of patient with orbital defect. 
(b) Facial moulage. (c) Fit of acrylic resin base checked on cast. (d) Wax pattern of the orbital 
prosthesis with the medial margin of acrylic resin base exposed. (e) Trial of the wax pattern done 
and the position of medial extension of acrylic resin base evaluated. (f) Primer application for 
bonding with silicone following wax elimination. (g) Silicone orbital prosthesis attached to the 
eyeglass frame. (h) Fabricated prosthesis in situ
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mold. Wax pattern for the acrylic resin base was made in a circumferential design 
adapting it to the perimeter of the defect. The pattern was sealed to the cast and 
invested. After wax elimination, heat-polymerizing acrylic resin was packed. 
Intrinsic coloring was applied to match the skin color around the defect. The resin 
base was retrieved, finished, and polished after curing. The fit of the base was 
checked on the cast (Fig. 5c). The wax pattern for the orbital prosthesis was prepared 
and the acrylic resin base embedded in it. The acrylic resin base was exposed only at 
the bridge of the nose for attachment to the eyeglass frame (Fig. 5d). Try-in (Fig. 5e) 
of the waxed-up prosthesis was done. At this stage, the eyeglass frame was selected 
and tried on the patient, and close approximation of the eyeglass frame to the resin 
base was checked. The wax pattern was sealed to the cast, flasking carried out, and 
wax eliminated (Fig. 5f). Primer was applied to the acrylic resin base for bonding 
with silicone. The silicone was packed. Intrinsic coloring was produced to match the 
patient’s skin tone and cured at room temperature. The eyeglass frame was placed in 
situ. The silicone layer found on the medial extension of the resin base was cut to 
expose for felicitation of the attachment of the eyeglass frame to the resin base. With 
both the eyeglass frame and prosthesis placed in situ, the glass frame was attached to 
the acrylic resin base with the help of cyanoacrylate resin adhesive. The attachment 
was reinforced with autopolymerizing acrylic resin (Fig. 5g). Finally, the silicone 
orbital prosthesis retained by the eyeglass frame was placed in situ (Fig. 5f).

5.4  CASE 4: Orbital Prosthesis in Patient 
with Rhabdomyosarcoma [28]

A 45-year-old male patient complained of facial disfigurement due to loss of left eye 
(Fig. 6a). History revealed exenteration of orbit a year ago for eradication of rhab-
domyosarcoma. Extra-orally, no definite bony or soft tissue undercut to aid in the 
retention of the prosthesis. After evaluation and inspection of the defect, the iris and 
pupil diameter were measured using calipers and impression with irreversible 
hydrocolloid was made reinforced with quick setting dental plaster (Fig. 6b–d). A 
cast was poured in dental stone type II which was duplicated and modeling wax 
adapted to fabricate shim (Fig. 6e). This waxed up shim was processed using heat 
polymerizing clear acrylic resin (Fig.  6f). Measurements were made from the 
patient’s facial midline to the center of the pupil and from the inner canthus of the 
eye to the nasal bridge (Fig. 6g). The measurements were then transferred on the 
cast to help in positioning of the orbital prosthesis. A stock ocular prosthesis was 
selected closely matching the color, size, and shape of the iris and sclera of the other 
eye. The acrylic shim was exposed only at the bridge of the nose for attachment to 
the eyeglass frame. The eye was then secured in position on a bed of modeling wax 
according to the position gained using measurements of the other eye. The antero-
posterior position was adjusted and verified on the patient when observed from 
profile and from the top of the head. Once the position was confirmed, the eyelids 
and the remaining portion was sculpted in wax (Fig. 6h) and tried in the patient’s 
orbital defect. Consent from the patient regarding the appearance of the prosthesis 
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was obtained. The wax sculpted prosthesis with the duplicated cast was flasked and 
dewaxed. Room temperature vulcanizing (RTV) medical-graded silicone material 
(Molloplast) was mixed according to the manufacturer’s instructions. Pigment 
stains were blended into the base color of silicon for intrinsic staining at the time of 
mix to gain the approximate skin shade of the patient. After a close shade match 
with the patient, medical-graded silicone was packed into the mold and was left to 
cure at room temperature. Following polymerization, the prosthesis was deflasked, 
retrieved, and finished. Natural hair was stitched over the eyebrow area and upper, 
lower eyelids of the silicone prosthesis using 23 gauge syringe needle (Fig. 6i). The 
eyeglass frame was selected and tried on the patient. With both the eyeglass frame 

Fig. 6 Rehabilitation of exenteration defect by orbital prosthesis. (a) Pretreatment photograph. 
(b) Direct impression with alginate. (c) Reinforcement of alginate by dental plaster. (d) Impression 
after retrieval. (e) Wax pattern for the fabrication of acrylic shim. (f) Heat polymerizing clear 
acrylic shim on the master cast. (g) Grid in place. (h) Sculpted wax pattern. (i) Stitching of natural 
hair to the silicone orbital prosthesis. (j) Post-treatment photograph with silicone artificial eye
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and prosthesis placed in situ, the glass frame was attached to the acrylic shim with 
the help of cyanoacrylate resin adhesive. The attachment was reinforced with clear 
autopolymerizing acrylic resin (Fig. 6).

5.5  CASE 5: Implant-Retained Nasal Prosthesis for a Patient 
Following Partial Rhinectomy [29]

A 58-year-old male patient diagnosed with basal cell carcinoma of the nasal vesti-
bule who had undergone partial rhinectomy, reported with iatrogenic absence of the 
entire cartilage of the nose, ala, and part of the nasal septum due to the surgery 
(Fig. 7a). As a bank employee who interacts with customers, the patient was deeply 
concerned about his esthetics and was seeking prosthetic rehabilitation soon after 

Fig. 7 Implant-retained nasal prosthesis. (a) Nasal defect after partial rhinectomy. (b) 
Orthopantomograph following implant surgery. (c) Lateral cephalograph. (d) Polysiloxane impres-
sion with lab analogs. (e) Resin copings fabricated on ball abutments. (f) Try-in of cast titanium 
framework. (g) Tissue side of the prosthesis showing acrylic resin substructure with clips. (h) 
Lateral profile of the patient subsequent to prosthesis placement. (i, j) Comparison of acrylic resin 
prosthesis and silicone prosthesis
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surgery. Since an immediate definitive prosthesis was not feasible, the patient was 
temporarily rehabilitated with an acrylic resin nasal prosthesis attached to an eye-
glass frame (Fig. 7i). During the subsequent follow-up appointment, it was noted 
that retention and marginal fit of the temporary prosthesis was lost due to post- 
surgical marginal tissue changes. At this stage, the option of the implant-retained 
silicone prosthesis was given. The temporary nasal prosthesis and a clear acrylic 
resin surgical template with properly angulated pilot holes were used as a guide for 
the implant placement. Under local anesthesia, a full thickness mucoperiosteal flap 
was elevated, exposing the anterior border of the nose and the nares. Two implants 
of 3.75-mm diameter and 10-mm length were placed into the anterior maxilla 
through the nasal fossa on either side of the nasal septum (Fig. 7b, c). The mucoperi-
osteal flaps were then repositioned and closed with 4-0 VICRYL sutures. 6 months 
later, a small mucoperiosteal flap was raised, debulking of the soft tissue was per-
formed, and the healing abutments were placed. Three weeks later, the soft tissue 
edema had subsided, and a peri-implant mucosal seal was observed. The nasal 
defect was packed with moist gauze to prevent the flow of the impression material 
and implant components falling into the nasal cavity. Healing abutments were 
removed, and impression posts were connected to the implants. An impression was 
made using medium-body vinylpolysiloxane impression material. The impression 
posts were unthreaded and connected to the laboratory analogs (Fig. 7d). The master 
cast was then made with dental stone. Pattern resin copings were fabricated on both 
the ball abutments. Screw channels were made to place the screw that will retain the 
copings onto the ball abutments (Fig. 7e). Rigid castable bars were attached to the 
resin copings using inlay wax. The framework included two vertically oriented ele-
ments overlying the defect on both sides of the nasal septum and one horizontal bar 
connecting the implants and resin copings. The casting was done in a semiautomatic 
two-chambered titanium-casting machine under argon gas pressure. The titanium 
bar was positioned on the master cast and threaded to the ball abutments. The nasal 
prosthesis was sculpted in wax on the master cast. Care was taken to avoid any 
interference to the bar. The morphology and the anatomic contours of the nose were 
developed according to the patient’s own description of his presurgical appearance 
and also the references given by the patient’s immediate circle of relatives. The wax 
pattern of the prosthesis was hollowed to make space for the acrylic resin substruc-
ture, which housed the retentive elements. The bar and the acrylic resin substructure 
were designed to fit within the confines of the final nasal prosthesis. The ball abut-
ments, along with the titanium framework, were threaded onto the implants (Fig. 7f) 
and trial placement of the wax pattern of the prosthesis was done. At the time of 
trial, the fit of the bar, size, contours, and marginal adaptation of the wax pattern of 
the prosthesis were evaluated and found satisfactory. The titanium framework was 
repositioned on the master cast, and the borders of the wax pattern were sealed. A 
dental stone mold was produced in a conventional manner. Mold releasing agent 
was sprayed after the wax elimination to facilitate the removal of the silicone pros-
thesis. Primer was applied on the acrylic resin substructure after cleaning with ace-
tone, for mechanical retention of the silicone elastomer. Silicone was packed in 
layers into the mold, developed with intrinsic color to match the patient’s skin tone, 
and allowed to cure at room temperature. The acrylic resin housing had bonded well 
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to the silicone. Nostrils were cut open in the acrylic resin for air exchange (Fig. 7g). 
The silicone nasal prosthesis was retrieved and finished. Initial trial was done on the 
patient to check the color match of the prosthesis. Extrinsic colors were used to 
match the small-pigmented dots present on the skin (Fig. 7h, j).

5.6  CASE 6: Rehabilitation of a Missing Ear 
with an Implant- Retained Auricular Prosthesis [30]

A 47-year-old male patient reported with facial disfigurement along with the loss of 
the right ear after severe burn injury to the face (Fig. 8a). The patient was extremely 
concerned about his facial disfigurement and requested for an economic solution for 
replacing the missing ear. A thorough evaluation of the affected area, medical his-
tory, and physician’s consent was taken. External examination revealed scarring of 
tissue with gross discoloration and complete loss of hearing from the right ear. A 
dermatologic evaluation was conducted which revealed that the patient had scarred 
tissue, decreased blood supply to the area, increased contracture formation, and 
reduced epithelialization and collagen formation. A radiographic evaluation showed 
suitable bone quality, adequate thickness of the temporal bone, and density of the 
mastoid air cells to receive implants. Three-dimensional lateral cephalography was 
recorded of the affected and normal side along with soft tissue reconstruction. A 
stereolithographic model was obtained of the patient’s temporal bone and temporo-
mandibular joint (Fig. 8b). Sites for the placement of implants were located and 

Fig. 8 Implant-retained auricular prosthesis. (a) Preoperative frontal and profile view of the 
patient. (b) Surgical stent fabricated on the stereolithographic model of temporal bone. (c) 
Intraoperative photograph of implant placement. (d) Wax up of mirror image of contralateral ear. 
(e) Acrylic shim trial on patient’s face. (f) Trial of waxed up ear on patient’s face—frontal and 
profile view. (g) Final prosthesis—frontal and profile view
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marked and used as a guide to fabricate a surgical stent for use during surgery. A 
single stage implant placement surgery was carried out. The surgical site was iso-
lated, and the surgical stent was fastened in place with surgical tape and used as a 
guide. The surgical procedure was conducted as a routine under local anesthesia. 
Two (3.75 mm × 10 mm) implants were placed in the region of the missing right 
auricle, in the mastoid process of the temporal bone of the patient (Fig. 8c). The 
higher placed implant showed adequate stability and osseointegration 4  months 
postoperatively while the lower placed implant showed repeated signs of infection 
and was subsequently submerged and left as a sleeping implant. The opposing left 
ear was normal and healthy, and was used as a guide for the fabrication of the wax 
pattern for the missing auricle. To make an impression of the healthy ear, an unused 
casting ring of adequate dimensions was used to hold the irreversible hydrocolloid 
impression material. The surrounding hair was coated with petroleum jelly and the 
ear canal was blocked with cotton. The alginate was first coated into the folds of the 
ear in a thin consistency, followed by application in bulk. The impression was fur-
ther stabilized using the impression plaster. The impression was beaded and boxed 
and poured in dental stone. Using this mold of the left ear, a wax pattern of the right 
ear was carved out as a mirror image of the opposite side using modeling wax 
(Fig. 8d). The implant abutment was blocked out with carding wax. The surround-
ing tissue was coated with petroleum jelly. Light body consistency of polyvinyl 
siloxane elastomeric impression material was applied to the implant and surround-
ing tissues, followed by a base of putty consistency polyvinyl siloxane elastomeric 
material. Impression compound was further layered above to give rigidity to the 
impression. The impression was boxed and poured in die stone. The retrieved cast 
was used as a template to fabricate a shim of clear autopolymerizing acrylic resin. 
A triangular-shaped acrylic shim was fabricated which was attached to an acrylic 
cap to be cemented on the implant abutment. Samarium cobalt magnets of 4-mm 
diameter were embedded into the three angles of the acrylic triangle using an auto-
polymerizing acrylic resin (Fig. 8e). Another acrylic triangle of similar dimensions 
as the original was fabricated to support the magnets of the opposing poles to be 
embedded into the final prosthesis. It was ensured that the magnets were of differing 
polarities such that the two triangular shims fit together in only one orientation. 
Care was taken to ensure proper incorporation of the magnets with the autopolymer-
izing resin to avoid abrasion during the final polishing. The sculpted wax model of 
the missing right ear was tried on the patient’s face, and its size, orientation, and 
position were confirmed to ensure symmetry with the opposing side (Fig. 8f). The 
acrylic shim with cap was cemented in position onto the implant abutment using 
glass ionomer cement in luting consistency. Excess was removed allowing space for 
cleansibility around the implant. The opposing acrylic shim was embedded into the 
sculpted auricular model, and the position was finalized chairside. After satisfactory 
positioning, the acrylic shim was sealed into the wax pattern, and the entire frame-
work was flasked and invested using a combination of dental stone and die stone 
forming a three-piece mold. After wax elimination, the die stone component was 
separated out of the flask to aid in layered packing of the maxillofacial silicone. 
Gold Primer was applied to the acrylic to assist bonding with the silicone. Color 
matching was done using intrinsic colors to blend with the patient’s skin tone and 
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the medical-grade silicone was packed into the mold and left to cure for 1  h at 
100 °C. The prosthesis was retrieved and finished, and an initial trial was performed. 
Extrinsic tinting was performed to further blend with the patient’s skin tone. The 
excess silicone was cut out. The lightweight of the prosthesis ensured easy support 
by the magnets (Fig. 8g).

5.7  CASE 7: Rehabilitation of Orbital Defect with Silicone 
Orbital Prosthesis Retained By Dental Implants [31]

A 27-year-old male complained of facial asymmetry and poor looks due to loss of 
the right eye. A history of retinoblastoma, followed by exenteration of the orbit was 
recorded. The surgical intervention had been carried out when the patient was 5 
months old, and thereby the growth was retarded. The facial asymmetry was appar-
ent as an ophthalmic defect included the right orbit and extended laterally along the 
outer canthus of the eye, towards the temporal region as well along the malar emi-
nence towards the zygomatic arch. The patient underwent a CT scan on basis of 
which a stereolithographic model was fabricated. A mock surgery (Fig. 9a) on the 
stereolithography model revealed optimal bone thickness along the inferolateral 
orbital rim composed of zygomatic bone while the lateral aspect of superolateral 
rim composed of frontal bone showed moderately optimal bone in terms of thick-
ness and density. A surgical stent was fabricated as per the mock preparation. Two 
intra-oral dental implants were placed depending on the availability of the bone at 
the defect site under short general anesthesia. A 3.75 mm × 10 mm implant was 
placed in inferolateral region and 3.75 mm × 8 mm implant was placed in supero-
lateral region (Fig. 9b). A healing period of 4 months was given following which the 
extra-oral radiographs—PA Water’s view and lateral cephalogram (Fig. 9c) were 
made. The defect impression was made with implant components in place (Fig. 9d). 
A metal framework was cast to attach it to the implant abutment with the magnetic 
keepers embedded in it (Fig. 9e). The metal framework was threaded onto implant 
in the patient’s defect. The wax orbital prosthesis had the corresponding magnets 
embedded in it (Fig. 9f). Wax trial was taken (Fig. 9g). Intrinsic coloring was done 
to blend the silicone with the adjacent skin color. Finally, the silicone orbital pros-
thesis was placed in-situ (Fig. 9h).

6  Role of Nanobiomaterials in Maxillofacial Prosthesis

Maxillofacial rehabilitation by implantation of biocompatible prostheses helps 
restore the esthetics and functions (such as speaking, eating, and chewing) in 
patients affected by trauma, congenital defects, or disease-related deformities. 
Having a proper rehabilitation of the craniofacial region goes a long way in boosting 
the confidence, social acceptance, and psychological well-being of the individual. 

Nanomaterials in Prosthetic Rehabilitation of Maxillofacial Defects



70

Hence, a key role is played by the structure, properties, and physiological responses 
of the prosthetics used for reconstructive surgeries.

The upsurge in the field of nanotechnology and tissue engineering has played a 
major role in medical intervention for adequately fixing cases of maxillofacial 
reconstruction. By applying nanobiomaterials and/or inducing surface modifica-
tions on the prostheses, the challenge is to improve upon the integration, retention, 
and long-term functionality of the implanted prostheses. In this section, we will 
elaborate on the application of nanobiomaterials to maxillofacial prostheses in 
terms of their unique properties, physiological responses within the host, and cel-
lular signaling, all leading to early integration and adequate retention of the implant.

Some key aspects to the application of maxillofacial prostheses that determine 
the ultimate fate of such implants include:

Fig. 9 Implant-retained magnetic support-based orbital prosthesis. (a) Mock surgery on stereo-
lithography model. (b) Implant placement. (c) Lateral cephalograph and PA Water’s view. (d) 
Defect impression with implant components in place. (e) Metal framework with implant abutments 
and magnetic keepers. (f) Wax orbital prosthesis with corresponding magnets. (g) Wax trial. (h) 
Silicone orbital prosthesis in situ
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 1. Physiological and cellular changes inside the host upon implantation: 
Immediately upon implantation of the prosthesis inside the host tissues, a cas-
cade of events is initiated at the implantation site. Blood is usually the first bio-
logical fluid that interacts with the biomaterial surface and enables the adsorption 
of several biologically active molecules (fibronectin) and serum proteins from 
the in vivo milieu on the material surface. This initial wetting of the material 
surface, also known as flash spread, is one of the most critical determinants of 
the performance of the biomaterials. Protein adsorption is accompanied by plate-
let activation resulting in the formation of clot. This coagulum at the implant 
surface facilitates further deposition of proteins, releases inflammatory mole-
cules instigating a series of signaling molecules that exert influence on the migra-
tion of monocytes, neutrophils (both involved in inflammation), and mesenchymal 
cells (cells that can differentiate into osteoblasts) towards the implant surface. 
Following the aggregation of inflammatory mediators, growth factors, and dif-
ferentiation factors, the process of angiogenesis and tissue regeneration is initi-
ated. For instance, mineralized materials (ceramics) and metals commonly carry 
a negative charge on their surface under physiological conditions, selectively 
allowing positively charged biomolecules to adsorb on the surface [32].

 2. Surface modification of materials: Various surface modifications like Grit- 
blasting, acid etching, and sandblasting are promising techniques used to improve 
the surface interactions of materials with biological moieties. The predominant 
reason being increase in the surface area, generation of micropores resulting in a 
roughened or textured surface as compared to the smoothened, machined sur-
faces. This in turn has a direct impact on the cell attachment and proliferation, 
which results in increased implant stability. Coating with nanobiomaterials is 
another promising strategy for improving osteoconductivity. For instance, 
plasma-sprayed hydroxyapatite (HA) coating is a clinically proven method for 
increasing the osteoconductivity and promoting early osseointegration in bone 
implants. In the process, HA particles are blasted on the implant surface at very 
high temperature range to enhance bone-to-implant contact. However, the irreg-
ular HA coating on the implant surface results in nonuniform thickness leading 
to unpredictable degradation profile in vivo. In addition, nano-crystalline deposi-
tion of calcium phosphate and fluoride to titanium surfaces has also been with 
varying success rates.

7  Materials Proposed

The conventional materials proposed for maxillofacial applications face some 
severe setbacks in terms of biocompatibility, early integration, tear strength, and 
mechanical properties. Under an ideal scenario, the hunt is on for materials possess-
ing “similar” if not the “same” features to the missing facial tissue to adequately 
reconstruct a patient’s intrinsic esthetic features of mastication, speech resonance, 
and facial gesture. Nanoparticles have increasingly been exploited in biomedical 
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applications due to their small size, large interface area, interaction with biological 
tissues, and strong interfacial interaction with the organic polymer. Hollow cores of 
nanobiomaterials are often loaded as delivery vehicles with drugs for targeted ther-
apy. Some clinically popular materials and their respective modifications with nano-
biomaterials are summarized below:

 1. Silicon elastomers for maxillofacial prostheses: A documented usage is to 
develop an improved maxillofacial prosthetic material with optimum mechanical 
properties. In this context, SiO2 is often mixed with silicone elastomers (3% by 
weight) for maxillofacial applications [33] and boosts the mechanical properties 
of the resultant composite as compared to 3% wt. of nano-oxides of Ti, Zn, or Ce 
(non-surface treated) [34]. Nano-TiO2 powder was applied as a nanofiller. The 
effect of 0.25 wt% titanium oxide in maxillofacial elastomers, VST50F RTV and 
Cosmesil M511 HTV showed 1.17-fold and 1.1-fold increase in tear strength of 
resultant composites [35]. While HTV possessess excellent thermal, color, and 
chemical stability, prosthetics due to opacity and lesser elastic strength are cer-
tain limiting factors. RTV, on the other hand, generates by-products, excessive 
curing time, easy degradation by hydrolysis, and low tear strength have a nega-
tive impact on the long-term retention of the prostheses [36]. Another similar 
study illustrated that the increase in the mechanical properties of the organic 
polymer was gradual as the filler concentration increases. Increasing concentra-
tion of the nanofiller will apparently result in filler to filler binding, hence taking 
up small voids in the polymer thereby making it more rigid towards indentation 
and penetration [37]. Natural nanobiomaterials synthesized from pomegranate 
peels (0.2% by weight) and dates Ajwa (0.3% by weight) have also been found 
to significantly improve the mechanical properties of silicone rubber [38].

 2. Titanium implants for osseointegration: Titanium implants have constituted 
an enormous market share over the last many decades in the reconstruction and 
rehabilitation of bone deformities of the craniofacial region. It is known that 
early osseointegration is imperative for congruent bone formation and proper 
integration of implant in the defect site. Osseointegration relies upon surface 
chemistry and surface topography of the material. Nano-sized particle coating 
with materials, mostly of ceramic composition, helped such metal implants 
attain bone-like surface chemistry [39, 40]. Not only in terms of similar compo-
sition, but the nano-textured implant surface with roughened morphology com-
ing from the irregular micropores enabled enhanced protein and cellular 
interactions at the molecular level (increased expression of osteocalcin and 
 collagen type I) [41] between the material and host tissue, ultimately forming 
strong bonding between the two. In addition, marked reduction in TRAP and 
TNF-α activity showed a reduced bone turnover rate around the HA-coated 
implant. A striking contrast was the work of Svanborg et al. who failed to observe 
any marked differences in the extent of bone formation in HA nano-coated tita-
nium screws over uncoated ones. However, such discrepancies could be attrib-
uted to several variables in study parameters such as differences in the implant 
design, method of evaluation, and surgical technique demonstrated [42].
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 3. Antimicrobial coatings, dressings, and local carriers: Surface colonization of 
biomaterials post implantation in vivo could induce an inflammatory reaction 
and generate an increased risk for mucositis and peri-implantitis [43]. If the bac-
teria adhere to the implant surface, biofilm formation initiates immediately, lead-
ing to the formation of an extremely resistant biofilm within a few hours. Hence, 
in a way, the fate of the biomaterial is decided at the time of implantation itself. 
Application of local antibiotic carriers/coatings such as antibiotic-loaded poly-
methyl methacrylate (PMMA), poly-l-lactic acid (PLLA) matrix with gentami-
cin sulfate, bone grafts, has an initial outburst (nearly 80%) of the antibiotic 
within the first 2 days [44]. More stable coatings, such as silver nano-coatings, 
form reactive oxygen species, mechanisms that potentially inhibit the growth of 
prokaryotic cells. A retrospective case-control study reported the results of 
silver- coated tumor prostheses in 85 patients showed that there was a significant 
reduction in the overall postoperative infection rate from 22.4% to 11.8% in 
favor of the silver-coated implant group, with a mean reduction of approximately 
48% in infection rate post operations [45].

Irrespective of a wide range of options available for treatment and regeneration of 
disfigured maxillofacial cases, there is immense room for improvement. Some of 
these include the fabrication protocol of prostheses, time, effort, cost plus retention, 
and matching the esthetic complexity. These limitations make access to global 
patient’s community almost denied; only a small number of these patients can get 
access to this sophisticated device, those who can afford the high cost of the pros-
thesis, whereas people at the other poor global regions such as Africa and India 
cannot easily obtain a good prosthesis.

8  Advanced Approaches for Maxillofacial Rehabilitation

Despite advances in surgical techniques, a patient undergoing severely debilitating 
head and neck surgery more than often requires a maxillofacial prosthesis, fabri-
cated to the utmost precision to carry out unhindered day-to-day functioning. 
Silicone is one of the most preferred elastomer materials for their fabrication owing 
to its chemical inertness, strength, durability, and ease of manipulation. Despite its 
commendable properties, it is often seen to deteriorate over a period of functional 
use, generally 6 months, on grounds of its color stability, thus requiring refabrica-
tion. To counter this drawback, nanoparticles have been added to silicone and have 
shown to improve not only its biological, mechanical, electrical, and magnetic prop-
erties, but also enhance the optical properties. A variety of nano-oxides have been 
tried with to evaluate the best possible outcome. Akash et al., under in- vitro condi-
tions, assessed the effect of titanium oxide (TiO2) with that of zinc oxide (ZnO) in 
comparison to no additional incorporation as a control sample. Incorporation of 
these nano-sized oxides provided with intrinsic coloring ability with least amount of 
color changes seen with nano-sized ZnO [46]. Kiat-amnuay et al. investigated the 
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effect of oil pigments in varying concentrations with opacifiers on color stability of 
maxillofacial elastomer which was then spectrometrically evaluated before and 
after artificial aging. 5%, 10%, and 15% were the different concentrations of the 
opacifiers used [47]. A total of five opacifiers were tested namely; neutral kaolin 
powder, calcined kaolin powder, Artkin white, dry pigment Ti white, and Ti white 
artists’ oil color. These were used alone or in combination with cadmium-barium 
red deep, yellow ochre, burnt sienna, or a mixture of these. Dry Ti pigment showed 
the most color stable results. In one of the initial attempts, Haug et al. tested the 
effect of different environmental conditions on the elastomer prosthesis fabricated 
with and without coloring agent [48]. It was noticed that the silicone material under-
went changes and was not as stable as previously thought by the pioneers whether a 
coloring agent was added or not. However, addition of coloring agent helped protect 
the prosthesis from varying weather conditions. Inorganic coloring agents such as 
dry earth pigments, kaolin, artist’s oil, and liquid cosmetic were found to provide 
better and stable color results compared to inorganic agents like rayon fiber flock-
ing. Polyzois et al. also evaluated the effect of weathering on three different non- 
pigmented silicone elastomers. They concluded after a period of 1-year study 
evaluation that significant color changes were seen in all three materials [49]. 
However, Elastosil M3500 and Ideal materials were more stable than Silskin 2000 
and did not show significant variation between them. There is a necessity to experi-
ment and investigate various combinations of nanomaterials to enhance and stabi-
lize the desired color of the prosthesis. Also, nanomaterials can be used to enhance 
the stability of acrylic metallic junctions.

With the advent of 3D printing and additive manufacturing in the fields of medi-
cine and surgery, the idea of closely mimicking facial features down to nano-scale 
level seems believable. In a recent study by Zardawi et al. [50], color matched 3D 
printed soft tissue facial prostheses produced by Z-Corp-Z510 and infiltrated with 
Sil-25 maxillofacial silicone polymers were generated utilizing starch-based bio-
compatible materials. With slightly compromised mechanical properties (replace-
ment period in vivo ranging from 6 to 12 months), the technology applied enabled 
construction of several copies of the prostheses in a shorter time frame and at a 
lower cost than handmade silicone polymer prostheses. Another advantage of apply-
ing rapid prototyping is that producing the required thickness of the missing part 
that rendering a lightweight prosthesis, which is mostly valued by the patients 
showed a significant improvement over the existing fabrication protocols.
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Abstract Graphene-based materials have gained extensive attention in the field of 
research seeking novel materials for biomedicine, dentistry, and implantology due to 
their unique physicochemical properties, high strength, thermal stability, electrical 
conductivity, chemical purity, large surface area, and the possibility of functionaliza-
tion. Graphene-based nanomaterial can be used for various applications, such as anti-
microbial agent, biocompatible coatings and anticorrosion, drug delivery, and therapy. 
This chapter summarizes the basic properties of graphene and the latest progress based 
on current knowledge. The comprehensive review of graphene- based materials and 
their possible applications focusing on dentistry and dental implantology is described.
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1  Introduction

Graphene, discovered in 2004 [1], is a thin sheet of sp2 bonded carbon atoms [2, 3] 
as shown in Fig. 1. Graphene consists of carbon atoms and can be in the form of 
pure graphene (pristine graphene), graphene oxide (GO) containing –C–O–O–H, 
–C–O–C–, or –C–O–H, and reduced GO (rGO). Graphene has remarkable proper-
ties of high surface area, high mechanical strength, stiffness, elasticity, high electri-
cal, thermal conductivity, good biocompatibility, and ease of functionalization 
compared to other materials, such as collagen and hydrogel [4–8]. Hence, it is 
attracted to various fields including dentistry and implantology [3, 9–11]. A nomen-
clature for 2D carbons has been mentioned which gives a description of their subject 
materials and allowed to move forward with a deeper understanding of graphene- 
based materials [12].

2  Production of Graphene

Graphene can be prepared from various methods according to the need and applica-
tions. The common methods for the production are mentioned below [3, 4, 13]:

 (a) Exfoliation of graphite prepared mechanically
 (b) Epitaxial growth (SIC)
 (c) Liquid phase exfoliation (LPE)

Fig. 1 Graphene structure and graphene in deionized water solution
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 (d) Chemical vapor deposition (CVD)
 (e) Molecular assembly (MA)

From the above techniques, various grades of graphene are produced in various 
amounts by varying defects and substrates (Fig. 2).

Mechanical exfoliation is the simplest of the preparation methods. In this tech-
nique, a piece of graphite undergoes repeated tape exfoliation and is then transferred 
to a substrate [14, 15]. This method still makes the highest quality crystals but is 
only useful for lab-scale experiments and prototyping as it is not possible to scale-
 up the process and used only for very small sample areas [16].

Epitaxial growth of graphite on silicon carbide has a long history [16]. The epi-
taxial graphene can be grown on SiC using a high-temperature sublimation growth 
process (1300–1800 °C) in an ultrahigh vacuum or inert atmosphere [17]. The num-
ber of graphene layers, stacking of layers, and coupling to the substrate varies with 
crystal face orientation and growth conditions [18]. The produced graphene nano-
structures are thus with atomically smooth edges. The graphene produced consists 
of certain structural and manufacturing defects.

Molecular self-assembly is a technique to induce a modulation on graphene for 
improving the electronic properties [19, 20]. For this purpose, metal phthalocya-
nines (MPc) are excellent candidates [21]. They consist of a coordinated metal ion 
surrounded by an organic macrocycle, and charge transfer between graphene and 
MPc has been reported. Commonly, MPc form a square lattice on epitaxial gra-
phene on iridium 111 [Ir(111)] [22] and a Kagome lattice on epitaxial graphene on 
ruthenium 0001 [Ru(0001)] [23]. For this technique, molecular ordering is likely to 
be crucial for achieving potential shapes [19]. In addition, this process is sensitive 
to the interaction between the graphene and the substrate on which it is grown [24].

Mechanical exfoliation
(research,

prototyping)

SIC
(electronics,

RF transistors)
Molecular
assembly

(nanoelectronics)

Price (for mass production)

Q
ua

lit
y

Liquid-phase exfoliation
(coating, composites,
inks, energy storage,
bio, transparent conductive layers)

CVD
(coating, bio, transparent

   conductive layers,
     electronics,

                 photonics)

Fig. 2 Various production methods of graphene [4]
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Liquid phase exfoliation (LPE) is a straightforward procedure with high poten-
tial for the mass production of graphene and is the main method for mass production 
[25, 26]. Common techniques of LPE have been reported, such as sonication [27], 
jet cavitation [28], high- shear mixing [26], and microfluidization [29]. Sonication is 
an effective exfoliation method and has the potential to produce monolayer or few-
layer graphene at relatively high concentrations [27, 30]. This process involves 
three steps, viz., the preparation of dispersion of graphite in a specific solvent, the 
exfoliation of dispersion via sonication, and the purification of graphene [27]. 
Sonication results in the growth and collapse of the microbubbles in liquids which 
causes cavitation-induced pressure pulsations and shock waves, which will produce 
normal and shear forces on graphite [31]. Various factors affecting the exfoliation 
are the power of sonication (cavitation), the liquid medium for dispersion of gra-
phene nanosheets, the rate of centrifugation, and shear forces [31–33]. The liquid 
provides an environment for stable dispersions of graphene during sonication. The 
mechanism of exfoliation of graphite using sonication is shown in Fig. 3 [33]. Jet 
cavitation helps to produce graphene sheets from exfoliation of graphite crystals in 
aqueous solution, and this method is a facile, low-cost, time-saving, and laborsaving 
route potentially for mass production of graphene [28]. High-shear mixing of graph-
ite in suitable stabilizing liquids results in large-scale exfoliation to give dispersions 
of graphene nanosheets and the graphene produced can be applied in conductive 
coatings [26]. Production of graphene by microfluidization can be possible by the 
exfoliation of graphite in aqueous solutions under high-shear rate [~108 s−1] turbu-
lent flow conditions, and this is a simple and scalable production route for conduc-
tive inks for large-area printing in flexible electronics [29].

Chemical vapor deposition (CVD) is a scalable strategy for large-scale produc-
tion of graphene with a controllable number of layers and crystallinity [34]. Figure 4 
shows the adopted transfer process [35]. At first, graphene thin film is grown on Ni 
foil using CVD, and then it is transferred to a glass slide. This procedure is expen-
sive and time-consuming, and often results in contamination of metal ions, wrin-

Fig. 3 Liquid-phase exfoliation (LPE) of graphite using sonication [33]
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kling, and defects or breakage of graphene during transferring steps [35, 36]. Hence, 
an effective method would be growing graphene directly on selected semiconductor 
and dielectric substrates. The challenge is the direct growth of graphene using CVD 
both on insulators and on semiconductors as they have low catalytic activity for 
carbon [37].

Graphene can be grown on nonmetallic substrates like SiO2, h-BN, or quartz 
using low-temperature plasma-enhanced CVD (PECVD) and this allows direct 
deposition of high-quality graphene (Fig.  5) [37, 38]. Graphene may be directly 
produced on dielectrics like ZrO2, SiO2, HfO2, h-BN, Al2O3, Si3N4, quartz, MgO, 
SrTiO3, TiO2, etc., and semiconductors like SiC, Si, Ge, and GaN using a low- 
temperature PECVD technique [34]. The high temperature causes the dissociation 
of carbon atoms from methane that reacts with the metal substrate allowing the 
formation of the typical honeycomb carbon structure on its surface. Thereafter, the 

Fig. 4 Graphene transfer process: (a) production of graphene thin film on Ni by CVD, (b) etching 
of Ni using iron chloride (FeCl3) or iron nitrate (Fe(NO3)3) solution and allowed dissolution com-
pletely, (c) washing in water, and (d) transfer of graphene to a clean glass slide [35]
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graphene films are transferred onto target substrates via different techniques 
[39, 40].

Chemical vapor deposition growth of graphene can result in 3D structure [34] as 
shown in Fig. 6 [41, 42] which can have high specific surface area, low density, and 
fast electron transport. They are great for energy-related applications, engineering, 
and nanotechnology including biomedical science.

3  Properties and Characterization of Graphene

Graphene has good mechanical properties, such as high electron mobility 
(15,000 cm2 V−1 s−1) [43], large surface area (2630 m2 g−1) [44], high thermal con-
ductivity (5000 W m−1 K−1) [45], good electrical conductivity (250,000 cm2 V−1 s−1) 
[15], high modulus of elasticity (~1  TPa) [46], high stiffness and high strength 
(42 N s−1) [46], unique friction and wear properties [4, 7] making it attractive for use 
in vast applications. Large surface, porous structure, and capability to make nano-
composite properties have biomedical applications in drug delivery and regenera-
tive medicine. High strength, low friction, and good wear properties are used in 
coatings and nanocomposites. Good electrical conductivity is used in  semiconductors, 

Fig. 5 Growing graphene directly on SiO2 substrate using a metal catalyst: (a) process of gra-
phene growth, (b) optical image of the graphene, and (c) structure of graphene lattice [38]
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biosensors, and supercapacitors. The details in each application are discussed in 
later sections.

The surface structure of graphene can be studied from scanning electron micro-
scope (SEM), transmission electron microscopy (TEM), energy dispersive spectros-
copy (EDS), surface profilometer, Raman spectroscopy, X-ray diffraction (XRD), 
atomic force microscopy (AFM), and X-ray photoelectron spectroscopy (XPS) 
[47–51]. Some important characterization of GO is shown in Fig. 7. In SEM, the 
surface morphology generally shows little rough structure as shown in Fig. 7a [50, 
51]. The EDS spectra help to indicate the presence of various elements. Raman 
spectra of graphene, GO, and rGO show D band at approx. 1320 cm−1 and G band 
1570 cm−1 as shown in Fig. 7b [52]. D bands signify the breathing mode of κ-point 
phonons with A1g symmetry, and the G band shows the tangential stretching mode 
of the E2g phonon of the carbon sp2 atoms. The ratio of D band and G band (ID/IG) is 
approx. 0.84–0.97 [47].

Fig. 6 Chemical vapor deposition (CVD)-grown 3D graphene on quartz powder: (a) graphene 
flakes grown from CVD, (b) scanning electron microscopy (SEM) images of quartz powder before 
CVD growth of graphene, (c) SEM images of quartz powder after CVD growth of graphene with 
pictures of samples before and during chemical etching, (d, e) SEM images of graphene after sepa-
ration from quartz with picture of purified graphene powder, (f) Raman spectra of graphene and 
RGO [41], (g) low magnification field emission scanning electron microscopy FESEM image of 
honeycomb-structured graphene, (h) enlarged FESEM image, and (i) transmission electron 
microscopy (TEM) image of graphene showing honeycomb structure [42]
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X-ray diffraction (XRD) is used to calculate the crystallinity and interplanar 
spacing of the graphene- based materials as shown in Fig. 7c. The measurement is 
performed in contact mode, and the height, deflection, and 3D images are captured 
at the micron and nanoscale. AFM also shows the surface morphology and allows 
observing the molecular and atomic level features as shown in Fig. 7d. Ra can also 
be determined via the surface profilometer and AFM. XPS helps to study the ele-
mental and  chemical analysis of graphene. The XPS spectra also help to show the 
elements present in the graphene and investigate the binding energy between C–C 
and C–O–C and elements [53].

4  Classification of Graphene-Based Materials

Graphene is a very versatile material that can have great variability in terms of 
chemical structure, production methods modification, number of layers, forms, and 
production methods which are briefly summarized in Table 1.

Fig. 7 Characterization of GO sheet: (a) Scanning electron microscopy (SEM) of GO fabricated 
via the modified Hummers method showing crumbling [50], (b) Raman spectra, (c) X-ray diffrac-
tion (XRD) pattern, and (d) atomic force microscopy (AFM) [51]
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4.1  Chemical Modification

The structure and production of the GO and rGO are shown in Fig. 8 [54]. Generally, 
GO is yielded by oxidative treatment of graphite by Hummers [55] and modified 
Hummers method [56]. The rGO is produced from GO by chemical, thermal, or 
electrochemical reduction. GO and rGO have the advantages of ease of production 
and the capability to render its functionalities and have wide applications than pris-

Fig. 8 Production of GO and rGO from graphene [54]

Table 1 Classification of graphene-based materials

Classification of graphene-based materials
Based on Graphene derivatives

A. Chemical structure (a) Pure graphene (pG)
(b) Graphene oxide (GO)
(c) Reduced graphene oxide (rGO)

B. Production methods (a) CVD processed graphene (CVD-G)
(b) Mechanically exfoliated graphene (ME-G)
(c) Solution-processed graphene (S-PG)
(d) Epitaxial growth graphene (SiC-G)
(e) Molecular assembly graphene (MA-G)

C. Number of layers (a) Mono/single layer
(b) Bilayer
(c) Multilayer

D. Physical form [4, 
34]

(a) Sheets
(b) Flakes
(c) Foam
(d) Shell
(e) Powder
(f) Planar

E. Chemical doping (a) n-doping on graphene: e.g., Nitrogen doping (N-G) and ammonia 
doping (NH3-G)
(b) p-doping on graphene: e.g., Phenylboronic acid doping 
(C6H7BO2-G), diborane doping (B2H6-G), oxygen doping (O2-G), and 
fluoroalkylsilane (FAS-G)

F. Hybrid materials/
nanocomposites

(a) With metals: e.g., G-Ag, GO-Ag, GO-Cu, and rGO-Cu
(b) With nonmetals: e.g., G-Epoxy and G-HA
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tine graphene [57]. Some important properties of graphene GO and rGO are given 
in Table 2.

4.2  Production Methods

Graphene can be classified into five categories according to the production, i.e., 
CVD processed (CVD-G), mechanically exfoliated graphene (ME-G), solution- 
processed graphene (S-PG), epitaxial growth (SiC-G), and molecular assembly 
(MA-G). Their characteristics may vary accordingly as shown in Table 3.

4.3  Number of Layers

Graphene film may contain monolayer, bilayer, or multilayer. Single-layer graphene 
has a thickness of 0.35 ± 0.01 nm [59]. For multilayer graphene, it is generally 
accepted to be <10 layers as shown in Fig. 9a, b [6]. Various techniques to study 
graphene film thickness include Raman scattering, optical contrast, and scanning 
probe microscopy [60].

Table 2 Some important properties of graphene [3, 58]

Properties Graphene GO rGO

Electrical resistivity 10−6 Ω cm NA NA
Thermal conductivity 5000 W m−1 K−1 2000 W m−1 K−1 0.14–0.87 W m−1 K−1

Optical transmission 97.7% <50% 60–90%
Coefficient of thermal expansion −6 × 10−4 K−1 NA NA
Electrical conductivity 104 S cm−1 10−1 S cm−1 200–35,000 S cm−1

Elastic modulus 1 TPa 0.22 TPa NA
Tensile strength 130 GPa 120 GPa NA
Poisson’s ratio 0.18 – –

Table 3 Important properties shown by graphene produced by various methods [4]

Method
Crystallite size 
(μm) Sample size (mm)

Charge mobility 
(cm2 V−1 s−1)

CVD processed (CVD-G) >1000 ~1000 10,000
Mechanically exfoliated 
graphene (ME-G)

>1000 >1 >2 × 105 and 106

Solution-processed 
graphene (S-PG)

~100 Infinite as a layer of 
graphene flakes

100 (for a layer of 
overlapping graphene 
flakes)

Epitaxial growth (SiC-G) 50 100 10,000
Molecular assembly 
(MA-GO)

<50 >1 NA
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4.4  Physical Forms

Graphene sheet is single layer to multilayer as shown in Figs. 1 and 9b. Graphene 
3D structures can be produced in various forms (flakes, foams, shells, and hierarchi-
cal structures) [34]. The images of 3D graphene flakes are shown in Fig.  6a. 
Graphene, GO, or rGO flakes help to produce composite materials. Planar graphene 
(2D) can be also produced for lower to high performance devices [4]. The 2D gra-
phene layers having pore size of submillimeter can be built into 3D porous graphene 
forms [62]. The 3D foam has large surface area, lightweight, good thermal and 
electronic conductivity, provides pathways for ionic transport, high strength, and 
stiffness properties.

Fig. 9 Graphene layers: (a) photographs of various layers of graphene, (b) schematic diagram of 
graphene layers, (c) graphene obtained by laser thinning (optical image), (d) Raman spectra of 
various graphene layers, (e) 2D peak and full width at height maximum, (f–h) splitting of 2D peak 
by Lorentzian fitting: (f) 5-layer, (g) monolayer, (h) bilayer graphene, (i) transmittance spectra, 
and (j) atomic fluoroscope microscopy (AFM) image of graphene 1–2 layers [61]

Potential Applications of Graphene-Based Nanomaterials in Biomedical, Dental…



88

Graphene can be reinforced in various composites (e.g., epoxy and polyketone) and 
metal composites (e.g., Cu, Al, and Ag) [9, 63–66]. Graphene is a conducting material 
which is atomically thin and flat and can be used for manufacture of energy storage 
devices [67]. The graphene can be applied in the thin electronic devices of various 
capacities as the electrodes can be made from 1–2 layer graphene or multilayer rGO.

4.5  Chemical Doping on Graphene

Although graphene has outstanding properties for possible applications in engineer-
ing and biomedicine due to sp2 carbon atoms, it can be further modified to improve 
its electronic properties, i.e., doping [68–70]. Fermi level production typically 
occurs in graphene known as n- or p-type doping (Fig.  10a) [71]. Two methods 
bonding for doping occurs: substitution of carbon atoms or incorporation of dopants 
by physical or chemical bond (Fig. 10b) [72].

Doping of nitrogen (N) with graphene is usually n-type doping that occurs by the 
opening of a bandgap by replacing a carbon atom in the graphene lattice which is 
used for the application in biosensing [69, 73].

4.6  Graphene-Based Nanocomposites

Development of nanocomposites has a long history. Polymer nanocomposites have 
shown superiority due to the addition of fillers (glass or carbon fibers) [74]. Various 
graphene-based nanocomposites can be produced with metals (Ag, Zn, Au, Mg, and 
Ni), nonmetals, and polymers for various applications, including biomedical appli-
cations [9, 65, 73, 75]. Important properties of graphene nanocomposites include 
improved surface properties [3, 64], mechanical properties [64], protective coatings, 
anticorrosion coatings [76, 77], friction reduction [64], antibacterial applications 

Fig. 10 Doping on graphene: (a) types of doping (p- and n-type) [71] and (b) doping by hetero-
atom replacement into the graphene lattice [72]
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Fig. 11 Characterization of nanocomposite formed from GO sheets decorated with Ag (GO-Ag). 
(a) Transmission electron microscopy (TEM) image, (b) Raman spectra, and (c) X-ray diffraction 
(XRD) [47]

Fig. 12 Various applications of graphene-based materials
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[78], biocompatibility [76, 77, 79], etc. The silver nanoparticles (AgNPs) can be 
decorated on GO to produce GO/Ag nanocomposite (Fig. 11) [47, 79]. The nano-
composite can be used as a coating and an antimicrobial agent [47]. The ID/IG ratio 
of GO/Ag nanocomposite may be slightly increased due to an increase in the disor-
der of the GO/Ag matrix [47, 80]. The details of other graphene nanocomposites for 
various applications are discussed in the later parts.

5  Graphene for Dental and Implant Applications

Graphene has useful potentially promising properties for biological applications. In 
addition, the use of graphene materials in fabricating nanocomposites with different 
polymers has been explored [3, 9]. The biomedical applications of graphene-based 
materials include various applications, such as antibacterial, coating material and 
anticorrosion, friction reduction, drug delivery, and therapeutics (Fig.  12) [76]. 
Graphene is also considered as an alternative candidate for implant coatings as it is 
chemically inert and highly durable.

5.1  Antibacterial Application

Bacteria and fungi survive in nature by forming biofilms (self-produced polymer 
matrix consisting of polysaccharide, protein, and extracellular DNA) on surfaces of 
teeth, prostheses, or implant-anchored restorations [81]. The biofilm formation on 
dental implants can result in a serious infection leading to its failure.

An implant is a prosthetic device placed in the human body for various purposes, 
and in dentistry, it is widely used for replacing teeth or aids in the retention of the 
dental prosthesis [82]. There is always a challenge to produce implant having good 
osseointegration inhibiting the bacterial colonization to prevent infection, simultane-
ously [83–85]. Despite long-term survival rates of dental implants, the complications 
and peri-implant diseases (peri-implant mucositis and peri-implantitis) are common 
and, in severe cases, it results in the loss of the implants and their prostheses [86, 87]. 
Peri-implant mucositis is the inflammation limited to the peri-implant mucosa in the 
absence of continuing marginal loss following initial bone remodeling. It is revers-
ible through an early intervention and removal of etiology. Peri- implantitis is a 
pathologic condition characterized by inflammation of soft tissue with further loss of 
supporting bone exceeding the bone remodeling around the implant, thereby leading 
to its loss. The peri-implantitis and bone resorption generally start from the implant 
neck due to the complex environment in this region. The bacterial colonization of 
implant surfaces is a major cause of peri-implantitis and its failure.

Many materials are known for antimicrobial properties, such as gold nanoparti-
cles (AuNPs), AgNPs, nanodiamond (ND), and graphene-based nanomaterials [88]. 
Although AgNPs show the antibacterial characteristics, practical applications of 
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AgNPs are often hampered by their aggregation and subsequent loss of antibacterial 
activity [88, 89]. In addition, concerns about the cytotoxicity of AgNPs towards 
human cells have been noticed [90]. Hence, the concentration of AgNPs should be 
minimal to avoid complications. Therefore, AgNPs can be decorated on GO to pro-
duce GO-Ag nanocomposite for increasing antimicrobial activity [47, 53]. AuNPs 
have been used more on microbial identification rather than antimicrobial applica-
tions [91, 92]. In addition, NDs are highly stable in corrosive media, which limits 
their decomposition or transformation to materials with potential toxicity and 
decreased activity [88]. Hence, graphene-based materials are biocompatible having 
strong antimicrobial properties to prevent bacterial colonization [78, 83, 93]. 
Agarwalla et al. [93] studied the surface and wettability characteristics of graphene 
coating on titanium (Ti) and their microbial biofilm interaction for Streptococcus 
mutans, Enterococcus faecalis, Pseudomonas aeruginosa, and Candida albicans. 
Graphene was deposited on Ti (Control) via a liquid-free technique and transferred 
once, repeated twice and five times. They found that repeated twice showed high 
quality and coverage, and decreased biofilm formation for all species. For the gra-
phene transfer process, wet transfer onto substrates employs hazardous chemicals 
limiting the clinical applications. A dry transfer technique based on a hot-pressing 
method allows to coat Ti substrates with high-quality graphene and coverage 
area >90% with a single transfer [83]. The increased hydrophobicity of graphene 
films was correlated with the decreased biofilm formation for various species. All 
these findings show that the graphene coatings produced by dry transfer technique 
on Ti implants is a promising strategy to prevent biofilm formation on implants.

Graphene coatings enhance cell adhesion and osteogenic differentiation. Gu 
et  al. [94] modified the surface of Ti implants and studied the antibacterial and 
osteoinductive effects of single-layer graphene sheets. CVD-grown single-layer 
graphene sheets were transferred to Ti disks, followed by a thermal treatment of 2 h 
at 160 °C to enhance the adhesion strength of graphene. Graphene coatings of Ti 
enhanced cell adhesion and osteogenic differentiation showed antibacterial activity 
to Ti substrate which was not affected by the thermal treatment. Similarly, another 
study found that the graphene layer promoted the osteogenesis differentiation of 
mesenchymal stem cells and surface bioactivity [95]. Hence, graphene can be used 
as a bioactive layer to improve the surface properties of NiTi-based dental and 
orthopedic implants.

GO can be functionalized to increase antimicrobial activity. Silver nanoparticles 
(AgNPs) can be decorated on GO to produce GO/Ag nanocomposite for increasing 
antimicrobial applications (Fig. 11) [47, 53]. The nanocomposite showed excellent 
antibacterial activity against Escherichia coli (E. coli) and Staphylococcus aureus 
(S. aureus) [53]. Zhao et al. [58] fabricated gelatin-functionalized GO (GOGel) sur-
face coatings on nitinol substrates. The antimicrobial property and biocompatibility 
were studied. The GOGel showed the best cell adhesion, proliferation, and differen-
tiation of mouse osteoblastic cell performance. In addition, they found that E. coli 
was inhibited on GOGel and GO. The bacterial cell membrane failed their integrity 
and showed the low live/dead ratio of E. coli after incubation on GOGel and GO in 
fluorescent images. Hence, the GO-based coatings have both antimicrobial activity 
and biocompatibility.
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Chen et al. [96] conducted a study on the interaction between GO and four phy-
topathogens. They studied the antimicrobial activity of GO against two bacterial 
pathogens, Xanthomonas campestris pv. undulosa (X. campestris pv. undulosa) and 
pseudomonas (P. syringae), and two fungal pathogens, Fusarium oxysporum 
(F. oxysporum) and Fusarium graminearum (F. graminearum) (Fig.  13). They 
reported that 90% of the bacteria were killed and 80% macroconidia germination 
was suppressed along with cell lysis by the GO.

In addition, Chen et al. [96] proposed a mechanism where GO connects the mul-
tiresistant bacterial and fungal spores with GO sheets decreasing the potential of 
bacterial membrane causing cell lysis and the electrolytes leakage of fungal spores 
(Fig. 14).

Fig. 13 Cell viability on microscopy images: (a) X. campestris pv. undulosa, (c) P. syringae, (e) 
F. oxysporum, and (g) F. graminearum after staining with propidium iodide (PI) and fluorescence 
stain (FS), and (b, d, f, and h) fluorescence microscope images of cells after exposure to GO 
(500 μg mL−1). Fluorescence assay shows the antimicrobial activity of GO as the % of bacteria or 
spores stained with PI (red color) or % of loss of viability [96]

Fig. 14 Diagram showing the mechanism of antibacterial activity of GO against bacterial patho-
gens and fungal spores [96]
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5.2  Coating and Anticorrosion

Metallic biomaterials are widely used in joint replacements, dental implants, ortho-
pedic fixations, stents, orthodontic, and endodontic applications [97]. Coating on 
metal alloys becomes sometimes an important aspect to prevent the release of metal 
ions such as Ni, Ti, and Ag [97, 98]. Although various polymer composite coatings 
have been tried on metal alloy especially NiTi, there has always been difficult to 
make successful coatings [99–111]. The drawbacks of polymers coating include 
roughness, porosity, nonuniformity, and toxicity of the components [112]. The 
polymer coating on metal may become rough or detach from the metal surface after 
long-term use. Although graphene is only one atom thick, it is extremely inert and 
impermeable to gasses (oxygen) and liquids (water) [4]. The use of graphene as a 
coating and preventing corrosion has been widely studied and found that it can be 
used as a corrosion barrier film because it is chemically inert, atomically stable, and 
highly durable [77, 113–116]. In addition, it can be grown directly on from simple 
to complex metal surfaces. Graphene coating protects metal (Mg, Zn, Ni, Al, etc.) 
surfaces from corrosive environments [113, 115, 117]. Singh et al. [118] found that 
graphene  composite coating reduced the corrosion of Cu. The promising potential 

Fig. 15 Graphene-blended polyvinyl (GPVA) nanocomposite coating for corrosion protection:  
(a) Nyquist plot for bare aluminum-2219 alloy (Al-2219) and polyvinyl-coated (PVA-coated) 
Al-2219, (b) Nyquist plot for GPVA-coated Al-2219, (c)  Bode plot obtained from the impedance 
analysis, and (d) Tafel plot of bare Al, polyvinyl alcohol (PVA)-coated Al, and GPVA-coated Al

Potential Applications of Graphene-Based Nanomaterials in Biomedical, Dental…



94

observed from anticorrosion effects of graphene suggested that it can be used in 
orthodontics (archwires), endodontics (files and reamers), and prosthodontics 
(metal prostheses) [75, 77, 113].

Hikku et  al. [119] tested the corrosion of graphene/polyvinyl nanocomposite 
coating for aluminum-2219 alloy (Al-2219). They found that GPVA-coated Al-2219 
showed good corrosion property compared to others (corrosion rate for Al-2219 was 
45.25 mm year−1, for polyvinyl alcohol (PVA)-coated Al-2219 was 2.576 mm year−1) 
and graphene-blended polyvinyl alcohol (GPVA)-coated Al-2219 alloy showed 
3.853 × 10−4 mm year−1 in 3.5% NaCl solution as shown from Nyquist plot, a Bode 
plot, and Tafel plot (Fig. 15). In conclusion, based on these findings, it shows that 
graphene has a promising anticorrosion potential.

Graphene as a coating material has the potential to improve implant surface prop-
erties and corrosion reduction [120–122]. Podila et  al. [120] grew graphene on 
Copper via CVD and then transferred onto nitinol implant substrates and studied the 
effect of graphene coatings on cell adhesion and morphology. They found that the 
graphene coating on nitinol substrates improved the biological response (cell adhe-
sion, smooth muscle actin expression, and protein adsorption) compared to uncoated 
nitinol. Thus, graphene-coated nitinol is a viable candidate for a stent material. In 
addition, surface modification of Ti can enhance the osseointegration of implants. 
Suo et al. [121] developed homogeneous and crack-free GO/chitosan/hydroxyapatite 
(GO/CS/HA) composite coating by electrophoretic deposition on Ti substrates. Their 
results showed that the wettability and bonding strength of the coating were enhanced 
compared with HA, GO/HA, and CS/HA coatings. Furthermore, the coating greatly 
increased the cell-material interactions in vitro and enhanced osseointegration in vivo. 
Hence, the GO/CS/HA-Ti could be a potential alternative in implant dentistry.

Mg is a promising safe biodegradable implant material, but its corrosion speed 
and hydrogen gas production need to be controlled for biomedical applications. Catt 
et al. [117] developed a conducting polymer 3,4-ethylenedioxythiophene (PEDOT) 
and GO composite coating as a corrosion control layer using electropolymerization. 
They found that the PEDOT/GO coating significantly reduced the rate of corrosion 
as evidenced by lower Mg ion concentration and pH of the corrosion media. In addi-
tion, the coating decreased the evolved hydrogen. PEDOT/GO corrosion protection 
was attributed to three factors: an initial passive layer preventing solution ingress, 
buildup of negative charges in the film, and formation of corrosion protective Mg 
phosphate layer through redox coupling with Mg corrosion. In addition, the coating 
showed no toxicity to cultured neurons showing the biocompatibility of the coated 
implants in  vitro. These results suggest that PEDOT/GO coating is an effective 
treatment for controlling corrosion of Mg-based medical implants.

GO coating is also a promising material for regenerative dentistry. Zhou et al. 
[116] evaluated the bioactivity of human periodontal ligament stem cells (PDLSCs) 
on GO-coated Ti (GO-Ti) substrate in vitro as compared to sodium titanate (Na-Ti) 
substrate. They found that with GO-Ti substrate, PDLSCs exhibited significantly 
higher proliferation rate, alkaline phosphatase (ALP) activity, and upregulated gene 
expression level of osteogenesis-related markers of collagen type I, ALP, bone sia-
loprotein (BSP), runt-related transcription factor 2 (Runx2), and osteocalcin (OCN) 
compared to Na-Ti substrate. Moreover, GO promoted the protein expression of 
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BSP, Runx2, and OCN. These findings suggest that the combination of GO and 
PDLSCs provides a promising construct for regenerative dentistry.

5.3  Friction Reduction

There is a role of friction in dentistry and implant dentistry. Friction is a part of the 
resistance to movement as a bracket slide along an archwire [123]. A considerable 
amount of force is lost during friction in orthodontic teeth movement [123, 124]. 
Hence friction reduction becomes often an important part to accelerate the teeth 
movement in orthodontics.

Various biomaterials have been studied for friction reduction in biomedicine, 
such as polymers, hydrogel, chitosan derivatives, silicone, protein lubrication, and 
ZnO NPs [125–127]. But the results show that the friction reduction property is not 
as expected and coating is not stable, and further research is needed to develop sta-
ble coating with good lubricating properties.

The lubrication and friction reduction properties of graphene film coatings have 
been studied widely and show that they have promising friction reduction properties 
[49, 128, 129]. One study shows that GO in water improved the lubrication with a fric-
tion coefficient of 0.05. Similar results were found by other studies that used graphene 
coatings [49, 129]. Hence, graphene can help to reduce the friction of various metal-
based prostheses [128]. GO/AgNPs coatings can be used as a coating material to reduce 
friction. Rokaya et al. [64] developed GO/AgNPs coatings on medical-grade NiTi alloy 
using electrophoretic deposition and studied the mechanical and tribological properties. 
The coating thickness ranged from 0.46 to 1.34 μm. The friction coefficients of the 
coated NiTi alloy were significantly lower compared with that of the uncoated NiTi 
alloy. From these studies, it shows that thin film of graphene-based coatings having 
favorable hardness and Young’s modulus helps in friction reduction.

The role of friction in implant dentistry is a clear understanding of the factors 
influencing secure preload necessary to prevent screw loosening. Bulaqi et al. [130] 
studied the effect of coefficient of friction and tightening speed on screw tightening. 
They found that the coefficient of friction is the most influential factor on efficiency. 
Increasing the tightening speed lowered the response rate to the frictional resistance, 
thus diminishing the coefficient of friction and slightly increasing the preload. 
Increasing the tightening speed has the same result as reducing the coefficient of 
friction. Hence, GO coatings can be used for the reduction of coefficient of friction.

5.4  Drug Delivery and Therapeutics

Biomaterials have been used as controlled release reservoirs for drug delivery [131]. 
Therapeutics drug delivery to bones to treat skeletal diseases or prevent postsurgical 
infections is challenging due to complex and solid bone structure that limits blood 
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supply and diffusion of therapeutics administered by systemic routes to reach effec-
tive concentration. Various materials are used for the drug delivery: polymers in the 
form of tablets, implants, microspheres, nanoparticles, drug-eluting stents, and 
polymeric scaffolds to achieve the goal of controlled drug delivery [132], and 
nanoscale drug delivery systems include nanoparticles, nanocapsules, nanotubes, 
nanogels, and dendrimers [131]. But the key issue faced by most of the above drug 
delivery systems are low efficacy and therapeutic profile [133]. Other limitations 
include suboptimal bioavailability, limited effective targeting, and potential cyto-
toxicity [131]. Drug delivery systems should be synthesized with controlled compo-
sition, shape, size, and morphology and their surface properties should be 
manipulated to increase solubility, immunocompatibility, and cellular uptake. 
Hence, graphene-based materials have favorable properties for advanced drug 
delivery systems and therapeutics as the planar structure of graphene has an  excellent 
capacity to immobilize metals, drugs, biomolecules, probes, and cells [134, 135]. 
Graphenes have a large surface area and can be easily functionalized which pro-
vides opportunities for drug delivery [4, 136]. They can bind to drug molecules and 
thus form as carriers of small molecules to the desired spot [4, 137]. In addition, it 
can pass through the membrane barrier as it is lipophilic. In addition, GO-based 
gene delivery can be achieved through conjugating hybrid gene carrier polyethyl- 
enimine (PEI) to GO which improves binding of DNA and condensation and makes 
efficient transfection (Fig. 16) [138].

Ti and their alloys are employed as mainstream implant materials in dentistry 
and orthopedics. Recently, Ti drug-releasing implants, with emphasis on nanoengi-
neered Ti nanotubes structures, are developed for solving key problems to improve 
implants osseointegration, overcome inflammation and infection together with pro-
viding localized drug delivery for bone diseases [139]. Graphene may be integrated 
with Ti nanotubes to bones that can address many disorders and postsurgical condi-

Fig. 16 Diagram showing the plasmid DNA delivery into cells using polyethyl-enimine modified 
GO (PEI–GO) [138]
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tions, such as inflammation, implants rejection, and infection. Hence, graphene- 
based implant is useful in the treatment of various diseases including peri-implantitis 
using local drug delivery and gene therapy.

GO can be functionalized covalently with chitosan for successful drug delivery 
and gene therapy. Bao et al. [140] used chitosan with GO (CS–GO) as a nanocarrier 
to transport a water-insoluble drug and a plasmid DNA (pDNA) into human cancer 
cell lines efficiently. But further investigations are needed before clinical use. 
Moreover, GONPs have the potential to exert inhibitory effects on tumor cells [141–
143]. GO with amine groups (GO–NH2) leads to increased reactivity of the NPs. 
Krasteva et  al. [144] evaluated GO–NH2 as new molecules for the therapy of 
colorectal cancer. They found that GO–NH2 can result in cytotoxicity effect on can-
cer cell through the induction of reactive oxygen causing DNA damage and 
apoptosis.

GO is also an efficient carrier for the delivery of therapeutic proteins [135]. La 
et al. [135] coated Ti substrates with GO using layer-by-layer assembly of positively 
charged GO sheets (GO-NH3

+) and negatively charged GO sheets (GO-COO−). 
Later, a therapeutic protein (bone morphogenetic protein-2, BMP-2) was loaded on 
the GO-coated Ti substrate with the coating layer of GO-COO− (Ti/GO−). The GO 
coating on Ti substrate enabled the loading of large doses and the sustained release 
of BMP-2 with preservation of the structure and bioactivity of the drug. The extent 
of in vitro osteogenic differentiation of human bone marrow-derived mesenchymal 
stem cells was higher when they are cultured on Ti/GO-carrying BMP-2 than when 
they are cultured on Ti with BMP-2. Eight weeks after implantation in mouse mod-
els of calvarial defects, the Ti/GO-/BMP-2 implants showed more new bone forma-
tion compared with Ti, Ti/GO-, or Ti/BMP-2 implants. Hence, GO is an effective 
carrier for the controlled delivery of therapeutic proteins, such as BMP-2, which 
promotes osteointegration of orthopedic or dental Ti implants.

Graphene-based materials are also useful in the treatment of cancer. The conven-
tional cancer therapy/chemotherapy has sometimes failed to treat cancer because of 
lack of targeting capacity, its side effects, or its toxicity. The major challenge is the 
lack of efficient gene delivery vectors or vehicles and small biomolecules are 
digested easily in the body [145]. Graphene-based materials (especially GO and 
rGO) are also promising candidates for cancer therapy [37, 136, 146, 147]. Due to 
their unique physicochemical and optical properties including the extremely large 
surface area, modifiable active groups, and strong photothermal effect, they can act 
either as tunable carriers or as active agents for advanced chemotherapeutics deliv-
ery and cancer therapy [136]. In addition, the pH-dependence of GO emission pro-
vides the sensing of acidic extracellular environments of cancer cells, therefore 
killing the cancer cells [146]. Similarly, gene therapy has become successful in the 
treatment of genetic disorders and cancer as gene therapy has advantages of high 
potency with low off-target toxicity, and can treat tumor recurrence and drug resis-
tance [11, 133, 148–152]. Figure 17 shows the gene therapy with the use of trans-
genes that can produce proteins or convert a compound into a drug after introducing 
into tumor cells. Therefore, combing photothermal therapy, targeted drug delivery, 
and chemotherapy would have great potentials for efficient cancer therapy. Graphene 

5 Graphene for Dental and Implant Applications



98

and its derivatives have been also been found to activate immune cells (IL-6, IL-8, 
and IL-10) [153, 154]. This immunomodulation can be useful in a developing new 
vaccine, drug delivery, and biosensors.

6  Conclusion

Graphene-based materials are promising materials in biomedicine, dental, and 
implant applications. Although the applications of graphene show several chal-
lenges, many attempts have been tried and have shown promising results regarding 
biofunctionalization and applications. Through the multidisciplinary approach 
among biomedicine, dentistry, chemistry, and engineering, it may assist the deeper 
understanding of graphene-based materials bioapplications efficiently.

Fig. 17 Diagram showing the gene therapy and delivery strategy. Left side shows the gene thera-
pies using a suicide gene, short hairpin RNA (shRNA), and antisense oligonucleotide (ASO). 
Right side shows the delivery strategies using viral vectors (adenovirus, lentivirus, retrovirus, and 
stem cells) and nonviral-based delivery vectors (nanoparticles, polymers, and liposomes) [148]
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Abstract The objective of research in implantology is to provide materials and 
surfaces that could accelerate the healing and osteogenesis, minimize the failures, 
and provide long-term success.

The production of treated surfaces with additive or subtractive techniques have 
permitted to increase the bone–implant contact, to accelerate the loading protocols 
and decrease the early failures; some authors have hypothesized that the increased 
wettability of these novel surfaces could also increase the bacterial adhesion and the 
risk of peri-implantitis; however, there are many parameters that influence the bio-
film formation.

One of these is represented by the average roughness, Ra, but also other factors, 
like free energy, chemistry, and titanium purity, have a great role in the establish-
ment of the microbiota.

In this chapter, we will discuss the novel materials and surfaces that could 
decrease early failure and improve long-term success in implantology.
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1  Introduction

Recent advancements in all implantology fields, in techniques, biomaterials, and 
implant micro and macro design, have permitted to simplify the surgical procedure, 
to accelerate the treatment time and to adopt immediate loading protocol with lower 
insertion torque values, compared to the past [1, 2]. However, although the concept 
of implant survival is different from those of successful criteria, implant failure is 
still a significant concern for implantology [3].

Early implant failures have been associated to endogenous host factors that could 
affect the bone healing, like the bone quality and quantity, the presence of systemic 
or metabolic diseases, and smoke, but also to exogenous factors like implant fea-
tures, the surgical technique, and implant site infections [1, 4]. Late failures are a 
consequence of bone resorption promoted by an inflammation mediated by bacterial 
or prosthetic factors.

In particular, Albrektsson et al. have defined the marginal bone loss around den-
tal implants as “immune-osteolytic reactions,” because the delicate balance between 
the osteoblast and the osteoclast results in bone resorption as a consequence of 
systemic and local factors and habits of the patient [5].

• Systemic factors: comprehend the genetic and systemic disease.
• Local factors: comprehend cement or impression material debris in the peri- 

implant sulcus, bacterial contamination of the implant components, and techni-
cal issues such as loose screws, mobile components, or fractured materials.

• Habits of the patients: like smoking.

As recently stated by the 2017 World Workshop on the Classification of 
Periodontal and Peri-Implant Diseases and Conditions, peri-implant health is char-
acterized by the absence of erythema, bleeding on probing, swelling, and suppura-
tion. Peri-implant health can exist around implants with reduced bone support and 
it was not possible to define a range of probing depths compatible with health [6].

The peri-implant disease comprehends two different pathologies: mucositis, 
characterized by a prevalence of 43% (95% CI: 32–54) and peri-implantitis that is 
present in the 23% (95% CI: 14–30) of cases as recently reported by a review [7]. 
The first is characterized by a reversible inflammatory process similar to gingivitis 
that occurs in the peri-implant soft tissues and that not necessarily transform in peri- 
implantitis [8]. In histological studies of mucositis, the inflammatory infiltrate did 
not extend the “apical” of the junctional/pocket epithelium into the supracrestal 
connective tissue zone [6].

Peri-implantitis is an inflammatory disease that causes the destruction of the 
bone around dental implants (Fig. 1). In this photograph it is possible to appreciate 
the clinical signs of peri-implantitis: inflammation of the peri-implant tissues, 
bleeding and/or presence of suppuration at gentle probing and the increase of pock-
ing deep. The prevalence of peri-implantitis ranges between 15% and 20% after 
10 years [9]. Figure 2 represents radiological signs of peri-implantitis on the fixture. 
The intraoral radiography permits to appreciate the clinical signs of peri-implantitis; 
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on the left there is a healthy fixture and on the right an implant is affected by peri- 
implantitis. The area that surrounds the bone defect has been highlighted in red.

Criteria for diagnosis of peri-implantitis comprehends bleeding (BOP) and/or 
suppuration on probing, increasing pocket depth, and signs of increasing crestal 
bone loss [8]. However, the use of BOP as a diagnostic tool is not appropriate for 
peri-implantitis since up to 90% of implants with stable bone conditions bleed on 
probing [5].

Although these symptoms are very similar to those of periodontitis, recent litera-
ture has shown that they are characterized by a different onset and progression. 
They are both originated by the contemporary presence of bacteria and excessive 
host response [10]. However, contrary to periodontitis, there is no consensus about 
what species of bacteria could lead to dysbiosis causing the pathology. Peri- 
implantitis is characterized predominantly by nonculturable gram-negative species 
compared with periodontitis [11].

In particular, a recent article by Lafaurie et al. has shown the microbiological 
differences between periodontitis and peri-implantitis [11]. The microbiological 
surveys have shown that both diseases are characterized by the presence of 
Porphyromonas gingivalis, however, periodontitis is characterized by a higher pres-
ence of some species, like Prevotella intermedia, Campylobacter rectus, and 
Tannerella forsythia [11]; on the contrary, a greater presence of enteric rods, 
Pseudomonas aeruginosa, Staphylococcus aureus, and Candida albicans was 
recovered more frequently and at higher levels in periimplantitis.

Other differences between periodontitis and peri-implantitis are connected to the 
absence of periodontal ligaments around implants, so the peri-implantitis affecting 
directly the bone can be considered an osteitis. In particular, Albrektsson has defined 
this disease as “immune-osteolytic reactions” [5].

A histological study on dogs, published by Carcuac et al., has shown that sam-
ples from peri-implantitis sites were characterized by higher size, were more close 

Fig. 1 Clinical signs of 
peri-implantitis
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to the crestal bone, and contained larger proportions of neutrophil granulocytes and 
osteoclasts [12]. They also highlighted that the amount of bone loss that occurred 
during the period following the ligature removal was significantly larger at implants 
with modified surface than at machined implants and natural teeth [12]. Moreover, 
in periodontitis lesions, the bone was not directly involved by the inflammation but 
surrounded by a non-infiltrated connective and the same bacterial biofilm was sepa-
rated from the connective tissue by a pocket epithelium.

In a later study on humans, the same author has shown that periodontitis lesions 
were surrounded on one side of the pocket by epithelium and on the other side by a 
portion of non-infiltrate connective tissue [13]. On the contrary, peri-implantitis 
lesions were characterized by a greater infiltrated connective tissue, twice larger; it 
extended more apically in the pocket epithelium and it was not surrounded by a not 
infiltered connective. Peri-implantitis sites were characterized by a higher vascular 
density, but the vascular diameter was larger on periodontitis sites. The density of 
inflammatory cells, like CD68-(macrophages), was greater on peri-implantitis sites, 
and in particular, Myeloperoxidase MPO-positive cells (neutrophil granulocytes) 
and CD138-positive cells (plasma cells) occurred in three to six times larger num-
bers than their counterparts in periodontitis lesions [13].

The study of the aetiological factors and modalities of prevention of peri- 
implantitis is fundamental: there is not a specific bacterial complex that initiates the 
disease, on the contrary, emerging importance is gaining the interaction between 
titanium surface and peri-implant microbiota [14].

Potential mechanisms of peri-implant bone loss include [9]:

Fig. 2 Radiological signs 
of peri-implantitis on the 
fixture on the right side; 
the area of bone defect has 
been highlighted in red
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• The microbial biofilm
• Cement excess
• Implant malposition
• Metal ion/particle release

Additional trigger mechanisms for peri-implant bone loss comprehend [5]:

• Susceptible host
• Prosthetic factors
• Surgical factors
• Biomechanical factors

2  Titanium

The material normally used for the realization of endosteal dental implants is com-
mercially titanium pure (cpTi); it is more rarely associated with other elements such 
as vanadium (V), aluminum (Al), molybdenum (Mo), niobium (Nb), and zirconium 
(Zr) that they often generate better mechanical properties, but have a different 
response in terms of biocompatibility compared to the pure form [15].

It is important to highlight that at about 883 °C pure titanium transforms from the 
allotropic “α-form” with a closed packed hexagonal crystal structure, to the “β” 
with a body-centered cubic structure. However, the presence of such elements in the 
alloy tends to stabilize the α form, like Al, O, and N, and others tend to stabilize the 
β, like V, Mo, Nb, Fe, and Cr [16]. The ratio of the two allotropic forms in the tita-
nium alloys influences the mechanical properties of strength, ductility, modulus of 
elasticity, cycle fatigue, and fracture toughness.

Titanium is in the fourth period of the table of elements, that is, the transition 
metals, in the group 4B; it is characterized by a low atomic and ionic volume and a 
high melting and boiling points. It is a light, hard material with a low density, 40% 
less than steel, but with equal resistance; it weighs 60% more than aluminum but 
with double the resistance.

The main characteristics of titanium are:

• The excellent biocompatibility
• Low density
• The great electrochemical stability
• High mechanical resistance
• Sufficient rigidity and tenacity

All these features make the titanium the ideal material for the production of 
fixtures.

The American Society for Testing and Materials (ASTM) classified commer-
cially pure titanium (cpTi) in grades from 1 to 4, based on the content of oxygen 
(increasing from 0.18 to 0.40) and iron (increasing from 0.20 to 0.50): this increase 
is accompanied by the improvement of the mechanical characteristics. Grade V 
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refers to the titanium alloys Ti-6Al-4V [17]. Titanium (Ti) and its alloys in contact 
with air or water form a titanium dioxide (TiO2) layer, characterized by biocompat-
ibility, high resistance to corrosion and to the fluids excreted or secreted from the 
human body, minimizing the metallic ion release [18–20]. Thanks to these charac-
teristics they are widely used for biomedical applications or dental implants produc-
tion; however chemically and/or physically superficial treatments are able to trigger 
specific molecular events at the cell-material interface, influencing the speed, 
strength, and degree of osseointegration [21, 22].

Titanium shows more than one state of oxidation, so from titanium originate 
titanium monoxide (TiO), titanium dioxide (TiO2), and titanium trioxide (Ti2O3). 
The crystal lattices in which titanium oxide exists, anatase, rutile, and brookite 
influence the iatrogenicity; anatase is better in attracting calcium and phosphate 
ions from the physiological environment to form an appetite coating. However, 
rutile is characterized by both basic and acidic hydroxyl groups on the surface and 
by surface energy, so the mixture of rutile and anatase could help to improve the 
osteogenic activity of titanium [23].

When titanium fixtures are inside the bone structure, the stoichiometric relation-
ship between Ti/O is in relation to the distance that occurs with the external environ-
ment, richer in oxygen. Furthermore, within the bone structure, the layer of titanium 
oxide undergoes gradual maturation, increasing its thickness from 7  nm up to 
200  nm, meanwhile its composition changes, for the establishment of a balance 
with the tissues surrounding and the formation of precipitates. Steinemann reports 
constant stability of the dioxide of titanium between pH 3 and 12 in a special solu-
tion [24].

The Ti6Al4V alloy is characterized by higher tensile strength and toughness, 
which is similar to Cr/Co alloys. It is largely used in orthopedic surgery where high 
and repeated stresses occur.

There are no significant advantages of using this alloy in dentistry: the presence 
of Al and V are particularly implicated in toxic phenomena and aluminum seems to 
negatively affect the expression of osteocalcin and the mineralization of the extra-
cellular matrix. Moreover, in vivo and in vitro studies have shown that the release of 
particles from this alloy increases the release of inflammation-inducing mediators 
such as prostaglandin E2, interleukin-1, interleukin-6, and tumor necrosis fac-
tor [17].

2.1  Superficial Characterization of Titanium

The superficial characterization of titanium is fundamental both for increasing the 
initial bone–implant contact (BIC) and for the interaction with host and bacterial 
cells. The first implants used in the history were characterized by a machined 
smooth surface with a 30–40% of BIC (Fig. 3). Superficial treatments have permit-
ted to increase this value to 60–70% [15]. Regardless of the material, the initial 
interaction between the cells and the implant surface is fundamental for achieving 
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osseointegration. Figure 4 observes the nano-roughness that characterizes the sur-
face of machined titanium using 3D image. Also in a macroscopical observation, it 
is possible to see that this surface, which is traditionally considered as smooth, is 
characterized by the presence of concentric lines that are the results of manufactur-
ing procedures (Fig.  5). It is possible to observe the increase of roughness, the 
darker color, the opacity of the discs, and the absence of the concentrical lines that 
characterize the machined discs (Fig. 6). The increase of roughness, the opacity of 
the discs, and the absence of the concentrical lines that characterize the machined 
discs can be observed as shown in Fig. 7.

According to Albrektsson and Wennerberg, the surface roughness can be classi-
fied into four categories, or roughness [25]:

• Smooth surfaces (average roughness value Sa <0.5 μ)
• Surfaces with minimum roughness (Sa 0.5–1 μ)
• Moderate roughness surfaces (Sa 1–2 μ)
• Rough surfaces (Sa >2 μ)

Fig. 3 A machined 
titanium observed at 10× 
magnification through an 
optical camera associated 
to a Bruker Atomic Force 
Microscopy (AFM). The 
machined surfaces are not 
totally smooth, but are 
characterized by a 
superficial topography, that 
is the resultant of the 
manufacturing procedures

Fig. 4 3D image of a 
Machined surface obtained 
from AFM observation 
(scan size 10 μm × 10 μm)
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Superficial roughness can be obtained with subtractive or additive techniques.
The more numerous subtractivetechniques are:

• Sandblasting, that is the bombardment of the surface of titanium by granules of 
variable diameter, of 60–90 μm, consisting of oxides such as trioxide of alumi-
num (Al2O3), titanium dioxide (TiO2), zirconium dioxide (ZrO2), and silicon car-
bide (SiC).

Fig. 5 Macroscopical 
aspect of a titanium 
machined disc

Fig. 6 Macroscopical 
aspect of a double 
etched surface
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Fig. 7 Microscopical 
aspect of an acidified and 
sanded titanium

Fig. 8 SEM observation at 
low magnification of a 
laser sintered titanium 
modified with 
organic acids
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• Acid etching, by using sulfuric acid, hydrochloric acid, hydrofluoric acid, etc. 
(Figs. 8, 9, 10, and 11). The ripples that are present in Fig. 9 are better repre-
sented in Fig. 11. The laser-sintered titanium modified by acid treatment is char-
acterized by the presence of elongated reliefs of different measure, height, and 
orientation.

• Combination of sandblasting and etching.
• Oxidation in a galvanic bath.
• Spark erosion.
• Laser sintered titanium.

Fig. 9 SEM observation at 
low magnification of a 
laser sintered titanium 
modified with 
organic acids

Fig. 10 A laser sintered 
titanium modified with 
organic acids observed at 
10× magnification through 
an optical camera 
associated to a Bruker 
Atomic Force 
Microscopy (AFM)

M. Petrini et al.



117

The additive techniques employ the use of a plasma flow which deposits titanium 
powder (plasma) on the system spray, hydroxyapatite powder, or titanium micro-
spheres. However, it has been shown that the nanotopographic features, like depth, 
width, (an)isotropy, and spacing (ridge-groove ratio), interact with cells via mem-
brane alteration and seem to be effective only if comprised between 70 nm and 5 μm 
[22, 26]. Moreover, nanoscale characterizations permit to increase the surface area, 
to improve the available sites for protein adsorption and cell interaction and conse-
quently the bone-to-implant contact [21, 27]. For these reasons, the nano- roughness 
(1–100  nm) is becoming more popular than micro- (1–10  μm) and macro- 
(10 μm–1 mm) features [21].

Many methods have been described to modify the titanium oxide layer, like 
chemical (acid and alkaline) and electrochemical treatments (anodic oxidation), 
plasma spray deposition, sol-gel formation, ion implantation, and thermal oxidation 
[28–30]. It is important to highlight that the increase in surface roughness does not 
always promote an increase in the wettability. It depends both on the chemistry and 

Fig. 11 AFM image of 
tridimensional topography 
of a laser sintered titanium 
disc modified with 
organic acids

Fig. 12 Water contact 
angle of a titanium 
smooth surface
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on the roughness of the surface [31]. Indeed, in solid materials, the wettability and 
the surface free energy have parameters very similar.

 The wettability can be measured through the static sessile method that permits 
to evaluate the water contact angle [32]. The wettability of a titanium surface is 
fundamental because it can influence the initial protein adhesion to the surface, the 
interaction of the tissues with the pre-conditioned surface, the bacterial and biofilm 
formation and consequently the in vivo osteointegration and long-term success [33]. 
Traditionally, if a surface is characterized by water contact angles lower than 90° 
[34], it is considered as hydrophilic; however, Vogler considered the cut-off at 65° 
[35] (Fig. 12). Figure 13 represents water contact angle of the same machined sur-
face treated with acids. The effect of acidification and increasing the roughness of a 
hydrophilic surface contributes to increase its wettability. As shown by the theory of 
contact angle hysteresis, the increase of roughness has the ability to promote an 
increase of the water contact angles in hydrophobic materials and a decrease of the 
same parameter on hydrophilic ones [36]. Figure 14 represents water contact angle 
after treatment with acids and sanded. The effect of sandblasting increases the 
roughness of a hydrophilic surface and contributes to further increase its wettability. 
The wetted area is inversely proportional to the contact angle as seen in Fig. 15.

Fig. 13 Water contact 
angle of the same 
machined surface treated 
with acids

Fig. 14 Water contact 
angle after treatment with 
acids and sanded
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The water contact angle is important also because the lower is the angle the 
greater is the wetting area, so during in vivo procedures, the blood will wet easer the 
implant surface [31]. However, there is still controversy in the literature about the 
ideal water contact angle of dental implants [32].

2.2  Microbiological Interaction with Surfaces Characterized 
by Different Roughness Wettability and Texture

The clinical performance, the plaque accumulation, the bacterial colonization, and 
the long-term success of dental implants are influenced by many fixture-related fac-
tors, like:

• Materials [37]
• Macro-geometry
• Type of connection between the fixture and abutment [38, 39]
• Implant profile
• Surface

 – Superficial micro-architecture [40–42]
 – Chemistry, wettability, and free energy [33]
 – Texture [43]

It is known that increased free energy and roughness values are associated to 
increased plaque retention and maturation; however, the role of these single param-
eters is not fully understood [44]. Bacterial colonization of the dental implants 
begins directly after exposure to the oral environment. The microbiota can be identi-
fied 30 min after implant installation and within 2 weeks, with an established com-
munity similar to that found around natural teeth in the same mouth [45]. The 
superficial parameters that mainly influence bacterial adhesion are roughness, wet-
tability, and texture [43]. The wettability of material is also fundamental: it has been 
shown that hydrophilic surfaces increase the cellular and bacterial adhesion; 

Fig. 15 Wetted area of three different titanium surfaces
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however, there are still conflicting hypotheses about the interaction between hydro-
phobic surfaces and bacteria.

It has been hypothesized that hydrophilic bacteria could prefer and adhere to 
hydrophobic surfaces and vice versa [43]. Moreover, it has been shown that in 
hydrophilic surfaces, an increase in the surface roughness (Ra) is related to a 
decrease in the water contact angle while for hydrophobic surfaces, an increase in 
the Ra is associated to an increase in the contact angle, because of the interposition 
of air bubbles between the surface and the water [46, 47]. Figure 16 shows micro-
biological analysis on titanium discs. It is possible to observe different types of 

Fig. 16 Microbiological 
analysis on titanium discs

Fig. 17 Live dead images 
of S. oralis on titanium 
machined discs at 48 h 
(green live cells, red 
dead cells)
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titanium discs immersed in a mixture of saliva and S. oralis. This type of experimen-
tation permits to monitor the different effects of titanium treatment on bacteria.

The relationship between surface roughness and biofilm formation has been 
largely studied but there is not a total consensus about this topic. Bollen et al. have 
found a threshold surface roughness of 0.2 μm, under which, a further decrease of 
roughness values did not further influence the quantity of bacterial adhesion [48].

Many authors have found a positive correlation between surface roughness and 
the adhering bacteria [49–51]. However, there is not a total consensus in the litera-
ture and some authors concluded that only Ra parameter is inadequate to describe 
the interaction with bacteria [52].

Coelho et al. concluded that although implants with increased surface roughness 
were the ideal solution in case of low bone density, they could increase the micro-
bial adhesion, as in the case of surface colonization [53]. Moreover, an in vitro study 
analyzed the early biofilm colonization up to 16.5 h on titanium surfaces with dif-
ferent surface roughness and concluded that there were no significant differences 
among different groups for what concerning the bacterial colonization [42]. Also 
Pita et al. have shown that biofilm formation was not affected by superficial rough-
ness [40]. Other studies concluded that roughness increases the bacterial adhesion 
only in the first minutes, but then, with the biofilm formation these differences 
decrease and are nullified starting after the 15th h [54]. For the evaluation of cell 
viability, the biofilm on disc surfaces can be examined with a LIVE/DEAD Viability 
Kit (Fig. 17). This technique stains viable cells with a green fluorescent signal, and 
propidium iodide stains cells with impaired membrane activity red. Then, the 
images are observed at fluorescent microscopy. In this image, it is possible to 
observe many cocci joined together to form many chains.

A recent study of Wassmann et al. concluded that both surface roughness and 
wettability may influence the adhesion properties of bacteria on biomaterials; and 
that in this context, the predominant factor is dependent on the bacterial species 
[43]. Indeed, they found that wettability was the predominant factor for S. epidermi-
dis and surface texture for S. sanguinis. In particular, S. epidermidis was character-
ized by a higher adhesion on hydrophobic surfaces, contrarily to S. sanguinis that 
was not affected by wettability but was increased proportionally to the surface 
roughness [43].

The nano-texture of the titanium is also fundamental for this reason. Wassmann 
et al. suggested that the only parameter of Ra analyzed through profilometer was not 
enough and that the use of AFM could permit to evaluate the nano-roughness of the 
materials [43]. A recent study analyzed the anti-inflammatory and antibacterial 
effects of titanium surfaces coated with three different shapes of nanostructured 
ceria nano-CeO2 (nanorod, nanocube, and nano-octahedron) [55]. The anti- 
inflammatory effects measured as decreased ROS production were shown in all 
surfaces; however, results showed that nanorod CeO2-modified Ti had more bacteria 
attachment of Streptococcus sanguinis in the early stages and exerted lower anti- 
inflammatory effect than the other two groups [55].
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2.3  The Release of Titanium Particles and their Role 
in Peri-Implant Inflammation

Emerging evidence suggests also a possible role of metallic particles that are 
released during drilling sequences and implant insertion and function, on modulat-
ing the inflammatory response of the host and in the interaction with oral biofilm 
[14]. During implant insertion, indeed, the superficial oxide layer could be affected 
by many factors, both mechanical, like frictions, and chemical, like an acidic envi-
ronment [56]. Moreover, the continuum exposition of the titanium oxide layer to 
saliva, bacteria, and chemicals can potentially dissolve it and corrosion cycles can 
be initiated, with the release of titanium particles in the surrounding tissues [56]. 
These factors could be exacerbated during the functional loading, in which particle 
release could increase for both action of chemical corrosion, friction and treatment 
for cleaning, disinfecting and debridement of the implants and abutments.

Titanium toxicity could manifest in several forms like hypersensitivity to tita-
nium and allergic reactions, bone loss due to inflammation reactions due to implant 
corrosion, and yellow nail syndrome [9, 57]. Rarer are phenomena of titanium 
allergy, it was estimated to be about 0.6%; they could manifest both immediately 
after the implant insertion and after many years: in these cases the implant removal 
permit to eliminate symptoms manifested as stomatitis or eczema [58, 59]. A pos-
sible mechanism that could lead to the onset of an inflammatory response is that 
TiO2 nanoparticles (TiO2-NP) could adsorb CXCL8 (and IFN-γ), which leads to the 
disruption of neutrophil chemotaxis and modifies local inflammatory mediator con-
centration [17]. The release of titanium particles seems influenced by many factors, 
and in recent years a new field in research is developing, the tribocorrosion [17, 60]. 
This term was obtained by the union of three words:

• Tribology: analyzed the influence exerted by friction, wear, and presence of 
lubrication

• Corrosion: analyze the behavior of the material versus different environmen-
tal factors

• Biochemistry: analyze the interactions between cells and protein

Titanium corrosion is increased at lower pH and is further enhanced in the pres-
ence of fluorine ions; on the contrary, it seems less influenced by organic acids [61]. 
However, the release of titanium particles is also influenced by the presence of 
inflammation or the formation of microbial biofilm that affects the surrounding pH 
[17]. Moreover, other factors could influence in vivo the corrosion of titanium and 
its alloys: the contemporary presence of H2O2 and albumin have a synergic effect for 
what concerning the promotion of Ti6Al4V corrosion [62]. The release of titanium 
particles during surgery could be influenced also by other factors, like the superfi-
cial treatment of titanium and the friction with bone during the fixture insertion 
[63]. A comparative study of Martini et al. showed that particle release was higher 
in titanium plasma-spray-coated titanium screws (TPS-Ti) and fluorohydroxyapatite- 
coated titanium screws (FHA-Ti) [63]. Recent literature suggested that the release 
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of titanium particles in peri-implant tissues could be involved in the etiology of 
mucositis and peri-implantitis [64]. Olmedo et al. have found significantly higher 
levels of particles inside and outside the epithelial cells and macrophages from the 
exfoliative cytological test in peri-implantitis sites than controls [65].

At last but not the least, it has been shown that the presence of bacterial lipopoly-
saccharide (LPS) seems to have a crucial role in promoting Ti release from fixtures 
surfaces at the mildly acidic and neutral pH levels, and Ti particles could lead to 
inflammation and the peri-implant environment [66]. On the contrary, the contem-
porary presence of LPS and an acidic pH (pH = 2) significantly inhibited Ti release. 
Also, the material used for abutment production seems to influence the titanium 
wear and the release of particles: different studies have shown increased titanium 
wear with the abutment in zirconia after loading cycles, but there is not a marked 
evidence about this topic [67, 68].

3  Zirconia

Zirconia is a crystalline zirconium dioxide that can be stabilized with calcium oxide 
(CaO), magnesium oxide (MgO), cesium oxide (CeO2), and yttrium oxide (Y2O3). 
This material is largely employed in dentistry, not only for the production of dental 
prosthesis but also for the fixtures, thanks to its properties of high flexural strength, 
corrosion resistance, biocompatibility, osseointegration, low plaque surface adhe-
sion, absence of mucosal discoloration, and esthetics [69]. Zirconia used in den-
tistry is mainly stabilized by 3% yttrium oxide thanks to its high resistance to 
solicitations. It has mechanical properties similar to stainless steel. The tensile 
strength ranges from 900 to 1200  MPa and its compressive strength is around 
2000 MPa. For this reason, this material could also be used for the production of 
drills. Recent studies have shown that zirconia drills are more resistant to wear if 
subjected to a repeated number of cycles of decontaminants or sterilization pro-
cesses. SEM observations and EDX analysis have shown that zirconia drills, con-
trarily to steel ones, after different cycles of decontaminants were not affected by 
significant changes, respect new drills [70]. On the contrary, stainless steel drills 
were affected by different treatments [71]. ZrO2 is not cytotoxic and is unable to 
generate changes in the cellular genome. Furthermore, zirconium oxide creates less 
inflammatory reactions at tissue level than to other materials such as titanium.

Another advantage of zirconia is the esthetic color that is more similar to dental 
hard tissues and for this reason, contrarily to titanium, it prevents bluish discolor-
ation of peri-implant soft tissues and may be beneficial if soft tissue recession occurs 
in the long term [69]. Zirconia implants are mainly produced as one-piece compo-
nents, in order to avoid technical problems connected to the fracture of some com-
ponents [72]. Currently, the percentage of success of zirconia fixtures after 1 year is 
about 96%. One issue concerning the use of zirconia is aging: in presence of water 
or vapor, in presence of compressive stresses and microcracking, it is slowly trans-
formed from the tetragonal phase into the monoclinic phase leads to slow 
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development of roughness, thus producing a progressive deterioration of the mate-
rial [73]. This process may be influenced by various aspects of the production pro-
cess, such as the macroscopic shape and the superficial characteristics of an implant, 
but this has not yet been fully elucidated.

Another technical problem is fracture that seems to be influenced by the implant 
production method. In one piece, no-prepared, zirconia implants, fracture lines were 
mainly horizontal, on the contrary, in implants modified by grinding, the fracture 
lines were vertically parallel to the long axis and the fracture strength was decreased 
from 2084 N when not prepared to 804 N when prepared [74].

3.1  Comparative Studies of Zirconia Versus Titanium

For what concerning the clinical performance of zirconia implants, different in vitro 
and in vivo studies have analyzed the BIC and removal torque of zirconia vs. tita-
nium fixtures with similar values of osteointegration [75, 76]. BIC ranged between 
26–71% on zirconia and 24–84% in titanium implants. Removal torque was com-
prised between 12–98 N cm in zirconia and 42–74 N cm for titanium.

As for titanium, the superficial roughness in zirconia is able to influence the 
interaction with host cells and, in particular, the expression of adhesion molecules 
like integrins alpha5 and beta1 [72]. The surface topography appeared to play a 
major role in the success of zirconia implants. It has been shown that the initial 
attachment of osteoblast-like cells was significantly higher on specimens with a 
mean roughness of 1.04 μm than those with lower values [77].

For what concerning the microbiological behavior, the polished zirconia exhib-
ited lower surface free energy, wettability, and a lower percentage of bacterial adhe-
sion compared with polished titanium surfaces [78]. These results have been 
obtained also by other studies [37] and, in particular, Rimondini et al. have found 
in vivo, lower level of both total bacteria and presence of potential putative patho-
gens such as rods on zirconia specimens, versus titanium ones [79]. A recent study 
compared the inflammatory reaction after experimental plaque accumulation on 
titanium and zirconia implants versus natural tooth: titanium implants, seem to dis-
play a higher inflammation and higher IL-1β values [80]. On the contrary, natural 
teeth presented an increase in IL-6 and TNF-α than other groups.

For what concerning the inflammatory reaction around tissues, a comparative 
study analyzed different biopsies around titanium and zirconia healing caps: results 
have shown higher inflammatory infiltrate, micro-vessel density, expression of vas-
cular endothelial growth factor and expression of nitric oxide synthase around the 
first type of samples [81]. Comparing the level of metallic particles around titanium 
and zirconia implants, it has been found that zirconia particles were present only in 
peri-implantar tissues of patients with zirconia implants. On the contrary, titanium 
particles were found both in those with titanium and zirconia fixtures: these ele-
ments could be a consequence not only of corrosion, but also of wear due to friction 
during implant insertion and prophylaxis treatments, and we have not to forged that 
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titanium dioxide is contained also in many products that are used in daylife, like 
toothpaste [82]. Other studies compared the expression of the inflammatory bio-
markers around zirconia and titanium implants: interleukin-1RA, interleukin-8, 
granulocyte colony-stimulating factor, and macrophage inflammatory 
protein-1beta.

Results suggest that there were no significant differences among the two materi-
als, on the contrary a greater role is due to the different host responses [72]. Another 
study compared the inflammatory expression around natural teeth and zirconia: the 
latter were characterized by higher levels of inflammatory cytokines [83]. The bac-
terial interaction between bacteria and zirconia have been studied and compared 
with titanium. Wassmann et al. have shown that in zirconia samples, independent of 
hydrophobic or hydrophilic, the S. sanguinis adhesion was higher than the titanium 
samples [43]. In particular, they found not a significant role for what concerning the 
superficial wettability and roughness for zirconia groups, contrarily to what 
described for titanium. Contrarily, the same authors have found no differences 
between titanium and zirconia for what concerning S. epidermidis. The authors 
explained these differences with the nano-roughness that was not measured by a 
profilometer, but that was measured through the use of atomic force microscopy on 
zirconia samples.

4  PEEK

Polyetheretherketone, PEEK, has potential use in implantology and dentistry 
because it is characterized by mechanical properties that can be modulated by 
means of the addition of other elements, like carbon fibers, and in this way, it is 

Fig. 18 A typical example 
of PEEK disc
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possible to reach values similar to human bone. It is a thermoplastic polyaromatic 
semi- crystalline polymer with a temperature fusion of about 340 °C [84]. A typical 
example of PEEK disc is shown in Fig. 18. It is a very esthetic material, thanks to 
the ivory color which makes it very similar to the teeth, unlike the gray titanium.

PEEK’s Young’s (elastic) modulus (3–4  GPa) is similar to human medullary 
bone and dentine, contrarily to those of titanium that is higher [85], but by the addi-
tion of carbonium fibers to PEEK, it is possible to reach an elastic modulus of 
18 GPa, which is similar to the cortical bone that is 15 GPa [84, 86]. Other advan-
tages of PEEK are the excellent chemical resistance, the wear resistance, the bio-
compatibility, the natural radiolucency and magnetic resonance imaging (MRI) 
compatibility, the esthetics, because its color is similar to the tooth, and the possibil-
ity to be manufactured by means of 3D printers [87–89]. Figure 19 represents to 
evaluate PEEK wetting properties by using the sessile method. This technique con-
sists of placing a microliter drop of physiological solution on the surface and then 
measuring the water contact angle. Figure 20 shows the evaluation of wetted surface 
area. Greater is the wetted area, greater is the hydrophilicity of the surface. In this 
case, we can appreciate a greater wettability with respect to the machined titanium 
shown in the center of Fig. 15, but lower with respect to the other two surfaces. 
Figure 21 shows the measurement of the water contact angle on a PEEK disc. In this 

Fig. 19 Evaluation of 
PEEK wetting properties 
by using the sessile method
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Fig. 20 Evaluation of 
wetted surface area on a 
peek sample

Fig. 21 Measurement of 
the water contact angle on 
a PEEK disc

case, we can appreciate a greater wettability with respect to the machined titanium 
shown in the center of Fig.  12, but lower with respect to the other two surfaces 
(Figs. 13 and 14).

The wettability of PEEK is influenced by the fabrication process, like the injec-
tion molding or machining processes, and, as for titanium, smooth surfaces exhibit 
less osteoinductivity compared to more topographically complex ones [90].

However, it has been shown that the superficial characterization of dental 
implants with macro- and micro-porous structures can influence both the apposition 
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of bone during neo-osteogenesis and the removal torque, while the macrostructure 
has more influence on the angiogenesis [1, 91, 92]. Figures 22 and 23 are the AFM 
images of PEEK disc and PEEK machined surface respectively.

The interaction of bacteria with PEEK surface has been analyzed in few studies 
and results are controversial: some authors reported a lower antibacterial activity 
with respect to titanium [93] and others recorded lower level of bacterial biomass on 
PEEK samples [94]; however, other authors suggest that a higher role is exerted by 
superficial treatment with respect to the material [95]. Barkamo et al. have recently 
shown results about biofilm formation of different bacteria on PEEK and titanium 

Fig. 23 3D reconstruction 
of AFM images of PEEK 
machined surface obtained 
from atomic force 
microscopy observation

Fig. 22 PEEK disc 
observed at 10× 
magnification through an 
optical camera associated 
to a Bruker Atomic Force 
Microscopy (AFM)
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surfaces: data were analyzed after 72 and 120 h [96]. They concluded that no sig-
nificant differences were found between smooth PEEK, machined cp-Ti, and 
Ti6Al4V but that blasted PEEK was characterized by a higher biofilm formation. 
However, a recent study showed the antibacterial and anti-adhesive properties of 
PEEK discs at 24 and 48 h against an oral pioneer such as S. oralis, if compared 
with machined and double etched titanium [97]. Other studies should analyze the 
effects of this material on oral microbiota; however, current literature suggests that 
for the onset of peri-implantar inflammation, there are many variables that could 
interfere with tissues and it is not possible to consider only one variable alone: the 
material, its integration in the tissues, macro- and micro-architecture of the devices, 
the oral microbiota, the immune variation of the patient, and the presence of 
contaminants.

The use of PEEK comprehends also the production of implant abutments: a com-
parative study evaluated the biofilm formation on different materials [94]. PEEK 
abutments showed less superficial free energy and roughness, and also the lowest 
amount of adherent viable biomass was identified on these surfaces with respect to 
zirconia and titanium after 20 h. However, these differences decreased and were 
nullified after 40 h [94].

5  Conclusions

Recent advancements have shown that bacterial adhesion is influenced by many 
parameters [98], like:

• Materials of the fixture
• Surface roughness
• Free energy and wettability
• Peri-implantar chemistry

Actually, we do not have yet the ideal material and surface, but we have a great 
opportunity to choose among many varieties in order to find a better option for our 
clinical conditions.
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Biomaterials for Bone Grafting 
and Craniofacial Bone Regeneration

Abstract Reconstruction of craniofacial defects poses a challenging task for 
craniofacial surgeons. Reconstruction of the underlying craniofacial bone is cru-
cial for successful outcome of these defects. Bone grafting is the standard tech-
nique employed for bone reconstruction. However, with the advent of novel 
biomaterials as bone substitutes for grafting procedures, attractive alternatives 
have unlocked for surgeons. Since a few decades, the field of craniofacial bone 
regeneration has expanded enormously with the advent of novel biomaterials and 
innovative concepts such as bioprinting and drug delivery. At present, several 
natural and synthetic bone graft materials are available as bone substitutes. In this 
chapter, the authors will focus on the various biomaterials that are currently used 
as bone substitutes in craniofacial bone regeneration along with an update of the 
active research among each class of biomaterials going on in this area. Also, the 
authors will brief-in the recent concepts for craniofacial bone regeneration.

Keywords Bioceramics · Bone grafts · Biometals · Biopolymers · Bioprinting · 
Craniofacial bone regeneration

1  Introduction

1.1  Brief Introduction of Craniofacial Bone Regeneration

Craniofacial bone defects are the defects associated with bones of skull and face. 
Congenital birth defects (1/700 live births) such as cleft lip, cleft palate, craniosyn-
ostosis, and hemifacial microstomia are the most common causes of craniofacial 
defects in children. Acute trauma such as vehicle accidents, falls, sports injuries and 
physical assaults, cancer surgeries, and inflammation are the most frequent causes 
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for craniofacial defects in adults. Reconstruction of the craniofacial defects is chal-
lenging as craniofacial tissue construct itself is complex, comprising bone, carti-
lage, neurovascular tissues, and soft tissues [1]. Accurate reconstruction of 
craniofacial bone is crucial in these defects to provide support and structural stabil-
ity for adjacent soft tissues, thereby improving the appearance of associated facial 
structures. These bony defects could vary from small periodontal defects to com-
plex segmental defects. Especially, in case of large craniofacial defects, soft tissue 
reconstruction is relatively easier with sufficient underlying bone structure [2].

Unlike skeletal bones, craniofacial bones are flat bones with some peculiar fea-
tures, but they do have similar bone repair mechanism and metabolic turnover rate 
as the skeletal bone [3]. There are few major differences between craniofacial and 
skeletal bones such as their embryonic origin, homeostatic mechanisms, and bone 
shapes. Craniofacial bones originate from cranial neural crest, unlike the skeletal 
bones which originate from somites and lateral plate mesoderm [4]. Several authors 
[5, 6] stated that the bone grafts harvested from craniofacial region had better sur-
vival and longer volumetric maintenance compared to skeletal bone grafts, demon-
strating different homeostatic mechanisms. Several growth factors, receptors, and 
associated signaling cascades play distinct roles in the formation of craniofacial and 
skeletal bones [7]. Also, unlike long bones, craniofacial bones exhibit extremely 
complex 3D shapes, impeding the precise fit of long bone grafts into these defect 
regions.

2  Biomaterials Used for Craniofacial Bone Grafts

Biomaterials play a vital role in biomedical applications for restoring the structural 
and functional integrity of damaged tissues. Biomaterials can either replace or 
regenerate a damaged tissue [8]. Ideally, the biomaterials to be used as craniofacial 
grafts should have the following requisites as described underneath [9]:

• They should be biocompatible.
• They should either be osteoinductive, osteoconductive, and/or osteopromotive in 

nature.
• They should be dimensionally stable under stress.
• They should be biodegradable after their intended response at the implanted site.
• They should be easily moldable in order to conform to the craniofacial defect.
• They should be easily sterilizable.
• They should be stable and promote long-term integration of implants.

The biomaterials used as grafts could either be natural or synthetic and are cate-
gorized as follows:

 1. Natural biomaterials

 (a) Autografts
 (b) Allografts
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 (c) Xenografts
 (d) Natural degradable biopolymers

 2. Synthetic biomaterials

 (a) Biometals

• Biodegradable
• Nonbiodegradable

 (b) Biopolymers

• Biodegradable
• Nonbiodegradable

 (c) Bioceramics

• Bioinert ceramics
• Bioactive ceramics
• Bioresorbable ceramics

 3. Biocomposites and their hybrids
Advancements in biomaterials for craniofacial regeneration

 (a) Biomaterials for controlled delivery of drugs, growth factors, and stem cells.
 (b) Additive manufacturing and bioprinting.

2.1  Natural Biomaterials

Natural biomaterials are the biomaterials that can be obtained naturally from organ-
isms. For craniofacial bone regeneration, natural biomaterials comprise bone grafts 
such as autografts, allografts, and xenografts.

Ideally, the bone graft material should possess the following properties as [10]:

 1. Osteogenesis: The formation of new bone by osteoblasts derived from the graft 
material itself.

 2. Osteoinduction: The ability of a material to induce the formation of osteoblasts 
from the surrounding tissue at the graft host site, resulting in bone growth.

 3. Osteoconduction: The ability of a material to support the growth of bone over a 
surface.

 4. Structural integrity: Structural strength of the grafted material in compressive 
strength, and resistance to torsion and shear.

 5. Osteointegrative ability: The capability of the graft to integrate and bond to the 
host bone.

Biomaterials for Bone Grafting and Craniofacial Bone Regeneration
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2.1.1  Autografts

Autografts, autologous, or autogenous bone grafts are the bone grafts that are har-
vested from one site and implanted into another site within the same individual. They 
may either be cancellous, cortical (non-vascularized or vascularized), or cortico- 
cancellous grafts. For craniofacial reconstruction, possible sources of autologous 
bone grafts could be calvarium, chin, retromolar pad area of mandible, iliac crest, 
tibial plateau, rib, etc. [11]. The main disadvantage of autografts is the morbidity of 
donor site, and other possible advantages and disadvantages are outlined in Table 1.

2.1.2  Allografts

Allografts are the graft tissues that are obtained from genetically nonidentical mem-
bers of the same species. These are potential alternatives to autografts in craniofa-
cial reconstruction. Bone allografts are unique in that the cellular component is 
typically removed to minimize their rejection. In addition, they are thoroughly 
treated to eliminate any possibility of disease transmission. Allograft is available as 
cortical, cancellous, or corticocancellous graft in the form of powder, chips, wedges, 
pegs, dowels, or struts. It can also be customized to desired shapes [12]. Allografts 
are commercially available as Freeze-Dried Bone Allograft (FDBA), Demineralized 
Freeze-Dried Bone Allograft (DFDBA), and Demineralized Bone Matrix (DBM) in 
various bone banks accredited from American Association of Tissue Banks [13].

DBM is mainly used for defects and is available commercially in various forms 
as moldable pastes, putty, strips, gel, granules, and freeze-dried powder. This DBM 
is often mixed with harvested autograft, bone marrow, or other allografts to increase 
autograft volume and augment bone healing. The advantages and disadvantages of 
allografts are outlined in Table 1.

Table 1 Advantages and disadvantages of three types of commonly used natural bone grafts [18]

Bone graft Advantages Disadvantages

Autografts Optimal osteogenic, 
osteoinductive, and 
osteoconductive properties; gold 
standard for bone grafting; no 
risk of immunogenicity and 
disease transmission

Pain and morbidity in the donor site, limited 
quantity and availability, need for additional 
surgery, hematoma, infection, the need for 
general sedation or anesthesia, longer operative 
time, and blood loss

Allografts Osteoinductive and 
osteoconductive properties, no 
donor site morbidity, possible 
with local anesthesia, high 
availability, easy handling

Lack of osteogenic properties, potential 
antigenic response and disease transmission, 
variable osteoinductivity, limited supply, loss of 
biologic and mechanical properties due to its 
processing, nonavailability worldwide due to 
religious and financial concerns and increased 
cost

Xenografts Osteoinductive and 
osteoconductive properties, low 
cost, high availability

Lack of osteogenic properties, the risk of 
immunogenicity and transmission of infectious 
and zoonotic diseases, poor outcome
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2.1.3  Xenografts

Xenografts or heterologous grafts are another alternative to autografts and are har-
vested from nonhuman species, i.e., animals. They possess osteoconductive and 
osteoinductive properties, but lack osteogenic properties. The advantages and disad-
vantages of xenografts are outlined in Table 1.

A deproteinized bovine bone graft, commercially known as “Bio-Oss,” is the 
most common bone substitute used in dentistry for guided bone regeneration [14]. 
Apart from Bio-Oss, another commonly used xenograft in dentistry is “Gen-Os.” 
Gen-Os is a corticocancellous heterologous bone graft harvested either from por-
cine (Porcine Gen-OS) or equine (Equine Gen-OS) [15].

Also, porous pure hydroxyapatite (commercially available as “Interpore” and 
“Pro-osteon”) derived from marine coral is used as a bone substitute in dentistry for 
orthognathic surgeries, alveolar ridge augmentation, and periodontal bone defects 
[16, 17].

2.1.4  Natural Degradable Polymers

The use of natural degradable polymers as potential bone substitutes can be attrib-
uted to their close resemblance of native extracellular matrix. These polymers can 
be categorized either into proteins (collagen, gelatin, fibrinogen, elastin, keratin, 
silk), polysaccharides (glycosaminoglycans, cellulose, amylose, dextran, chitin), or 
polynucleotides (DNA, RNA) based on their chemical composition [19]. These 
polymers are mainly used as bone tissue scaffolds and are highly osteoinductive due 
to their similarity to extracellular matrix. They can be fabricated from decellularized 
bone tissue obtained either from autologous, allogenic, or xenograft [20]. These 
natural polymers are highly biocompatible and undergo extensive hydration to form 
hydrogels under physiological conditions. However, these hydrogels lack adequate 
mechanical strength, rendering them impossible to use in bone regeneration sys-
tems in vivo. Thus, hybrid scaffold systems are developed, wherein these hydrogels 
are loaded onto ceramic scaffolds to improve mechanical stability [21].

2.2  Synthetic Biomaterials

Synthetic biomaterials range from biometals to biocomposite materials and could 
either be biodegradable or nondegradable. These advantages of synthetic grafts are 
their wide availability, uniform quality, reduced morbidity, and sterility. However, 
in vivo performance of synthetic bone grafts is inferior to autografts due to the lack 
of inherent osteogenic and osteoinductive potential.
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2.2.1  Biometals

Biometals are used in craniofacial bone reconstruction in various forms as bone 
reconstruction plates, screws, implants, and scaffolds for tissue engineering. They 
could either be degradable or nondegradable and are selected based on application.

2.2.1.1 Biodegradable Metals

These are defined as the metals that are expected to corrode gradually in vivo, with 
an appropriate host response elicited by released corrosion products, then dissolve 
completely upon fulfilling the mission to assist tissue healing with no implant resi-
dues [22]. Also, from the materials science point of view, Zheng et al. [22] classified 
biodegradable metals into three categories as “Pure metals,” “Biodegradable alloys,” 
and “Biodegradable metal matrix composites.” At present, a lot of research is 
directed at this particular class of biometals in order to design an ideal material to 
be used as temporary implants and scaffolds so that it could obviate the need for 
revision surgeries and promoting a safe and effective bone repair.

Currently, magnesium (Mg) and its alloys are gaining wide popularity as biode-
gradable temporary implant material in craniofaial applications due to its excellent 
biocompatibility and better matching of mechanical properties such as the density, 
elastic modulus, and yield strength with that of bone. However, the major drawback 
of Mg is its high rate of corrosion in physiological environment. Various metals, 
such as calcium, zinc, tin, and zirconium, have been alloyed with magnesium in 
order to control their degradation rate. However, additional research is still required 
in this area [23].

Apart from Mg, a lot of research is also focussed on developing other biodegrad-
able metal alloys such as iron-based and zinc-based alloys. Unlike Mg, these alloys 
do have low rate of corrosion in physiological environment. These alloys are gain-
ing wide attention from researchers and are still at an experimental stage [22].

2.2.1.2 Nondegradable Metals (Titanium and its alloy)

Titanium (Ti) is the material of choice for fabrication of bone plates, screws, cranio-
facial and dental implants, tissue engineering scaffolds, meshes for guided bone 
regeneration, etc., owing to its biocompatibility, corrosion resistance, and superior 
mechanical properties. However, the potential drawbacks of these alloys are their 
high elastic modulus relative to the bone, cost, and low wear resistance [8, 24]. 
Mismatch between the elastic modulus of titanium (110 GPa) and bone (10–30 GPa) 
results in “stress-shielding effect.” Hence, lot of research is directed to minimize the 
elastic modulus mismatch between titanium and bone.

Titanium and its alloys exist in three forms as α-form, β-form, and (α + β)-form. 
Elastic moduli of α- and (α + β)-type titanium alloys such as Ti and Ti–6Al–4V ELI 
are higher than those of β-type titanium alloys. Thus, β-titanium alloys are more 
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favorable for the development of titanium alloys in biomedical applications [25]. 
Currently, β-titanium alloy systems, Ti–Nb–Ta–Zr system, known as Gum metal 
(Ti–29Nb–13Ta–4.6Zr) and a Ti–35Nb–7Zr–5Ta system, known as TiOsteum® are 
gaining attention in biomedical field owing to their low elastic modulus and better 
osseointegration properties [8, 25].

Apart from β-titanium alloy systems, Takizawa et al. introduced titanium fiber 
plate with Young’s modulus similar to bone to prevent the stress-shielding effect 
commonly observed with traditional titanium plates. Also, porous structure suitable 
for cell adhesion could be formed from titanium fibers to be used as a bone repair 
scaffold [26].

Additionally, novel porous titanium structure is also advantageous to reduce 
elastic modulus mismatch between implant and bone tissue. Ti-based biomaterials 
with customized porosity are crucial for cell adhesion, viability, differentiation, and 
growth, aiding as scaffolds for bone tissue engineering. They facilitate bone- 
ingrowth and achieve long-term biological fixation [27].

Also, Titanium mesh, commercially available as “BoneShields, Ti-Micromesh, 
Tocksystem,” is widely used as synthetic nonresorbable plate in Guided Bone 
Regeneration (GBR) to cover large bony defects [28].

Furthermore, surface morphology of the titanium implant is modified either 
using additive or subtractive techniques such as plasma spraying, anodization, laser 
peening, and grit blasting to improve wettability, cell-implant adhesion and attach-
ment, cell proliferation, and osseointegration [8].

Tantalum Alloy

Tantalum has been introduced as an ideal bone graft material due to its cytocompat-
ibility and osteoinductive nature. Porous tantalum bears a similar porous structure 
and mechanical properties to natural bone, facilitating bone ingrowth, “osteocorpo-
ration,” and revascularization [27].

Tantalum-based trabecular structured biomaterial is developed by means of tra-
becular metal technology [29] (Trabecular Metal™ Material, Zimmer Biomet TMT, 
Parsippany, NJ, USA). Recently, Zimmer Inc. developed a dental implant with 
porous tantalum components in midsection (commercially available as “Trabecular 
Metal™ Dental Implant”) to treat immunocompromised patients and for placement 
in immediate loading implant cases [30].

Stainless Steel

316L is the medical-grade stainless steel (SS) used for biomedical applications. 
316LSS is widely used as internal fixation devices, such as screws, bone plates, pins, 
and wires, to treat craniofacial bone fracture. However, in future, biodegradable met-
als and polymers might replace 316LSS as internal fixation devices. The main limita-
tions of this alloy are the adverse effect of metal ions and fretting debris due to wear 
and corrosion in body fluids as well as the stress-shielding effect on bone due to 
higher elastic modulus. Nickel and chromium present in the 316LSS are the potential 
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allergens. So, medical-grade high-nitrogen nickel-free austenitic stainless steel 
(commercially available as Biodur 108, Panacea P558, P2000, and BIOSSN4) is 
developed, wherein the nickel is replaced by nitrogen for austenitic structure stability 
and it improves the mechanical properties of steel significantly [31].

Niobium and Zirconium Alloys

Zirconium (Zr) belongs to the same group as Ti and possess lower magnetic suscep-
tibility than Ti. It is due to this property, Zr is emerging as a potential alternative to 
Ti, which when implanted in patient distorts MRI scans. Niobium is added to Zr to 
enhance its wear and corrosion resistance in body fluids. Nb–2Zr alloy exhibited 
excellent corrosion resistance, fatigue strength, and crack propagation in simulated 
bodyfluids [32].

2.2.2  Synthetic Biopolymers

These biopolymers are highly crystalline thermoplastics and could either be homo-
polymer, copolymer, or heteropolymers. Polymers can be broadly classified as 
degradable or nondegradable on the basis of the reactivity of their chemical back-
bone. Natural biopolymers were discussed under natural bone substitutes and syn-
thetic biodegradable and nondegradable polymers will be described in this section.

2.2.2.1 Degradable

This synthetic class of biomaterials is widely used in bone tissue engineering as 
scaffolds and as temporary bone implants owing to their strength and biodegrad-
ability, wherein they undergo hydrolysis in response to local environmental factors 
like pH, enzymes, temperature changes, etc., yielding carbon dioxide and water as 
the metabolic by-products. Also, the rate of biodegradation and strength of the scaf-
fold could easily be customized by varying certain variables such as the type of 
polymer used, porosity, and fabrication techniques. However, Scaffolds composed 
of synthetic polymers are osteoconductive, allowing ingrowth of bony tissue, but 
are not osteoinductive in their native form [8].

Saturated aliphatic polyesters, such as Poly(glycolic acid) (PGA), Poly(lactic 
acid) (PLA), PLGA copolymers, and Poly(ε-caprolactone) (PCL) are the widely used 
synthetic polymers for tissue engineering purposes. PCL is also used as a temporary 
implant due to its slow rate of biodegradation (2–4 years). Biodegradable polyure-
thane, commercially available as “Degrapol® (Abmedica)” is currently being used to 
develop a highly porous scaffold for tissue engineering applications [21].

Also, these polymers are used as resorbable membranes in Guided Bone 
Regeneration (GBR) procedures. These synthetic barrier membranes are usually 
made of either PLA or PGA and several commercial formulations of these polymers 
are tabulated in Table 2 [28].
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2.2.2.2 Nondegradable

Poly(ethylene)(PE)(HDPE,UHMWPE), Poly(propylene) (PP), Poly(tetrafluoro- 
ethylene) (PTFE), Poly(methylmethacrylate) (PMMA), Polyether ether ketone 
(PEEK), etc., are the nondegradable polymers used in biomedical applications. For 
craniofacial applications, PTFE, PMMA, and PEEK are widely used. PTFE and 
e-PTFE were appealing first-generation biomaterials for use in GBR.  Recently, 
Ti-reinforced e-PTFEs were developed to enhance mechanical properties of e-PTFE 
and are used to augment large bony defects. These PTFE membranes are marketed 
under the trade names Cytoflex, TefGen-FD, Gore-Tex, and Cytoplast™ Ti [28].

PMMA is widely used as a bone substitute material in skull reconstruction pro-
cedures and also as a drug carrier for embedding bioactive substances to promote 
bone healing. It is supplied in the form of a powder and liquid (Cranioplastic™) 
which when mixed forms a paste that can be shaped intraoperatively to fit the defect 
precisely. However, its use has been limited due to its potential risks, such as the 
release of toxic unreacted methylacrylate monomers, lack of osteoconductive or 
osteoinductive properties, and exothermic setting reaction [33].

Apart from PMMA, several other polymers such as PEEK (poly-ether-ether 
ketone), polypropylene polyester knitwear, and PEKK (poly-ether-ketone ketone) 
are used as cranial implants due to similar properties to the surrounding bone, espe-
cially with regard to young’s modulus [34].

2.2.3  Bioceramics

“Bioceramics” is a term applied to ceramics with biological functionality. These can 
be classified as bioinert (alumina and zirconia), bioresorbable (tricalcium phos-
phate), or bioactive (hydroxyapatite, bioactive glasses, and glass-ceramics) based 
on their chemical surface reactivity.

Table 2 Commercially available resorbable synthetic barrier membranes [28]

Trade name Material
Resorption period 
(months)

Guidor® (Sunstar) PLA (Polylactic Acid) 1.5–2
Resorb X® (KLS Martin) PDLLA (Poly-dl-Lactic Acid) 1.5–2
Cytoflex Resorb® (Unicare 
Biomedical)

PLGA (Poly-Lactic-Glycolic Acid) 4

Resolute® (Gore®) PGA-TMC (Polyglycolic Acid Trimethylene 
Carbonate)

4–6

Epi-Guide® (Curasan, Inc.) PDLLA (Poly-dl-Lactic Acid) 6–12
Atrisorb® (Tolmar) P(DL)LA–NMP (Poly-dl-Lactic 

Acid dissolved in N-methyl-2-pyrrolidone 
(NMP))

9–12

Inion™ GTR (Inion) PLDLGA-TMC (Poly-ld-Lactic-Glycolic 
Acid Trimethylene Carbonate)

12–24

Vivosorb® (Polyganics) PDLLCL (Poly-dl-Caprolactone) 16
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2.2.3.1 Bioinert Ceramics

High purity alumina and zirconia are the bioinert ceramics used in medical applica-
tions. They do not play a significant role in craniofacial applications but are widely 
used in dentistry as dental prosthesis and implants. Currently, tetragonal zirconia 
polycrystal, particularly 3 mol% yttrium oxide (yttria)-stabilized zirconia, is emerg-
ing as an alternative to traditional titanium dental implants owing to its promising 
mechanical properties, good biocompatibility, white opaque hue, and low plaque 
affinity. However, failure rates of zirconia implant systems tested so far were gener-
ally higher compared with titanium implants [35]. To date, zirconia implants are 
manufactured largely as single-piece system. Nonetheless, few two-piece zirconia 
implants (NobelPearl™, ZERAMEX® XT, and Straumann® PURE Ceramic two- 
piece Implant) are evolving. Further research and clinical investigations based on 
the longevity and success of these evolving two-piece zirconia implants are 
necessitated.

2.2.3.2 Bioactive Ceramics

Bioactive ceramics are defined as “bioceramics that bond directly with bone without 
having fibrillar connective tissue between them.” These include hydroxyapatite, 
bioactive glass. and bioactive glass-ceramics.

Bioactive Glass and Glass-Ceramics

These are amorphous silica-based biomaterials. When implanted in  vivo, these 
glasses react with physiological fluids and forms a crystallized hydroxycarbonate 
apatite (HCA) layer at the glass/bone interface. This HCA layer mimics inorganic 
bone component and forms a strong bond with bone without intervening fibrous 
tissue. The rate of activity and physiological response depends on chemical compo-
sition of the glass (ratio of the network former, SiO2 to network modifier, 
Cao + Na2O + K2O) and the specific surface area (morphology of scaffold, porosity, 
etc.). 45S5 (Na2O-CaO-P2O5-SiO2) is the first bioactive glass formulation, consist-
ing of 45% silica. Despite its high bioactivity in physiological fluids, their applica-
tions were limited as filler or coating on polymer-based scaffolds and are not used 
in load-bearing situations or large bony defects due to their low fracture toughness 
values and poor mechanical strength [36]. These formulations are marketed as 
GlassBone® (Noraker), BonAlive® (BonAlive Biomaterials Ltda), Vitoss® (Stryker), 
and Perioglass® (NovaBone) [37].

Subsequently, scientists focussed on improving the mechanical properties of the 
bioactive glass matrix, which led to the development of apatite/wollastonite (A/W), 
Ceravital and Bioverit glass-ceramics. A/W glass-ceramics demonstrate increased 
fracture toughness values than bioactive glasses due to the assembly of apatite 
phases reinforced by ß-wollastonite (CaSiO3) and can be used in load-bearing appli-
cations [38].
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Hydroxyapatite

Synthetic hydroxyapatite (S-HA) is a stable calcium phosphate-based bioceramic 
and closely mimics natural calcium apatite (Ca10(PO4)6(OH)2) mineral present in 
human bone. As a bone graft material, it is biocompatible, osteoconductive, bioac-
tive, has a high affinity for proteins and growth factors, and has high wear resis-
tance. It can be prepared either as dense sintered blocks or as macroporous forms. 
Dense S-HA is nonbiodegradable and is not osteoinductive. But, Porous S-HA, 
commercially available as “Osbone®Dental” has osteoinductive potential and has 
low degradation rate in body fluids. This biomaterial is stiff and strong but brittle, 
limiting its use to nonweight-bearing regions like maxillofacial applications limited 
to use in situations where there is no physical loading of the apatite as in maxillofa-
cial applications [39].

2.2.3.3 Bioresorbable Ceramics

Tricalcium phosphate (Ca3(PO4)2) (TCP) is a bioresorbable calcium phosphate- 
based bioceramic with a Ca/P ratio of 1:5. It exists either in α phase or β phase. 
α-TCP degrades faster than β-TCP. The degradation rate of β-TCP is 3–12 times 
higher than that of HA. β-TCP is highly compatible and is the widely used synthetic 
graft material for bone reconstruction purposes in orthopedic and maxillofacial sur-
gery. However, its use is limited as filler and coatings on implant surfaces or scaf-
folds due to insufficient biomechanical strength and mechanical properties. Some of 
the commercially available TCP products are Ceros®, ChronOS®, Cerasorb M®, 
Vitoss®, IngeniOs™, Macrobone, etc.

Consequently, bioactive β-TCP is combined with mechanically stable HA, to 
develop a composite material “Biphasic calciumphosphate (BCP).” BCP (marketed 
under the trade names “Osteosynt®, Triosite®, MBCP®, Hatric®, OptiMX®”) is 
available in block form or granular form and demonstrates superior osteoinductive 
effect than S-HA alone [39].

Furthermore, BCP is doped with metal ions such as Mn2+, Fe3+, Co2+, Ni2+, Cu2+, 
and Zn2+ to simulate the mineral constituent of bone and it enhances the osteoinduc-
tive capability of the biomaterial [40].

2.3  Biocomposites and Their Hybrids

A biocomposite is a material composed of two or more distinct constituent materials 
(one usually being naturally derived), which are combined to yield a new material 
with improved performance over individual constituent materials. These biocom-
posites can overcome the limitations of single bone substitute materials. These are 
formed by optimizing the combination or by surface modification and have the abil-
ity to stimulate specific reactions in the bone defect area at the molecular level [41].
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A biocomposite can be constructed by either of the following procedures as 
follows:

 1. Incorporating bioceramic particles or fibers as a dispersed phase into the poly-
mer matrix.

 2. Coating polymer, metal, or ceramic with a thin layer of bioceramic.
Most commonly used biocomposites as bone substitutes are xenohybrids, which 
are a combination of xenografts and synthetic bone graft substitutes. “PepGen 
P-15” is a commercially available xenohybrid composed of an organic bovine min-
eral with a synthetic biomimetic of the 15 AA sequence of Type-1 collagen [42].

3  Advancements in Biomaterials for Craniofacial 
Regeneration

3.1  Biomaterials for Controlled Delivery

3.1.1  Drug-Loaded Biomaterials

Drugs such as antibiotics, statins (simvastatin), and anti-inflammatory drugs can be 
enclosed within biodegradable synthetic polymer scaffolds, such as PLA, PGA, 
PLGA, and PCL, or natural hydrogels, such as fibrin, collagen, gelatin, chitosan, 
and alginate. The rate of drug delivery in natural hydrogels can be controlled by 
means of physical or chemical cross-linking. Additionally, with the advancement of 
nanotechnology, nanoparticle delivery systems, which can penetrate through the 
capillaries into cells are developed as carriers for therapeutic agents. These bioma-
terials help in local delivery of drugs at tissue site. These drug-loaded biomaterials 
are commercially available as Simplex®P, Osteoset-T®, Collatamp®, Septocoll®, 
Septopal®, Herafill® beads, and Stimulan® [43].

3.1.2  Growth Factor Delivery

Various growth factors such as TGF-β, FGF, VEGF, PDGF, IGFs, and BMPs play a 
significant role in craniofacial growth and development. At present, various delivery 
vehicles based on natural or synthetic polymers, ceramics, and their composites 
have been devised in the form of sponges, nanofibrous membranes, micro/nanopar-
ticles, and hydrogels, to either chemically or physically entrap GFs into or onto the 
substrate. Few commercial products based on rhBMP-loaded carrier are approved 
by FDA for clinical use. These include Infuse® (an absorbable collagen sponge 
loaded with rhBMP-2 growth factor), OP-1® Putty (a bovine-derived collagen infil-
trated with rhBMP-7), and GEM 21S® (rhPDGF incorporated into a β-TCP porous 
carrier) [37].
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3.1.3  Stem Cell Delivery

Stem cell delivery using hydrogels and tissue engineering scaffolds is another 
promising application of these biomaterials. Mesenchymal stem cells (MSCs) 
incorporated tissue engineering scaffolds produce promising results in bone defect 
repair. These scaffolds function as native extracellular matrix and aid in the attach-
ment and growth of encapsulated cells, thereby preventing anoikis. Also, these bio-
materials protect stem cells against host immune attack and can trigger major 
cellular processes necessary for bone regeneration. Currently, all the commercial 
bone grafts incorporating MSCs were based on DBM and these include Allostem®, 
Map3™, Osteocel Plus®, and Trinity Evolution Matrix™ [37].

3.1.4  Bioprinting and Additive Manufacturing

The advent of rapid prototyping technology has revolutionized the field of cranio-
facial bone reconstruction. The terms 3D printing and 3D bioprinting are used 
interchangeably in the field of rapid prototyping. However, “3D printing” is the 
term used to describe the fabrication of inert or bioactive scaffold materials with-
out the presence of living cells, whereas, 3D bioprinting refers to printing of cells 
and scaffolds together (cell-laden biomaterials) or dense aggregates of cells free 
from scaffold [37]. Currently, 3D bioprinting is advancing further to 4D bioprint-
ing by incorporating a fourth dimension “dynamic stimulus-responsive environ-
ment” [44].

3D printing has been used largely in craniofacial reconstruction to fabricate cus-
tom cranial implants using various biomaterials such as titanium and PEEK. Recently, 
FDA has approved a custom 3D printed titanium craniofacial implant manufactured 
by BioArchitects [45].

Additive manufacturing modalities like extrusion printing, inkjet printing, or 
laser printing can be used for bioprinting. The main advantage of this 3D printing is 
customization, precision, and ease of fabrication. Using 3D printing, internal and 
external 3D architecture of scaffold systems can be easily customized as per the 
specific requirements.

Currently, “OsteoFlux” (3D printed CaP osteoinductive material sold by Vivos 
Dental AG), is the commercially available pre-3D printed scaffold system for cra-
niofacial regeneration [37].

4  Conclusion

For the past few decades, the field of craniofacial reconstruction has witnessed an 
immense advancement with the advent of novel biomaterials, concepts, and tech-
nologies. But, so far, neither of these available bone grafts, except for freshly har-
vested autografts, have osteogenic or truly osseoinductive properties. Hence, an 
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ongoing quest for perfect bone substitute material to replace autografts still persists. 
However, the amalgamation of additive technology with tissue engineering might 
unlock new potential and possibilities in craniofacial regeneration techniques in 
near future.
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Nanobiomaterials: Stem Cell Interaction 
and Role in Tissue Engineering

Abstract The aim of regenerative medicine is to achieve structural and functional 
rehabilitation of the damaged tissues and organs affected by trauma, age-related, con-
genital, or disease incurred injuries. In view of the recent findings, the field of nano-
technology has evolved as a promising candidate for providing advanced nano- functional 
biomaterials with customizable morphologies, properties, and functions that can reca-
pitulate the exact in vivo microenvironment down to the extracellular matrix level that 
can promote cellular adhesion, proliferation, differentiation, and morphogenesis in a 
controlled spatiotemporal manner. In this chapter, we intend to summarize the role of 
nanobiomaterials in the field of tissue engineering and regenerative medicine by elabo-
rating on their properties, biological interaction with stem cells, and applications in 
musculoskeletal research, particularly in bone and cartilage.

Keywords Scaffolds · Nanotechnology · Tissue regeneration · Stem cells · 
Nanobiomaterials

1  Introduction

The foremost principle of tissue reconstruction is to replace “like with like.” The 
“gold standard” graft material for lost tissue has been autogenous tissue: skin grafts 
for burns, muscle grafts for bulk loss, bone for skeletal reconstruction, etc. 
Autogenous grafting provides the best results but has disadvantages of donor site 
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morbidity, limited availability, additional surgical time, and post-operative tempo-
rary mobility impairment [1]. Allogeneic grafting overcomes the shortcomings 
associated with autogenous grafts. Allografts are considered to be biocompatible, 
exhibit good post-operative response, without donor site morbidity [2]. These have 
the advantage of shorter surgery time, abundant bone supply, and elimination of 
donor site morbidity but there are risks of infection transmission, immune reaction, 
and insufficient literature support. Alloplastic grafts and xenografts are limited in 
use and their clinical success is not adequately supported by literature. These draw-
backs have led to the search for better alternatives. Alternatives to autologous graft 
should satisfy three criteria assured by autogenous grafting: cell laden grafts, pro-
duction of biological moieties stimulating tissue formation, and stimulation of 
endogenous tissue-forming cells to migrate into the defect. Unfortunately, none of 
the currently available grafting alternatives intrinsically satisfy all the above crite-
ria. One of the most promising techniques currently being developed for tissue 
regeneration is tissue engineering using autogenous cell transplantation. Tissue 
engineering aims to regenerate damaged and/or lost tissues by integrated use of bio-
materials, optimal source of cells along with biological factors, providing new tools 
for regenerative therapy [3].

2  Tissue Engineering

Two major kinds of cells can be used: undifferentiated mesenchymal stem cells 
(UMSC) and differentiated precursor cells. Literature suggests that UMSC enhance 
tissue formation as compared to their differentiated counterparts. So far, bone mar-
row stem cells have shown undebatable potential in bone regeneration. Their unique 
properties, such as stemness, multilineage differentiation under different stimuli, 
and relative cell harvesting density, make them a popular source for cell-based 
approaches [4]. The various tissue sources of stem cells are listed in Table 1.

Table 1 Various cell sources and scaffolds currently used in tissue engineering

Sources of 
cells

Scaffolds

Natural
Mineral 
based Synthetic Hybrid

Bone 
marrow
Adipose 
tissue
Periosteum
Umbilical 
cord
Cancellous 
bone
Dental pulp

Collagen
Hyaluronic 
acid
Chitin
Chitosan
Alginate
Agarose
Silk

Calcium 
phosphate
Ceramics

Polyglycolic acid
Polylactic acid
Polydioxanone
Polycaprolactone
Pluronics (polypropylene 
+ polyethylene)

Polymer with 
noncrystalline apatite 
coating
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Scaffolds used in tissue engineering must fulfill certain standards like ease of fab-
rication, ease of cell penetration, proliferation and distribution, ability to vascularize 
once implanted, ability to maintain mature cell phenotype, appropriate biodegrada-
tion, and their ability to get completely replaced by neo-tissue. An ideal scaffold mate-
rial is the one that resorbs at the same time as the new tissue formation occurs. In cases 
where resorption occurs too fast, the graft site contracts before new tissue is formed, 
whereas, if the resorption is too slow, delay in the process of neo- tissue formation 
occurs [5]. Various scaffolds used in tissue engineering are listed in Table 1.

The role of growth factors in tissue engineered grafts is to provide signals and 
induct progenitor cells at the defect site. Platelet-rich blood substances which are 
autologous have shown to provide various growth factors, like platelet-derived 
growth factor (PDGF), vascular endothelial growth factor (VEGF), transforming 
growth factor (TGF), insulin-like growth factor (IGF), epithelial growth factor 
(EGF), and recombinant human basic fibroblast growth factor. Table 2 lists the vari-
ous growth factors used in bone tissue engineering.

A wide variety of natural and synthetic polymers have been utilized for formation of 
various human tissues. Among all the available materials, collagen and PGA have been 
widely tested for most of the tissues regenerated in humans. Natural, synthetic, and 
electroconductive polymers were used in vivo for neural tissue regeneration but human 
studies are yet to be conducted. Only collagen among natural polymers has been used 
in clinical human studies [6]. Autologous scaffolds have the advantage of biocompati-
bility and minimal tissue reaction but lack structural and mechanical durability. Table 3 
enlists the scaffolds utilized in regeneration of various tissues for human application.

3  Nanobiomaterials

As already discussed, tissue engineering (TE) is primarily the study of engineering 
new tissues and organs in order to replace or regenerate the lost or diseased parts. 
The three basic components that drive the TE process are cells, scaffolds, and bio-
logical milieu. The scaffolds serve as three-dimensional (3D) substrates that facili-
tate the attachment, growth, proliferation, migration, and differentiation of 
progenitor cells into desirable lineages. The growth factors or the biological milieu 
introduced into the scaffolds or the culture media direct the transition of cells 

Table 2 Growth factors used in bone tissue engineering

Osteoinductive Osteoconductive Osteogenic

Demineralized lyophilized 
bone
Bone morphogenetic protein 
2,4,7,9

Lyophilized bone
Ceramics
Bioglass
Coral-derived
Polylactic (PLA) and polyglycolic 
acid (PGA)

Mesenchymal stem cells
Marrow
Platelet-rich plasma
Gene therapy
Fibroblast growth factors
Platelet-derived growth 
factors
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towards mature and functional tissue and organs that are capable of implantation in 
the body to perform the necessary functions. Despite extensive research over the 
past several decades, developing clinically conformant and functionally stable TE 
products is still a huge challenge. Mimicking the natural properties of the biological 
extracellular matrix (ECM) in terms of structure and function requires nano-level 
precision in the design and fabrication of TE scaffolds. Nanotechnology has the 
potential to solve this problem by engineering customized nanoparticles and their 
integration with TE systems.

So far, nanoparticles have found numerous applications in the biomedical field, 
including bioimaging, drug delivery, vaccine adjuvants, biosensors, photothermal 
ablation of cells, and gene delivery, with TE being the most recent one. With this 
wide applicability, nanomaterials have proven therapeutic potential for the treat-
ment of diabetes, magnetic hyperthermia for cancer therapy, inflammation, infec-
tion, and so on. The nano-dimensional structure of nanomaterials renders them with 
unique physico-chemical characteristics, making them promising candidates for a 
wide range of such applications. The first and foremost is the biomimetic property 
of nanoparticles with the native nanoscale ECM components of tissues, making 
them promising candidates for TE applications. The small size and corresponding 
large surface area to volume ratio, comparable to the small biomolecules, offers 

Table 3 Tissue specific scaffolds

Tissue Scaffolds utilized

Cardiac 
tissue

Polyglycolic acid (PGA), poly-L-lactic acid (PLLA), poly (lactic-co-glycolic acid 
(PLGA), polyurethane [7]

Liver tissue Alginate beads encapsulating inducible pluripotent stem cells encapsulated with 
human hepatic stellate cells, synthetic polymers (polylactide-co-glycolide, 
polyethylene glycol (PEG), and polycaprolactone), and naturally derived hydrogels 
(alginates, celluloses, polyethylene) [8]

Skin Human dermal fibroblasts, foreskin-derived keratinocytes, keratinocyte stem cells, 
hair follicle stem cells, angiogenic endothelial progenitor cells, bone marrow- 
derived mesenchymal stem cells, and adipose tissue-derived mesenchymal stem 
cells [9]

Cartilage Hydrogel scaffold, solid scaffolds (collagen sponge, decellularized cartilage, small 
intestinal mucosa), PGA, PEG, hyaluronic acid, chitosan, cellulose [10, 11]

Bone Hydroxyapatite, PLGA, calcium phosphate, PLA, gelatine, chitosan, collagen, 
PLLA, hydrogels [12]

Pancreatic 
tissue

Collagen, gelatin, fibrin, agarose, alginate, silk, PLA, PGA, PLGA copolymers, 
polycaprolactone [13]

Vascular 
tissue

Polyethylene terephthalate (PTFE), PGA, polycaprolactone, PLLA, decellularized 
xenogenic tissue [6]

Neural 
tissue

Natural polymers: Collagen, alginate, chitosan, silk, elastin, hyaluronic acid, 
keratin
Synthetic polymers: PLA, PGA, PGLA, PEG, poly(2-hydroxyethylmethacrylate)
Electrically conductive polymers: Polypyrrole in combination with other 
biodegradable synthetic polymers, polyaniline, poly(3,4-ethylenedioxythiopene) 
(PEDOT), indium phosphide nanowire scaffold
Carbon-based nanomaterials: Graphene, carbon nanotubes [14]
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another significant advantage to nanoparticles in TE. This makes them easily diffus-
ible across membranes and barriers in the body and uptake by cells. They are also 
tunable in terms of shape, size, and composition to suit the target application. 
Additionally, limitations of biomolecule reagents such as low solubility, high 
expenses, and short half-life (of growth factors, drugs, etc.) have further provoked 
investigations around the use of nanoparticles as most suitable candidates for drug 
delivery applications.

Taking advantage of their similarity to natural ECM components, scientists are 
extensively exploring the integration of nanoparticles to TE scaffolds. Several stud-
ies have reportedly conjugated nanoparticles of different compositions either inside 
the scaffolds as a part of the synthesis process or coated them onto the surface of the 
scaffolds in order to improve their mechanical and/or biological responses. Among 
these, the antimicrobial role of silver, conduction of gold nanoparticles, fluorescence 
of quantum dots, and electromechanical properties of carbon nanotubes (CNTs) and 
graphene oxides are most popular. In addition, several nanoparticles when integrated 
within the 3D scaffolds lead to guided cellular responses by regulating the shape and 
morphology  of cultured cells, provide  mechano-transductional cues, facilitate 
improved interaction with the biological fluids, and lead to guided differentiation of 
cell laden constructs into functional 3D tissues. The physical and chemical proper-
ties of NPs based on metal oxides, such as the shape, hydrodynamic size, surface 
roughness, and zeta potential, dictate their interaction with biological systems.

Here we give an overview of the different nanoparticles used for a range of TE 
applications. Their applications are mainly an outcome of the specific intrinsic 
properties of each of the nanomaterials that tends to dictate their unique functions.

3.1  Desirable Properties of Nanoparticles

Along with nanoparticles, other products of nanotechnology that have profound 
applications in TE for modulating cell behavior include nanofibers and nano- 
patterns. Other uses include, but are not limited to, their therapeutic potential and 
contrasting agent property, incorporation in novel biomaterials (either in bulk mate-
rial or as surface coating) with precise spatiotemporal control, and controlled release 
as bioactive agents for drug delivery, especially directing growth factors to regulate 
stem cell fate, regulating mechano-transductional behavior of scaffolds to direct 
stem cell fate and morphogenesis, and encompassing superior mechanical strength 
to the scaffolds for TE applications, along with enhancing biocompatibility. Some 
of the applications are discussed below.

 (a) Improving cellular responses: Nanoparticles, both inorganic and living systems 
(like viruses), fall under this category. Gold nanoparticles (AuNPs) of two dif-
ferent dimensions (4 and 40 nm) were compared in terms of the differentiation 
rate of human bone marrow stem cells (hBM-MSCs) [15]. The smaller sized 
AuNPs promoted adipogenic lineage in seeded hBM-MSCs, while suppressing 
osteogenic differentiation which is attributed to ROS production  in AuNPs, 
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albeit only in smaller size. TiO2 nanotubes with slightly higher dimensions 
(70 nm) were found to be ideal for osteogenic induction of hASCs exploiting 
epigenetic mechanisms for stem cell modulation. The process was mediated by 
increased methylation in the promoter regions of two osteo-specific genes, 
OCN and RUNX2 [16], along with inhibition of demethylase retinoblastoma 
binding protein 2. TiO2 nanotubes (15–30  nm) and associated modifications 
(TiO2–NH2, TiO2–COOH, and TiO2–PEG) [17] promote high cell adhesion by 
increased production of focal adhesion kinase (FAK), which in turn increases 
osteogenic differentiation of seeded BM-MSCs [18], hASCs [16], and 
 AD- MSCs [19]. Many plants and phage-based viral nanoparticles like unmodi-
fied TMV nanoparticles can trigger osteogenic commitment in stem cells, draw-
back being their lesser affinity towards mammalian cells [20]. TMV 
nanoparticles coupled with azide-derivatized Arg-Gly-Asp-(RGD) sequence 
with tyrosine residues decorated on the scaffold increased cell adhesion on 
material surface. With added advantage of economic viability, inability to infect 
mammalian cells, tunable geometry and chemistry, and uniform sizes, plant 
viral nanoparticles have seen an upsurge in biomedical applications.

 (b) Improving mechanical properties: Scaffolds either in the form of nanoparticle- 
embedded polymers (hydrogels, electrospun fibers) or nanoparticle reinforce-
ments or surface coatings have been implemented in TE. Surface modification of 
a 3D porous poly(lactic acid) (PLA) scaffold was carried out using hydroxyapa-
tite nanoparticles (nHA) by ultrasonication to fabricate nHA-modified PLA/HA 
scaffold. Strong interfacial adhesion occurring between the nHA and the PLA 
matrix resulted in ~3 times higher compressive modulus and compressive 
strength and hydrophilicity in the PLA/HA scaffolds than PLA scaffolds alone, 
resulting in improved cytocompatibility of cultured mouse embryonic osteo-
blasts cells (MC3T3-E1) [21]. In another study, nHA loaded bio- nanocomposites 
were developed with various weight fractions of copper oxide nanoparticles 
(CuONPs), coated with gelatin-coated ibuprofen [22]. The mechanical proper-
ties including fracture toughness (0.65–0.80  MPa  m1/2), compressive strength 
(1.25–0.90 MPa), and electrical conductivity (2–3 eV) of nHA-CuO composites 
corresponded to the weight fractions of the CuO NPs added.

 (c) Imparting Antimicrobial behavior: Nanoparticles present a suitable alternative 
to antimicrobial agents, especially oxides of silver (Ag), copper (Cu), and tita-
nium (Ti). Apart from antimicrobial activity, their applications further extend 
towards the food industry, water purification, and textile [23]. In terms of anti-
microbial properties, AgNPs are a safe choice with unprecedented literature 
available [24]. The NPs, typically ranging from 1 to 10 nm, get attached to the 
cell membrane compromising the permeability and respiratory functions, fol-
lowed by penetration inside the bacteria and introducing damage by releasing 
silver ions. The dimensions of the Ag NPs are critical determinants in the target 
population, i.e., gram-positive or gram-negative bacteria [25]. Katas et al. [26] 
proposed a simple, cost-effective, and environment-friendly method of produc-
ing spherical AuNPs in the range of 49–82 nm with effective antibacterial prop-
erties biosynthesized from Lignosus rhinocerotis sclerotial extract (LRE) and 
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chitosan [27]. However, in-depth research is needed in the area in light of recent 
findings that have raised concerns about their possible toxicity in humans, 
demanding more background search on nanotoxicology.

 (d) Electrical conductivity: Incorporation of nanoparticles that impart electrical con-
ductivity to scaffolds can be highly beneficial to cardiac tissues such as in the 
treatment of myocardial infarction. Soft hydrogels such as fibrous decellularized 
matrices incorporated with AuNPs exhibited improved morphology of cardiac 
cells, striation behavior, and increased expression of electrical coupling proteins 
[28]. Bone scaffolds have been formulated with electrical conductivity to accel-
erate the behavior of MSCs towards osteogenic lineage.

 (e) Gene delivery: Therapeutic usage of nucleic acids or oligonucleotides for dis-
ease treatment is restricted due to their low cell transfection efficiency, poor 
permeability of the plasma membrane, and relatively rapid degradation in vivo, 
hence requiring non-viral strategies. Conjugating magnetic nanoparticles with 
gene vectors enhanced the process of gene transfer under the influence of a 
magnetic field [29]. For instance, peptide-conjugated iron oxide  (Fe3O4) 
nanoparticles reportedly exhibited improved efficiency of cellular uptake in 
lung cancer cells after activation, under the effect of an alternate magnetic field 
[30]. A recent application of nanoparticles in gene delivery is the use of cell- 
penetrating peptides (CPPs, ~30 amino acids long) as non-viral vectors. CPPs 
form stable complexes with oligonucleotides, can carry multiple peptides, facil-
itate delivery of gene therapeutic agents, and are able to translocate via cellular 
plasma membranes. Fe3O4 NPs (6.4 nm in dimensions) were able to form stable 
complex with CPPs and showed superior transfection efficiency (>5 fold) than 
commercial vector called Lipofectamine™2000 [31].

 (f) Constructing 3D tissues: Taking cues from the nanoscale dimensions of tissue 
ECM, nanotechnology has profound applications across TE field. Recent litera-
ture has reported manipulation and control over cellular functions such as cell 
adhesion, migration, and morphogenesis using nanoscale materials. Several 
nanomaterials have been fabricated into 3D structures and used as TE con-
structs for skin, bone, cartilage, and muscles. Additionally, MNPs due to their 
exceptional properties and dimensions (up to 300 nm) have been found to sup-
port thermal fluctuations in biological microenvironments. Magnetic labeling 
of cells using MNPs renders precise control over cell functions and movements 
by application of an external magnetic field for guided organ regeneration, a 
process often referred to as magnetic force-based tissue engineering. Table 4 
shows various types of nanomaterials and their potential applications in TE.

3.2  Application of Nanomaterials in TE

It is well known that the need for tissue regeneration and organ transplantation is 
increasing due to limited donor availability. In order to compensate for this need, 
organ-assisted medical devices that mimic the functions of organs have been 
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explored. Nanomaterial-based fabricated systems is one of the potential candidates 
that mimics the indigenous tissue constituents that can effectively help in replicat-
ing in vitro 3D models as well as successful biomedical devices for in vivo testing 
applications.

3.2.1  Bone TE

At the level of micrometer scale, bone has an inner spongy architecture possessing 
high porosity with an outer layer of lamellar bone comprising compact cylindrical 
osteons. At the nanometer scale, bone has ordered and aligned pattern of collagen 
fibrils and hydroxyapatite. In the musculoskeletal system, various tissues, which fall 
under the category of soft and hard tissues, are connected to one another [32]. 
Therefore, the structure and physico-chemical properties of a scaffold are crucial to 
consider when fabricating a substitute for composite tissues, like osteochondral 
grafts. Conventional approaches for the fabrication of porous composites includes 
freeze-drying and freeze-gelation methods. The technique has been used to develop 
porous chitosan-gelatin composites, in previous studies. Both methods have demon-
strated remarkable biocompatibility, in terms of the attachment, long-term viability, 
and differentiation of several cell types, such as nucleus pulposus cells of the human 
intervertebral disk [33].

3.2.2  Cartilage TE

Cartilage, at the ultrastructural level, comprises a dense ECM network of elastin 
fibers, collagen type II, and proteoglycans. Typically, cartilage is avascularized, 
porous, non-homogeneous, and viscoelastic tissue with embedded chondrocytes 
[34]. Synthesis methods have been employed for the generation of materials for 
cartilage tissue engineering, such as rapid prototyping, micromachining, electros-

Table 4 Nanobiomaterials and their potential applications in TE

Nanomaterials Applications References

Gold nanorods Chemical and biological sensing resolution [36]
Gold nanowires Alginate scaffold for cardiac patches [37]
Silver nanoparticles Wound healing, enhanced antibacterial activity [38]
Carbon nanotubes (CNT) Coating over bone scaffolds for improved 

mechanical strength
[39]

CNT Neural tissue regeneration to promote growth, cell 
differentiation, cell attachment, long-term survival

[40, 41]

Alumina and titania 
nanopowder

Bone regeneration for enhanced osteoblast adhesion [42]

Nanocrystalline 
hydroxyapatite (HA) in 
PLLA

Osteoblast growth and mineralization [43]
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pinning, photolithography, fiber bonding, electrostatic spray deposition, plasma 
deposition, and molecular self-assembly, with varying degrees of success [35].

3.3  Nanomaterials and Stem Cell Interaction

Stem cells are pluripotent cells having an inherent capacity of self-renewal and dif-
ferentiation into multiple cell lineages [44]. Depending upon the source, stem cells 
are primarily classified into three categories: embryonic stem cells (ESCs), adult 
stem cells (ASCs), and induced pluripotent stem cells (iPSCs). ESCs, harvested 
from the inner mass of the blastocyst, possess unlimited potential of self-renewal 
and hence ideal for regenerative medicine [45]. ASCs have self-renewal capacity, 
but limited differentiation potential, and are found throughout the body post- 
development [46]. However, use of ESCs  is associated with ethical problems. 
Another type of stem cells called iPSCs were produced by inducing programming 
in somatic cells. iPSCs can be generated using different transcription factors and 
growth factors [47]. In the present day, nanomaterials are extensively used in the 
induction of cellular programming. However, generating iPSCs are associated with 
many challenges, which include but are not limited to controlled self-renewal capac-
ity, rapid proliferation, and precisely regulated differentiation.

Over the past few decades, a series of multifunctional nanomaterials have been 
developed and investigated for stem cell-based therapy applications. However, most 
studies have focused on the fabrication of novel nanomaterials for therapy and 
imaging [48, 49], but the underlying mechanism of interaction between nanomateri-
als and stem cells is not well understood. Due to smaller size and bioactive charac-
teristics, nanomaterials have the potential to affect the stem cell functions in the 
absence of inductive agents [46]. For instance, aqueous suspension of nanoparticles 
(silicate nanoparticles, CNTs, and AuNPs) has been reported to promote the differ-
entiation of mesenchymal stem cells (MSCs) towards osteogenic lineage [50, 51]. 
Table  5 illustrates the nanomaterial-mediated stem cell differentiation. Different 
nanomaterials trigger different signaling pathways for differentiation of stem cells. 
Hence, it is very crucial to investigate the underlying mechanisms involved in the 
interaction between the stem cells and nanomaterials, specifically the differentiation 
capability of the cells influenced by nanomaterials.

Cell membrane  plays a pivotal role in the interaction of nanoparticles. 
Nanoparticles can easily cross the cell membranes through diffusion/receptor- 
mediated endocytosis and be distributed in the cytoplasm, endosomes, or lyso-
somes, thus affecting certain signaling pathways responsible for induction or 
inhibition of cellular differentiation [64]. Receptor-mediated endocytosis includes 
clathrin-mediated, caveolin-mediated endocytosis and micropinocytosis, and clath-
rin and caveolin independent endocytosis [65, 66]. Internalization of nanoparticles 
and their possible mode of mechanism of differentiation are significantly affected 
by the physico-chemical properties of nanoparticles, such as size, shape, hydropho-
bicity, composition, and surface chemistry of nanoparticles [46].
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Nanoparticles in the size range of 20–70 nm are considered optimal for stem cell 
differentiation due to the size-dependent cellular uptake [60, 67]. Higher amount of 
cellular uptake has occurred in 30–50  nm size range, while nanoparticles in the 
range of 50–200 nm have minor effect on cellular uptake [60]. Cellular uptake is 
also affected by the shape of the nanoparticles [67]. Nanospheres are internalized by 
the cells at a much higher rate as compared to nanorods or quasi-ellipsoid of similar 
size [68, 69]. The rate of NP uptake by MSCs decreases as the aspect ratio increases 
(polar axis: equatorial axis). Furthermore, cellular uptake is also affected by the 
charge and functional groups present on the surface of nanoparticles. Positively 
charged nanoparticles showed higher rate of internalization and higher cytotoxicity. 
Besides these factors, hydrophobicity and the mechanical properties of nanoparti-

Table 5 Nanobiomaterial-based stem cell differentiation

Category
Nanomaterials 
used Cell type used

Differentiation specification 
(Osteogenic differentiation: OD, 
adipogenic: AD, chondrogenic: 
CD, neurogenic: ND) References

Polymeric PLGA-BSA MSCs OD preferred
AD was impaired

[51]

Ceramic HAP NPs 
(20 nm)

MSCs, ADSCs OD [49]

Ceramic Nanosilicates MSCs OD [52]
Carbon SWCNTs MSCs OD, AD, CD [53]
Carbon SWCNTs MSCs ND [54]
Carbon MWCNTs PC12 AD preferred

Inhibited OD
[55]

Carbon rGO nanosheets MSCs OD [56]
Metal/
metal oxide

Citrate-AuNPs Human fetal 
neural stem 
cells (hfNSCs)

OD preferred
Inhibited AD

[57]

Metal/
metal oxide

Chitosan-AuNPs MSCs OD [58]

Metal/
metal oxide

BSA-AuNPs MSCs OD [59]

Metal/
metal oxide

BSA coated gold 
nanorods (70 nm)

MSCs OD [59]

Metal/
metal oxide

PEG-AuNPs 
(40 nm)

MSCs OD [60]

Metal/
metal oxide

PEG-AuNPs 
(4 nm)

MSCs AD preferred
OD inhibited

[60]

Metal/
metal oxide

AgNPs Urine-derived 
stem cells

OD [61]

Metal/
metal oxide

TiO2-NPs MSCs ND [62]

Metal/
metal oxide

CeO2 NPs (40, 
60 nm)

Osteoblasts Accelerated adipogenic 
trans-differentiation

[63]

Abbreviations: SWCNTs single-walled carbon nanotubes, MWCNTs multi-walled carbon nano-
tubes, rGO reduced graphene oxide, BSA bovine serum albumin
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cles could also affect the stem cell behavior [70]. The less stiffer and more hydro-
phobic nanoparticles have higher cellular uptake. The hydrophobic surface of the 
nanoparticle plays a critical role in modulating their interaction with the cellular 
microenvironment, including proteins, lipid membranes, and intracellular uptake 
rate. Research has shown that hydrophobic nanoparticles, synthesized from 
 poly(n- butyl methacrylate) (PBMA), poly(hexyl methacrylate) (PHMA), and 
poly(lauryl methacrylate) (PLMA), have higher rate of cellular uptake as compared 
to the hydrophilic nanoparticles of poly(methyl methacrylate) (PMMA), poly(propyl 
methacrylate) (PPMA), and poly(stearyl methacrylate) (PSMA) nature [70]. 
However, the underlying mechanism responsible for the enhanced cellular uptake 
by such less stiff nanoparticles is still unclear. One possible explanation could be 
that the softer nanoparticles deform easily to enable cellular interactions; however, 
exact mechanism remains unclear.

In recent years, studies have discussed about the effect of nanomaterials on the 
differentiation capacity of stem cells [46]. Indeed, nanomaterials have been charac-
terized as a new set of differentiation activators which operate via several pathways, 
with oxidative stress being one of them [71]. Reactive oxygen species (ROS) is a 
common by-product of nanomaterial exposure to cells. Recent studies have shown 
that ROS significantly influenced the cell differentiation process. Research by Su 
et al. showed that ROS-mediated p38/MAPK-dependent pathway played a key role 
in the differentiation of vascular smooth muscle cells [72]. In contrast, another 
study by Mody et al. demonstrated the differentiation of bone pre-osteoblast cells 
(MC3T3-E1) was inhibited by ROS [73]. These studies suggest that the modulation 
in the levels of ROS generation are general regulators for stem cell differentiation 
mechanism, nevertheless, lineage-specific differentiation needs to be further 
explored. For instance, high ROS level will propel the cell into adipogenesis lineage 
while impede osteogenesis of stem cells [59].

Mechanical stress is another factor that can play an important role in modulating 
the differentiation potential of stem cells. The mechanical properties of the cell and 
cytoskeleton may change due to intracellular accumulation of nanomaterials [74]. 
Higher mechanical properties have previously been related to increased osteogenic 
differentiation while inhibiting adipogenic differentiation in progenitor cells [75]. 
The accumulated intracellular nanomaterials will influence the assembly of cyto-
skeletons and increase the Young’s modulus of stem cells, thereby enhancing the 
osteogenic differentiation [59].

Nanomaterials interact with cell membrane receptors and are internalized by the 
cells through receptor-mediated endocytosis. This is followed by packing of these 
nanomaterials into vesicles and their transportion inside the cells. This is a dynamic 
process as the nanomaterials are in constant motion inside the cells and interact with 
the intracellular microenvironment. Nanomaterials interact with various biomole-
cules that may trigger intracellular signaling pathways to induce the specific dif-
ferentiation of stem cells [76]. Additionally, protein adsorption on the surface of 
nanomaterials and cytotoxic behavior induced by the concentration, shape, and size 
of nanomaterials may play a significant role in influencing the final fate of the stem 
cells. Extensive research is required to recapitulate conditions similar to in vivo 
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microenvironment using nanomaterials for promoting stem cell-specific differentia-
tion to cater to individual tissues or organs.

4  Conclusion

Taken together, the field of nanotechnology has provided a better modality of fabri-
cating biomimetic constructs with more satisfactory reconstruction of patient tis-
sues and organs, both esthetically and in terms of functional rehabilitation. The stem 
cells of the host tissue or autologous cells incorporated along with the constructs 
presumably help in a more rapid and effective regeneration process by enhanced 
cell-matrix interactions. However there is enormous scope for further progress in 
tissue engineering and regenerative medicine on the design and manufacturing of 
traditional biomaterials to deliver more patient-specific and patient-friendly 
approaches. The boost in nanotechnology should ensure precisely engineered nano- 
architectures more closely replicating the structural, physico-mechanical, and bio-
logical aspects of human tissues. In parallel, ongoing research is focussed towards 
investigating ex vivo methods to design nano surfaces that can more efficiently pro-
mote biocompatibility for cell and tissue integration. The conjugation of AuNPs for 
enhanced cellular adhesion and electrical conductivity in cardiac tissues, protein 
conjugated Fe3O4 nanoparticles to increase cellular uptake or addition of nHA to 
polymers to increase the mechanical properties of orthopedic implants will help in 
guided tissue responses by activating signaling cascades that direct cellular interac-
tions in situ, are some specific examples highlighting the role of nanomaterials. In 
addition to this, bringing together teams of biomedical scientists, engineers, clini-
cians, and focussed patient groups is extremely critical for efficient development of 
biomedical materials to push them closer towards commercialization.
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Polyurethane Foam as a Model to Study 
Primary Implant Stability: A Series 
of In Vitro Studies

Abstract Primary stability of dental implants is defined as the absence of  movement 
of an implant after surgical insertion. Primary stability is influenced by bone  density, 
bone quality, surgical technique, and implant body geometry. A direct relationship 
seemed to exist between implant primary stability and bone density. So far, several 
nondestructive methods have been suggested to evaluate implant stability, such as 
insertion torque measurement (IT) and resonance frequency analysis (RFA). IT 
measures the compression induced by implant placement into the surgical site and 
it determines the primary implant stability, which is considered the most important 
factor for successful implant treatment. The ISQ values, obtained through the RFA, 
reflect the micromobility of the implant, which is in turn determined by factors such 
as bone density, surgical technique, implant design, and healing time. Polyurethane 
foam has been proposed for in vitro tests to simulate the consistency and the density 
of the bone. These rigid blocks have been produced as an alternative test medium to 
human cancellous bone. This material displays mechanical properties in the range 
of human cancellous bone as described by the ASTM (American Society Testing 
Materials) F-1839-08 2012 standard. Its features make it an ideal material for com-
parative testing of different implant materials. The physical features of polyurethane 
are homogenous throughout their volume, so as to obtain a good standardization of 
the procedures with the exclusion, then, of factors inherent to anatomical and struc-
tural differences of bone. Polyurethane blocks of different densities have been used, 
e.g., to evaluate the primary stability of different types of implants (cylindrical vs. 
conical implants), different lengths (short implants vs. standard length implants), 
and different diameters (narrow, regular, and wide implants).
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1  Introduction

Primary dental implant stability (PS) is the absence of implant micromotion imme-
diately after placement, and it has been reported to play a relevant role in osseointe-
gration [1–3]. PS is closely related to the bone quality and quantity, to the implant 
macrodesign, to the implant length and implant diameter, to the surgery, and to the 
implant fitting into the site [1–5]. There is also a correlation between bone density 
and the amount of the bone-to-implant contact (BIC) [1], and between BIC and PS 
[2]. There are several different techniques to measure bone: Insertion Torque (IT), 
Removal Torque (RT), and Resonance Frequency Analysis (RFA); this latter tech-
nique produces a value called the Implant Stability Quotient (ISQ) [6]. Polyurethane 
foam has been used, since a few years, as a standard material for instrument testing 
according to the American Society for Testing and Materials (ASTM F-1839-08) 
[7]. Polyurethane foam has been extensively used as an alternative material to ani-
mal and human cadaver bone for biomechanical tests evaluating, e.g., dental 
implants, because it shows consistent mechanical characteristics, has features quite 
similar to bone tissue, is very reliable, easy to use, and does not require a special 
handling [6, 8, 9]. Moreover, it has constant mechanical characteristics, and it can 
be used for comparative testing of different types of implants. The structure of poly-
urethane is homogenous, and with this material it is possible to standardize the 
study procedures, eliminating the anatomical and structural differences present in 
animal or human cadaver bone [2, 3]. Different types of solid rigid polyurethane 
120  mm  ×  170  mm  ×  31  mm foam blocks (SawBones H, Pacific Research 
Laboratories Inc., Vashon, Washington) with homogeneous densities are present in 
the market. The densities of polyurethane foam that we have used vary from 10 PCF 
(pounds per cubic foot) to 20 and 30 PCF. To all these blocks, a 1 mm thin layer of 
30 PCF can be added, to simulate cortical bone (Fig. 1).

Fig. 1 Polyurethane 
blocks in different 
densities. 10 PCF, similar 
to D3 bone quality; 20 
PCF, corresponding to D2 
bone; and 30–40 PCF 
density, similar to D1 bone
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Bone density during insertion of the implants plays a determinant role in the 
primary stability of dental implants [5, 6], and it could be, then, necessary to try to 
understand, in a deeper way, the correlations between bone density and primary 
implant stability so to be able to plan an implant treatment in a proper way [6]. To 
get mineralized tissues at the interface with the implants there is an absolute need to 
obtain a primary implant stability, i.e., the initial biomechanical engagement and 
interlocking between bone and implant must be strong enough to not allow any rela-
tive micromovements between these two structures immediately after implant inser-
tion [2–4, 8]. Poor bone density has a negative influence on primary stability [2, 8, 
9]. Higher bone quality, on the other hand, has been found to be closely correlated 
with a higher primary implant stability [1, 3]. The main factors influencing primary 
stability are, then, the percentage of bone-to-implant contact (BIC) and the com-
pressive stresses at the implant-bone interface [2]. Higher stability values were 
described in denser bone compared to softer bone [3]. Primary stability is, more-
over, related, besides bone quantity and bone quality, to implant macrogeometry 
and macrodesign (length and diameter) and to the surgery used to prepare the 
implant insertion sites [1]. A low primary stability has been correlated with a higher 
risk of implant failure and loss, while, on the contrary, better conditions for the 
formation of mineralized tissues at the bone–implant interface are realized when 
there is a high primary stability [1]. Moreover, it must also be stressed that a high 
level of primary stability is associated, in a positive way, also with secondary 
implant stability [1]. It is, then, extremely important to be able to assess, in an accu-
rate way, the primary stability of the implants [1]. We have already said that so far, 
several noninvasive methods have been suggested to evaluate implant stability, such 
as insertion torque measurement (IT) and resonance frequency analysis (RFA). IT 
measures the compression produced by the implant during its insertion into the site 
[9] and is closely correlated to the primary implant stability. RFA is used to follow 
the progression of implant osseointegration over time.

In the last year, we have performed several in vitro studies, using polyurethane 
foam, to make an evaluation of the primary implant stability using implants of dif-
ferent lengths, different diameters, and different macrodesigns.

In the following sections, we will report the most relevant features and conclu-
sions of the most important and interesting studies performed.

2  Short (SI) vs. Standard Length (SL) Cone Morse 
Connection Implants

Short implants (SI) (with a length of less than 8 mm) have been used especially in 
atrophic alveolar ridges of the posterior jaws [10–12] (Fig. 2).

With SI there is no need of maxillary sinus augmentation procedures, zygomatic 
implants, guided bone regeneration procedures, onlay grafts, inlay grafts, distrac-
tion osteogenesis, and lateralization of the inferior alveolar nerve with no increased 
morbidity, higher costs, and higher risks of complications [13–18].

Polyurethane Foam as a Model to Study Primary Implant Stability…
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Systematic reviews followed by meta-analyses have shown a similar survival of 
short and standard length implants, no differences in marginal bone loss (MBL), 
lower biological complications in SI, good primary stability in SI, but higher 
mechanical complications in SI [13–18] (Fig. 3).

In the past few years, implants with a reduced length (4, 5, and 6 mm) (Ultrashort 
or Extrashort Implants) have been used [11, 19] (Fig. 4).

There are also implants with a still reduced length (2.5/3.5  mm) (NanoShort 
Implants) [20]. SI with a Cone Morse connection and a conical shape (Test Implants: 
Test Implant A—diameter 5.5 mm and length 6 mm) (Test Implant B—diameter 
5.5 mm and length 5 mm) were used for the present in vitro investigation (Fig. 5).

Implants (4 mm diameter and 10 mm length) with a Cone Morse connection and 
a conical shape were used as Control Implant A and as Control Implants B (Fig. 6).

The conclusions of the present in vitro study, using polyurethane foam sheets, were:

• Implants with a conical shape presented a high stability even in blocks with a low 
density (10 PCF).

• No differences were found between 5 and 6 mm long implants.
• Very good values of insertion torque and pull-out tests were found in Short 

Implants in both polyurethane densities.
• The ISQ values of both Short Implants were very high, with a very good clinical 

sensation of high stability of the implants.
• SL presented slightly lower values of insertion torque and pull-out torque.
• SL presented very high ISQ values.

Fig. 2 Implant site 
preparation by the 
universal test machine. 
Implants were inserted 
following a suggested drill 
protocol. The final 
insertion torque of the 
implants into the 
polyurethane blocks was 
evaluated
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Fig. 3 Polyurethane foam 
block after drilling 
protocol. The block 
densities of polyurethane 
samples used in the present 
figure was 10 PCF, similar 
to D3 bone quality

Fig. 4 Details of site 
preparation of the 
polyurethane blocks after 
the drillings protocols
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Fig. 5 Implant insertion 
performed following the 
protocol of the 
manufacturer

Fig. 6 Implant insertion. 
The insertion torque (IT, 
N cm) peaks indicated the 
force of the maximum 
clockwise movement of the 
dental fixture positioned 
into the material

Fig. 7 Implants positioned 
into polyurethane foam 
blocks in 20 PCF 
corresponding to D2 bone 
density
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In conclusion, when comparing SI and SL, SI had a similar if not better perfor-
mance in low-quality polyurethane foam blocks (10–20 PCF), corresponding to D3 
and D4 bone (Fig. 7).

2.1  Primary Stability of Dental Implants in Low-Density (10 
and 20 PCF) Polyurethane Foam Blocks: Conical vs. 
Cylindrical Implants

The implant macrodesign, conical or cylindrical, has been reported to play a key 
role in the implant performance and stability. Implants (4 mm diameter and 10 mm 
legth) with a Cone Morse connection and a conical shape were used as Test Implants. 
A cylindrical screw-shaped implant was used as Control Implant: 13 mm length, 
diameter of the platform 4.1 mm, and body diameter 3.75 (Fig. 8).

In Test implants, the insertion torque was quite low in the 10 PCF blocks (16–28 
N cm). Better results were found in the 20 PCF blocks, with a very good stability of the 
implants. The pull-out values for Test Implants were slightly lower than the insertion 
torque values. High ISQ values were found in Test Implants (57–80 N cm). Control 
implants, on the other hand, presented very low insertion torque values (6–12 N cm) in 
both polyurethane densities (10 and 20 PCF). Also the pull-out values were very low 
(5–10 N cm). Furthermore, the ISQ values were in the very low range (10–37).

Fig. 8 After the fixture 
positioning, the primary 
stability was evaluated 
using Resonance 
Frequency Analysis (RFA) 
values expressed in the 
implant stability quotient 
(ISQ) by a hand-screwed 
Smart-Pegs type 7 for test 
implants (Osstell Mentor 
Device, Integration 
Diagnostic AB, Savadelen, 
Sweden)
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The conclusions of the present study were as follows: implants with a conical 
shape performed much better, in low-density polyurethane foam blocks, than 
implants with a cylindrical shape. Cylindrical implants, for the shape and pitch of 
their threads, are, probably, not indicated in low-quality bone density, such as in the 
posterior areas of the jaws.

3  Insertion Torque (IT), Pull-Out Torque Values, 
and Resonance Frequency Analysis (RFA) in NanoShort 
(2.5/3.5 mm Length) Implants

A marked reduction in the implant length of implants has been reported in recent 
years, with the use of Extrashort and Ultrashort implants (5–6 mm length) [10–12, 
19]. These implants seemed to be able to osseointegrate and to be functionally loaded 
[19]. Also NanoShort implants with a still reduced implant length (2.5/3.5 mm length) 
are available in the market. Systematic reviews followed by meta-analyses reported 
that Short Implants (SI) could be a suitable alternative when compared to more inva-
sive procedures used to treat atrophy of the posterior jaws [10, 12–19] (Fig. 9).

NanoShort implants presented a good primary stability in 20 and 30 PCF densi-
ties. They can, then, be used in the posterior regions of the mandible, where the 
bone quality is good and is similar to 30 PCF polyurethane. Values of PCF 10–20, 
on the contrary, are comparable to D3 bone type. The present study showed that 
NanoShort Implants could reach a good stabilization (Fig. 10).

In the case of the NanoShort Implants used in the present study, probably a coni-
cal shape would have been better than a cylindrical design, and also a different pitch 

Fig. 9 Primary stability 
measured using RFA 
values. The RFA 
evaluation was performed 
following two different 
orientations separated by a 
90° angle, and the mean 
ISQ peaks were calculated
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of the threads could have helped to engage better the material. Falco et al. [5] have 
demonstrated that larger implant threads with a greater pitch could contact more 
bone trabeculae and better compact the bone debris in a peri-implant location.

In conclusion, NanoShort Implants, evaluated in the present study, showed a 
good primary stability and could, probably, be used in posterior jaws atrophy, 
instead of a more complicated vertical ridge augmentation (Fig. 11).

4  Effects of a Self-condenser Dental Implant on Insertion 
and Pull-Out Torque Values

The dental implant self-condensing design used in this in vitro study showed a high 
level of stability in all experimental conditions, and could represent a useful tool for 
a one-stage surgical approach in the presence of limited residual native bone in 
alternative to a delayed approach (Fig. 12).

Fig. 10 Implant stability 
quotient (ISQ) 
measurement device. The 
ISQ values ranged from 0 
to 100 (measured by a 
frequency in the range 
3500–85,000 Hz), and was 
classified into Low (less 
than 60 ISQ), Medium (in 
the range 60–70 ISQ), and 
High stability rate (more 
than 70 ISQ)

Fig. 11 Detail of the 
implant preparation 
quotient
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5  Discussion and Conclusions

The primary stability of the implant, the bone tissue quantity and quality, the implant 
macro- and microdesign, and the surface characteristics are all necessary factors for the 
successful osseointegration of implants. Achieving and maintaining adequate implant 
stability are key prerequisites for the long-term outcome of osseointegrated implants. 
Primary stability is mechanical stability in the bone tissue after dental implant place-
ment with an absence of mobility of the implant. Primary stability derives from the 
mechanical engagement of the device with the cortical bone. This interface is deter-
mined by the surgical technique and by the size of the implant (length and diameter, 
design and macrotopography). Bone density has been reported to be a critical factor for 
implant primary stability. It has been classified into four different categories, based on 
the perception of the subjective operator during osteotomy perforation (D1 is the hard-
est and D4 the softest). Different geometries of the implant shape threads have been 
proposed to improve the primary stability in different densities of bone [21, 22]. 
Obtaining primary stability, after placement of dental implants in the posterior maxilla, 
represents a critical factor due to the poor bone density of this anatomical region, espe-
cially for an immediate functional loading protocol [23–26]. Maximum torque of the 
implant placement provided the rotational stability of the implant.

In conclusion:

Fig. 12 Details of the 
back view of the positioned 
implant
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• The use of artificial bone substitutes is useful to eliminate the interspecies bone 
qualities.

• High values of insertion torque, resonance frequency analysis, and removal 
torque indicated good stability of the implants.

• Implants placed in dense bone presented a higher primary stability.
• The thickness of the cortical layer increased the resonance frequency analysis 

values.
• Tapered implants presented an increased primary stability.
• Short implants performed in an equal, if not better fashion, than standard 

implants.
• There is a positive association between primary stability and bone density.
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Peri-implantitis: A Serious Problem 
of Dental Implantology

Abstract Since decades, dental implantology has become a vital and ubiquitous 
rehabilitation treatment method, providing edentulous or semi-edentulous patients 
with an artificial dentition.

Along with the popularity of dental implants, the problems with their mainte-
nance in the oral cavity have gradually evolved, leading to confusion over classifica-
tion, recognition, treatment, and prevention of diseases correlated with them. In 
2017, the World Workshop on the Classification of Periodontal and Peri-implant 
Diseases and Conditions developed a new classification of periodontal diseases, in 
which peri-implant health problems were separately outlined. The experts came to 
an agreement that placement of dental implants has led to the occurrence of new 
clinical problems related to them. Peri-implant diseases, such as peri-implant muco-
sitis and peri-implantitis, correspond to periodontal states, gingivitis and periodon-
titis, and,  likewise, are considered serious and chronic diseases  jeopardizing the 
undertaken rehabilitation treatment. Peri-implantitis, which is defined as a patho-
logic condition of all tissues supporting dental implant, can lead to its loss, if not 
recognized and treated on time. In this chapter,  the etiology of peri-implant health 
problems was assessed. Moreover, risk factors influencing the state of periodontal 
tissues supporting dental implants were distinguished, facilitating  recognition 
of patients at risk and establishement of possible treatment methods.

This chapter aims to bring closer prevalence and risk factors of peri-implantitis. 
Prevention and treatment methods are distinguished in this paper.
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1  Introduction

The history of restoring missing dentition with dental implants reaches as far as 
600 AD, when the ancient Mayas used pieces of shells as a replacement for lost 
mandibular teeth [1]. Since then, humankind has tried many means to gain an alter-
native    dentition, such as transferring and implanting teeth from one patient to 
another (Dr. J. Hunter, 1700), or inserting artificial objects, such as gold implant 
tube into fresh extraction site (Dr. J. Maggiolo, 1809), a 24-gauge hollow latticed 
cylinder of iridio-platinum soldered with 24-karat gold (Dr. E.J. Greenfield, 1913) 
or orthopedic screw fixtures made of chromium-cobalt alloy (Dr. A. Strock and Dr. 
M. Strock, 1930) [1]. But it was not until 1978 when Dr. P. Brånemark presented a 
two-stage threaded titanium root-form dental implant that started the era of a con-
tinuous progress in the field of dental implantology [1]. Nowadays, dental implants 
bring out new possibilities in the reconstruction of the lost dentition. With a high 
range of success, reaching up to 100% [2], rising accessibility and affordability, 
implantation is regarded as the most reliable treatment method for partially and/or 
completely edentulous patients. Along with the progress in technical aspects of 
implants such as their surfaces, shapes, and coatings, dental surgeons have gained 
new possibilities and experience in treating even the most extreme cases. For exam-
ple, even in an esthetically difficult region of the incisive canal, where the bone loss 
is quickly visible after extraction and/or when the patient stays edentulous for a long 
period of time due to extraction and/or dental trauma, the success rate can now 
reach as high as 84.6–100% [2]. In a clinical study aimed to assess the success rate 
of dental screws placed in an unfavourable conditions,  Lee and colleagues [3] 
observed implants with low primary stability at various follow-ups (min. 34 days/
max. 9.28  years). They proved that the  clinical success depended on both 
the  patient  qualification to either “simple” or “advanced” surgery group  and on 
a protected, unloaded healing. Based on that, their long-term treatment success rate 
reached 95% [3]. A wide meta-analysis comparing the success rate in groups of 
smokers and nonsmokers showed that the nonsmokers kept their implants in a sig-
nificantly higher rate than the smokers [4]. In case of implants supporting full-arch 
rehabilitation, Papaspyridakos and colleagues [5] reported a cumulative success rate 
of 98.7% after more than 5 years from definite prosthesis insertion. All of these 
studies advocate the idea that rehabilitation using dental implants could be very 
effective, regarding patient’s qualification for the procedure.

When the  first dental implants were placed, clinicians worried mostly about 
their  osteointegration with the alveolar bone, as reaching  good osteointegration 
was the most important treatment goal at that time. However, along with broadening 
of the clinical indications for implant placement and making it less dependent on the 
financial aspect, a new challenge was defined—peri-implantitis.

A. Porenczuk and B. Górski



183

1.1  Definition and Classification

Proceedings of the first European Workshop on Periodontology in 1994 defined 
peri-implantitis as an inflammatory reaction with loss of supporting bone around a 
functioning implant [6]. This broad definition provided no guideline on the criteria 
for recognition and treatment of this disease. The 2017 World Workshop introduced 
a new classification of the peri-implant health problems, which distinguished peri- 
implant health, peri-implant mucositis, peri-implantitis, and peri-implant soft and 
hard tissue deficiencies [7]. The term peri-implant health refers to all states that 
exist around dental implants with normal or reduced bone support. Peri-mucositis is 
defined as an inflammation of the mucous membrane surrounding dental implant, 
with or without visible plaque. In addition, it may precede peri-implantitis [8, 9]. Its 
characteristics covers  inflammation of the gum (redness, swelling, pain when 
touched), bleeding on probing (BoP) with or without suppuration from the peri-
odontal pocket, and no visible bone loss around dental implant on function seen on 
a radiograph. Peri-implantitis stands for a condition in which the inflammation 
around dental implant spreads on a wider area, covering both the mucous membrane 
and the bone support. Clinical and radiological symptoms of peri-implantitis cover 
inflammation of the gum (redness, swelling, pain when touched), bleeding on prob-
ing (BoP) with or without suppuration from the periodontal pocket, a visible, pro-
gressive loss of the bone support around dental implant on function seen on a 
radiograph. If not treated, it may progress in a nonlinear and accelerating pattern 
[10]. Hard and soft tissue implant deficiencies recognize the fluctuations of the 
dimensions of the alveolar process/ridge caused by various factors such as tooth’s 
extraction, former periodontal diseases, medications, systemic diseases, trauma, 
endodontic infections, root fractures, thin buccal bone plate, tooth’s malposition in 
the dental arch leading to an occlusal overload, pneumatization of the maxillary 
sinus, and pressure from dental prostheses [7].

1.2  Incidence and Prevalence of Peri-implantitis

Incidence, which stands for a frequency of cases of a disease with which it occurs 
in a period of time, defines how many new cases of peri-implantitis are there in a 
population (e.g., during month/year/longer period of time). Such longitudinal pro-
spective studies are hard to perform [11]. On the other hand, prevalence shows how 
many cases are there in a specific population in a period of time (e.g., patients of one 
study, patients of one dental clinic), and it may be obtained from clinical studies 
performed by clinicians from academia or private clinics. Both rates are essential 
for a practitioner to estimate the range of the problem he or she may face in their 
own practice. However easy as it may seem, the numbers vary due to inconsistency 
of peri-implantitis’ identification resulting from lack of its clear definition before 
the year 2017. Therefore, both the incidence and prevalence of peri-implantitis are 
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still hard to be estimated. Several factors influencing proper calculation of its rate 
among patients may be outlined, such as differences in sampling procedures (inad-
equate sample size, counting only patients, counting only implants, counting both 
patients and implants, patients from private clinics/public schools), studies made on 
various implant systems, inadequate observation time (mostly less than 5 years), 
rating only radiographs (often without clinical examination), rating only BoP (with-
out radiological examination), differences in BoP examination criteria (defining 
peri-implantitis using ambiguous pathological pocket depths (PD), using different 
instrumentation (standard periodontological probe, calibrated periodontological 
probe, standard dental probe, other), using nonstandardized probing force), and dif-
ferences in estimated bone loss (often counted in millimeters (mm), defining pro-
gressive bone loss (often not defined in mm)) [11, 12]. Chosen studies from 2015 to 
2019 (Table  1) show  how many differences may be seen in  evaluation of  peri- 
implant health problems, especially the observation time, methods of patients’ 
examination at follow-ups, lack of manufacturer names and/or types of placed den-
tal implants, various numbers of implants (which in most cases exceed the number 
of treated patients), and taking or not taking the individual risk factors into account.

With all these differences, the prevalence of peri-implantitis is high, varying 
between 1–47% [11], 10–40% [12], 4.6% on the implant level and 12.7% on the 
patient level [14] or even 34% on the patient level and 21% on the implant level 
[18]. The meta-analyses of the subject estimated the peri-implantitis prevalence rate 
up to 9.25% (estimated weighted mean implant-based prevalence; 95% confidence 
interval (CI): 7.57–10.93%), 19.83% (estimated weighted mean patient-based prev-
alence; 95% CI: 15.38–24.27%) [19], and 22% (without recognition of implant/
patient base; 95% CI: 14–30%) [11]. It should be emphasized that the examination 
methods as well as the amount of the lost alveolar bone in most cases were individu-
ally determined by the operator. Moreover, most reports concluded that multiple 
factors, such as inconsistent definitions, reporting methods, study sample, and diag-
nostic criteria, prevented them from gaining objective, nonbiased epidemiologic 
results. For example, Dudek and colleagues [17] introduced their own classification 
scale to assess the prevalence of peri-implantitis, which they observed in only 9.8% 
of all implants, regardless of their type. Regardless of the chaos in the literature, 
from a clinical point of view, peri-implantitis must be treated as a serious threat in 
implantology and the findings in this area of dentistry taken into consideration upon 
patient’s qualification for the surgery.

2  Bacteria Species in Peri-implantitis

Like periodontal diseases, peri-implantitis is caused by bacteria biofilm colonizing 
the implant area. The bacterial colonization of the crevice around dental implant and 
the biofilm’s development has been a subject of many studies, which tried to explain 
how the bacteria survived on an artificial subject and gradually damaged it. The 
search for the bacteria responsible for the onset and progression of peri-implantitis 
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is still biased, as until recently there has been no widely accepted definition of this 
disease. The reliability of the conducted research is related to their methodology: 
sequencing techniques (conventional PCR, quantitative PCR, metagenomic tech-
niques, DNA hybridization), culture methods, pairing/nonpairing study design 
(peri-implantitis vs periodontitis, peri-implantitis vs ‘healthy’ implant), risk factors 
(confounding factors yes/no), clinical evaluation (pocket depth yes/no, BoP yes/no), 
and previous history of periodontitis [20]. Taking all these factors into consider-
ation, it was finally concluded that the species responsible for periodontal diseases 
are also present in the inflamed sulci around dental implants. Peri-implantitis has 
also been connected with an opportunistic microbiome and commensal-depleted 
pathogens [21]. The microbiome of peri-implantitis is quite heterogenous, though. 
A native study by Dudek and colleagues [17] determined the bacteria species pres-
ent in the pathological pockets around dental implants using a standard PET test. 
The study confirmed the presence of Aggregatibacter actinomycetemcomitans, 
Treponema denticola, and Porphyromonas gingivalis, which are also found in peri-
odontal diseases [17]. Contrarily, Lafaurie and colleagues [20] compared the fre-
quency of bacteria related to periodontitis to those in peri-implantitis, and what they 
found out was that the red complex bacteria (Porphyromonas gingivalis, Treponema 
denticola, and Tannerella forsythia) were found more often in peri-implantitis in 
only 38% of studies. Moreover, only 42.8% of the papers confirmed the presence of 
the orange complex bacteria (Prevotella intermedia, Prevotella nigrescens, 
Fusobacterium nucleatum, and Peptostreptococcus micros) [20]. Contrarily to peri-
odontitis, non-cultivable microorganisms, such as asaccharolytic anaerobic gram- 
positive rods (AAGPRs, e.g., Eubacterium nodatum, Eubacterium brachy, 
Eubacterium  saphenus, Filifactor alocis, Slackia exigua, Parascardovia dentico-
lens), anaerobic gram-negative rods (OGNRs, e.g., Leptotrichia hofstadii, Kingella 
dentrificans, and Treponema lecithinolyticum), and opportunistic pathogens like 
Staphylococcus aureus were more likely to develop in peri-implantitis [20]. Quite 
recently, Soriano-Lerma and colleagues [22] revealed that the infection associated 
with peri-implantitis stems from common oral bacteria, or from environmental bac-
teria. They divided patients into three groups with different microbiome and 
described three strata. Stratum 1 was associated with the presence of Ralstonia and 
Sphingomonas. Both taxa are nonoral, gram-negative genera that may be found in 
environment (e.g., water supplies). They are also causative agents of nosocomial 
infections. In stratum 2 microbiota from purple and yellow complexes were found 
(Streptococcus, Veillonella, Neisseria, Rothia), all of which represent gram-positive 
facultative species, so-called early colonizers. The most prevalent was stratum 3, 
which included gram-negative, anaerobic species such as Fusobacterium, Prevotella, 
Porphyromonas, Treponema, Campylobacter, and Tannerella. The abovementioned 
genera belong to orange and red complexes that represent middle and late coloniz-
ers. There also seems to be some variations in compositions of biofilms on normal, 
healthy implants and on those affected by peri-implantitis. For example, the red 
complex bacteriaPorphyromonas gingivalis was present in 0–65% of cases of peri- 
implantitis and in 0–79% cases of “healthy” implants, while Treponema forsythia 
was present in 0–80.3% in peri-implantitis and in 0–80% in “healthy” implants. 
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Only Prevotella intermedia was cultivated from 22–66% of sites with diagnosed 
peri-implantitis, while 6.6–23% colonized “healthy” implants [20]. What seems to 
distinguish healthy implant sulcus from those with peri-implantitis are counts of 
OGNRs (10–65% in peri-implantitis against 6–13% in “healthy” implants) and 
Staphylococcus aureus at the level of 0–43.4% (peri-implantitis) and 0–19.1% 
(“healthy” implants) [20]. These inconsistencies in percentage share of bacteria spe-
cies in periodontal and peri-implant diseases indicate that these two entities differ, 
thus should not be considered alike, with clear differences on behalf of the opportu-
nistic bacteria in peri-implantitis. Furthermore, external factors such as smoking or 
the titanium composition of the implant might modulate the peri-implant microbi-
ome and transform it into a more pathogenic entity [23, 24].

3  Risk Factors

Dental clinicians are aware of the existence of multiple pathologies, whose appearance 
in patients, apart from their well-known etiology, can be attributed to other, sometimes 
not so obvious, elements. For example, dental caries is normally attributed to a plaque 
formation on tooth’s surfaces, leading to the acidic degradation of its hard tissues. 
However, the onset and progression of caries may be facilitated by other factors, such as 
overhanging restorations enabling the biofilm’s formation, deep pits and fissures seen in 
children and young adolescents favoring plaque accumulation, patient’s health prob-
lems changing the immunologic response to bacterial activity, and so on. In accordance 
with this, peri-implantitis is caused by a biofilm created on a dental implant’s surface, 
the bacteria species of which induce inflammatory response leading to the damage of 
the adjacent tissues [9]. The research on peri-implantitis depicted additional elements, 
called the risk factors, which facilitate the onset and progression of this disease. There 
are different reactions of bone to the presence of implants, such as zero bone loss, stable 
remodeling, progressive bone loss, bone demineralization and remineralization, corti-
calization, and bone growth (Fig. 1) [25].

Fig. 1 Different patterns of bone destruction in peri-implantitis defects. Horizontal defects (a) do 
not have a regenerative potential, so resective treatment should be implemented. Defects with 
predominant vertical component (b) may be treated with a regenerative approach
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Fig. 2 The grayish 
appearances of soft tissues 
around the right implant 
and soft tissue recession 
around the left implant 
indicate crestal bone loss 
and undermine the 
esthetics of the restorations

The key point for a successful implant treatment seems to be crestal bone stabil-
ity in the long run, while crestal bone loss is a phenomenon with multifaceted etiol-
ogy (Fig. 2).

The authors of this chapter decided to picture the peri-implantitis’ risk factors as 
a scheme (Fig. 3), followed by a short written description, which hopefully will give 
a clear feedback on this issue. We believe that patient’s thorough clinical and radio-
graphic examination, medical interview and treatment provided by trained special-
ists in oral surgery, prosthodontics and periodontics would limit the occurrence of 
the factors dependent on the human mistakes, providing long, functional years of 
the implanted screws.

3.1  Factors Related to Patient

3.1.1  Previous History of Periodontitis

It seems that patients suffering from chronic periodontitis are prone to develop peri- 
implantitis as well, as a confirmed history of periodontitis may increase the risk of 
future peri-implantitis even 3.63 times (Fig. 4) [18, 26–32].

Acute forms of periodontal disease are associated with higher rates of implant 
loss, even in patients who received a supportive periodontal treatment [15, 33]. 
Rodrigo and colleagues [15] conducted a 16-years observation study on this aspect, 
the results of which indicated a relevantly lower rate of implant placement success 
in patients provided with an additional supportive periodontal treatment 
(79.22–100%), compared to “healthy” patients (91.67–100%).
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Fig. 4 Periodontitis 
predisposed this patient to 
a massive crestal bone 
loss around dental implants 
restoring missing teeth 
number 26, 27, 36, 
45 and 46 

3.1.2  Plaque Index and Oral Hygiene

Daily oral hygiene aims at removal of the bacterial biofilm forming on a natural or 
artificial dentition. Plaque control is one of the most important preventive aspects of 
dental caries, periodontal and peri-implant health problems, as bacteria and their 
products of metabolism activate inflammatory response in tissues surrounding both 
the natural dentition and the dental implants [28, 30–32]. It is also one of the few 
elements that can be self-modified by patients [28]. On the other hand, it is advo-
cated that the dental plaque alone should not be regarded as the peri-implantitis’ risk 
factor, as differences in gene expression between patients with peri-implantitis and 
those with periodontitis were found [34], and other elements than the plaque 
emerged to favor its occurrence [29, 30]. Nevertheless, patients with poor personal 
oral hygiene and/or those with poor or none professionally administered hygiene 
are said to develop peri-implantitis more easily [26]. Even an effective plaque 
removal from the implant’s surface does not prevent peri-implantitis, as the inflam-
matory process may spread through interaction between the biofilms localized on 
the adjacent teeth or implants [28]. A good access to interproximal niches, ensured 
by a well-designed prosthesis guarantees an adequate plaque removal, diminishing 
the risk of the inflammation onset [15]. The patients should therefore be educated 
by their dentists or dental hygienists of how effectively and safely remove the bacte-
rial plaque, as Van Velzen and colleagues [35] reported several cases where floss 
remnants left in the crevices around dental implants caused an inflammation, which 
healed spontaneously after their mechanical removal.

3.1.3  Full Mouth Bleeding Score

The peri-implant tissues are noncomparable to those surrounding a natural tooth, 
therefore differences in their responses to bacterial action may occur. In periodonti-
tis, the percentage value of full-mouth bleeding on probing in clinical examination 
divides patients into three risk categories—green (0–15%) meaning low risk level, 
amber (15–20%) indicating moderate risk level, and red (20–100%) standing for 
high risk level [36]. In relation to the patients with dental implants, the clinically 
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stated BoP higher than 10% corresponds to an augmented level risk of peri- 
implantitis [31], while full mouth bleeding index higher than 25% is an indicator of 
an ongoing peri-implantitis at the patient level [37]. However, the probability of a 
clinically stated presence of BoP at a peri-implant site with a PD of 4 mm is esti-
mated to be only 27% [38], while suppuration has been reported in only 10–20% of 
cases [39, 40]. Hence, both the BoP and suppuration are considered weak clinical 
factors in peri-implantitis' diagnosis. Moreover, de Araújo Nobre and colleagues 
[29] emphasized that personal oral hygiene prevents plaque accumulation and, con-
sequently, diminishes BoP value, meaning that it may be a prominent factor only in 
patients with poor oral hygiene. Nevertheless, high BoP informs the clinician about 
the ongoing inflammation in the peri-implant tissues, and, as such, should be seen 
as a risk indicator [30–32].

3.1.4  Maintenance After Implant Placement

The recall regimen is a foundation for the prevention of both the periodontal and 
peri-implant diseases (Fig. 5) [41].

The patients with dental implants should call in for a check-up appointment 
every 5–6 months [26, 42]. Lack of regular check-ups along with supportive peri- 
implant treatment may increase progression of peri-implantitis in up to 40% of 
cases [27]. Contrary opinions undermine the need for every half a year recall, claim-
ing that the percentage impact of this variable is only 5.89% [41]. In other words, 
patients’ negligence in following check-ups with a dental surgeon may result in 
peri-implantitis development in approximately 6% of cases. Nevertheless, dentists 
should insist on their patients to follow a recall regimen in order to (1) provide edu-
cation and motivation in a personal hygiene in the implant area, (2) provide profes-
sional hygiene, and (3) guarantee quick recognition and treatment of the unfolding 
disease.

Fig. 5 General 
crestal bone loss around 
implants in patients 
without supportive 
peri-implant treatment
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3.1.5  Patient Sociodemographic Information

Atieh and colleagues [27] did not regard the patient’s sex as a risk factor, on con-
trary to Rodrigo and colleagues [15], who proved that male gender acted protec-
tively. The patient’s age is a risk factor worth recognition, as elderly patients 
(>60 years of age) are more prone to develop peri-implantitis [18].

3.1.6  Smoking

Smoking is one of the most important risk factors of peri-implantitis [27, 29, 43]. 
Statistically, smokers are at much higher risk of peri-implantitis than nonsmokers, 
especially those additionally affected with a history of periodontitis [44]. Tobacco 
downregulates the expression of bone matrix proteins through suppression of cer-
tain transcription factors for osteogenesis, or through activation of certain factors 
for osteoclastogenesis, which fastens the progression from peri-implant mucositis 
to peri-implantitis [45, 46].

3.1.7  Concurrent Health Conditions

Patient’s systemic health problems such as diabetes mellitus, osteoporosis, cardiac 
problems, hypertension, and various viral diseases may enhance peri-implantitis 
occurrence [47, 48]. However, not all researchers approve that health conditions 
have a major impact on peri-implant diseases [27], so this aspect needs further 
evaluation.

3.2  Factors Related to Prosthesis

3.2.1  Type of Implant-Supported Prosthesis and Prosthesis Design

The implant screw itself, its design and surface characteristics, may promote prob-
lems in the implant site. However, a clinician must not forget that implant’s function 
is restoration of the lost dentition, so it should be regarded as unity with a prosthetic 
device it supports (e.g., a single crown, multiple crowns in a fixed dental bridge, or 
any other type of multipoint denture). It is underlined that retentive components of 
poorly designed prosthesis bear more risk of inducing peri-implantitis, as they favor 
bacterial plaque accumulation around the implant and obstruct its removal by the 
patient (Fig. 6) [9, 27, 49, 50].

Serino and Ström [50] revealed that more than 90% of patients with implants 
could not perform adequate oral hygiene due to improper prosthesis design. Another 
example shows that bone-level single crowns with an emergence angle of over 30° 
and a convex profile can be strongly associated with peri-implantitis [51]. Type of 
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the construction material of the artificial dentition should also be taken into consid-
eration, as restorations based on metal proved to be more risky [15, 28]. Fully eden-
tulous patients, equipped with complete prostheses, especially hybrid ones (made of 
various materials), are at higher risk of peri-implantitis [15]. Other factors related to 
prosthesis design are lack of prosthetic fit or nonoptimal screw joint [28] and mal-
positioning on the abutment and/or the abutment’s design [52]. Longer transmuco-
sal abutments (>2 mm) [53] and internal connection (including platform switching 
[54] and Morse cone connections [55]) have been associated with good preservation 
of the peri-implant bone level, while type of the implant-abutment joint (external vs 
internal vs conical) [56], number of abutment connections/disconnections [52], or 
difficulty in removing excess cement [9, 13, 57] may increase the bone loss. The 
geometry of the titanium base has an impact on crestal bone stability [58]. Titanium 
base that is wide and has a short gingival height may lead to bone loss, especially in 
case of subcrestally placed implants. When designing the form of the emergence 
profile, the clinician should take into account the depth of the subcrestal implant 
position, since the height of the titanium base should be correlated with the depth of 
implant placement. Furthermore, the emergence profile angle of the restoration with 
respect to the implant should not be greater than 25°, otherwise crestal bone loss 
may occur [59, 60]. Among other prosthetic factors that should be considered, there 
are prosthetic materials (abutment materials, veneering materials) and type of reten-
tion (cement-retained restorations, screw-retained restorations). The other factors 
involve choosing prosthetic materials for abutments and crowns. The most biocom-
patible material is zirconia, followed by titanium and polished lithium disilicate 
ceramics. The least biocompatible for contact with peri-implant tissues is the 
veneering ceramics (feldspathic ceramics). Zirconia is the most biocompatible 
material due to low surface free energy and very limited bacterial adhesion [61, 62]. 
Compared to titanium, zirconia determines better adhesion for epithelial cells and 
stimulates more favorable responses of the soft tissues [63, 64]. Moreover, probing 
pocket depths (PD) were lower around zirconia abutments, when compared to tita-
nium abutments [62]. Smoother surfaces support better adhesion of the epithelial 
cells and on the ultrapolished zirconia abutments a thin layer of epithelium lines the 

Fig. 6 The construction of 
prosthetic restoration 
makes home plaque control 
impossible
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fibroblasts, thus there is no direct contact between zirconia and fibroblasts from the 
connective tissue. It was found that the epithelial cells attach to the surface of tita-
nium stronger than the fibroblasts, and this connection is more tough to the abut-
ment surface than to the connective tissue [65, 66]. The epithelial cells attach more 
efficiently on smooth than on the rough titanium surfaces [67]. As epithelial adhe-
sion to glazed ceramic is very poor, this material should not be used subgingivally 
[52]. On the other hand, highly polished lithium disilicate surface allows for stable 
fibroblasts adherence [68]. Taking all of these elements into consideration, the den-
tist’s role is to design the future replacement in a way that ensures mastication 
adapted to patient’s occlusion and enables non-problematic access to oral hygiene. 
Fulfilling these criteria requires years of specialistic training and experience in 
implantology, prosthodontics, and periodontology. Moreover, mutual understanding 
and communication between surgeon, prosthodontist, and technician secures the 
overall treatment’s success.

3.2.2  Occlusal Overload and Remnants of the Cement

An occlusal overload, resulting from either patient’s malocclusion or the prosthetic 
design, can be clinically seen in the patient’s mouth as the presence of wear facets 
on the prosthesis. An excessive load on the implant increases the risk of peri- 
implantitis development around it [32, 69]. Remnants of an adhesive in the crevice 
around the implant have a catastrophic effect on the health of the surrounding tis-
sues [9, 13, 32, 48, 69]. Residual cement was recognized as a risk factor for the 
development of peri-implant mucositis and peri-implantitis [70]. Linkevičius and 
colleagues [71] observed that peri-implantitis resolved in 85% of the cases, where 
the excess of the bonding agent was left in the pocket, especially in patients with 
history of periodontitis. Both in vitro and in vivo studies demonstrated that it is 
virtually impossible to remove all excess cement if the restorative margins are 
located subgingivally [72, 73]. The deeper the margin position, the more cement 
remnants were left. All residual cement was removed only when the margin position 
was visible. Moreover, standard abutments have inherent undercuts (the distance 
between the restoration emergence profile margin and the cementation line), which 
makes them inaccessible to thorough cleaning from the cement remnants [74]. 
Therefore, the adhesive cement has to be thoroughly removed while placing the 
prosthesis on the abutment. Apart from the adhesive remnants, its type also matters. 
For instance, methacrylates may surely induce inflammation of the implant sur-
rounding tissues with subsequent development of peri-implantitis, while classic, 
chemically set cements, such as zinc oxide-eugenol (ZOE), are far less irritant [13]. 
When peri-implant tissue inflammation occurs, with suspicion of the adhesive as a 
base of the problem, the recommended treatment comprises prosthesis removal 
from the abutment, professional cleaning of the crevice, involving scaling and 
chemical disinfection with chlorhexidine (CHX) or other disinfectants, and re- 
bonding of the prosthesis with an antibacterial and resorbable cement, such as 
ZOE.  If methacrylate cement is required, a reduction of its amount may also be 
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helpful [48]. Placement of the prosthesis on the abutment using resin-based cement 
ought to be proceeded with a rubber dam isolation, and, after its initial polymeriza-
tion, the crevice has to be precisely cleaned with a dental floss or hand instruments 
before further setting. As there is no reliable technique of intraoral cementation to 
guarantee a complete cement removal, custom abutments with supragingival cemen-
tation margins and without undercuts should be used to avoid leaving cement rem-
nants in the pocket. The alternative is to use cementless solutions (e.g., screw-retained 
restorations).

3.3  Factors Related to Surgery/Operator/Implant

Factors related to the implant and/or the surgery are the most controversial of all 
discussed. The reason for it is that as the literature findings are based on various 
study types, study design with/without clinical evaluation, various study groups (in 
terms of age, gender, patient characteristics), inclusions/exclusion criteria, whether 
the researchers have any clinical experience.

3.3.1  The Characteristics of the Implant Site

The presence of a keratinized gingivae is assumed to be a preventive factor of peri- 
implantitis in patients with deficient oral hygiene [9, 75]. The beneficial effect of its 
presence was underlined by Monje and colleagues [76], who concluded that a thin- 
tissue gingivae phenotype poses higher risk of peri-implantitis. A wide band of gin-
givae surrounding a natural tooth or its artificial substitute prevents the bacterial 
biofilm’s access into the crevice, which would be otherwise facilitated by a mov-
able, thin mucosa [77]. Moreover, a thick gum barrier diminishes pain during brush-
ing and flossing, helping to keep good hygiene and, in effect, diminishing 
inflammatory process around the implant (Fig. 7) [78].

Fig. 7 Lack of keratinized 
tissues around implant 
causes crestal bone loss 
and impairs home 
plaque control
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It is stated that the presence of ≥4  mm of keratinized mucosa around dental 
implant (2 mm buccally and 2 mm lingually) of an adequate horizontal thickness of 
2  mm is crucial for the prevention of peri-implant diseases [75]. Another very 
important parameter is vertical soft tissue thickness. It was reported in dogs that 
sites with vertical tissue thickness of ≥4 mm had no bone loss after 2 months of 
healing period, whereas sites with a vertical thickness ≤2 mm underwent significant 
bone resorption [79]. It was explained that bone resorption occurred in order to 
allow an adequate soft tissue attachment to develop as a defensive biologic phenom-
enon to keep bacteria further away from bone. Quite recently Linkevičius and col-
leagues [80] placed 80 bone-level implants in 80 patients, half of whom had ≤2 mm 
of vertical soft tissue (group 1, thin tissue) and the other half had >2 mm of vertical 
soft tissue (group 2, thick tissue). At a 1-year follow-up, mean bone loss was 
1.18 mm in group 1 and 0.22 mm in group 2. Based on the outcomes of the subse-
quent study that crestal bone loss could be reduced to 0.22 mm around platform-
switched implants provided vertical soft tissue thickness >3 mm, it was concluded 
that 3 mm should be a threshold to differentiate between thin and thick tissues [81].

3.3.2  Implant Characteristics

A full osseointegration process combines two stages—primary stability resulting 
from a mechanical anchoring of the implant in bone, and secondary stability, which 
is obtained through bone’s apposition and remodeling. The created link between the 
bone and the implant is called a functional ankylosis [82]. Albrektsson [83] distin-
guished six factors, which are essential to establish a proper connection:

 1. Parameters of a dental implant’s construction material (biocompatible, resistant 
to occlusal loads and corrosion).

 2. Geometry of the screw (providing maximal contact between the bone and 
the screw).

 3. Implant’s surface characteristics.
 4. Bone’s biological status.
 5. Surgical technique.
 6. Implant loading conditions.

Modern implants  differ in  surface topographies (presence of macro/micro- 
roughness) and coatings, which ensure a quick osseointegration, minimizing future 
complications [9, 84, 85]. Examples of such surface modifications cover TiUnite by 
Nobel Biocare, which is a moderately rough, thickened titanium oxide layer with 
high crystallinity, or SLA introduced by Straumann in 1998 (a macro-rough, sand-
blasted, and acid-etched surface for a better cell attachment). The aim of these 
sophisticated surface topographies is to provide full direct implant-bone con-
tact  that  guarantees good osteointegration without the patient’s compliance. 
However, some researchers favor the idea that both the implant surface type and the 
particles freed from it may promote a change from a stable immune system, which 
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is normally seen in a well-maintained osteointegration, to an active one leading to 
the implant’s rejection [86]. For instance, patients equipped with TiUnite coated 
implants had greater implant pocket probing depths and radiographic bone loss, 
which could have been related to pits and grooves on the implant surface facilitating 
bacterial colonization and inflammation’s onset [87]. It has also been advocated that 
implant surface modifications either have no impact on biological complications 
[27] or may severely complicate the peri-implantitis treatment [88, 89]. The factors 
linked to the implant’s technological design are quite controversial. Some findings 
suggest that implant manufacturers, dimensions, location, antibiotics taken in tan-
dem with the surgery, implant placement immediately after tooth extraction or in 
native bone, and the use of bone grafting materials should not be regarded as risk 
factors due to lack of supportive evidence [18]. However, the opposers claim that 
the narrower implant’s diameter (≤3.5 mm) or its smoother surface, the higher risk 
of peri-implantitis [15]. All things considered, the presence or the absence of a pol-
ished implant neck and the type of implant-abutment connection are considered to 
be the most crucial implant design factors with reference to crestal bone stability. A 
polished implant neck was connected with the pathogenesis of crestal bone loss, as 
it did not osseointegrate, thus this type of implants should be placed above the bone 
crest in such a way that only the rough part is submerged in the bone [90, 91]. As all 
modern implants are two-piece designed, all of them have a microgap at the implant-
abutment connection, which might be associated with bacterial contamination and 
micromovements of the abutment. The stability of the abovementioned connection 
and the reduction of micromovements are provided with a conical connection. Quite 
recently it was reported that the smaller the angle of the inclination, the more resis-
tant to lateral movements the abutment will be [92]. Consequently, due to the micro-
bial leakage at the implant-abutment interface, an inflammatory cell infiltration in 
the connective tissue next to the microgap may develop resulting in a a microgap-
related bone loss [93]. The introduction of platform switching has shifted the bacte-
rial leakage inwards and away from the bone towards the implant. . Vela-Nebot and 
colleagues [94] showed that a mean marginal bone loss for implant with platform 
switching was 0.76–0.77 mm after a 1-year follow-up, compared to 2.53–2.56 mm 
for implants with a regular connection. At least 0.4 mm of platform switching is 
necessary to be efficient for bone protection.

Table 2 Differences in temperatures of the osteotome drills and the  bone depending on the 
rotation speed calculated at a drilling force of 30 N and drilling depth of 10 mm

Rotation 
speed 
(rpm)

Drilling 
depth 
(mm)

Time elapse 
between start 
of drilling and 
temperature 
measurement (s)

Temperature 
of the drill 
(°C)

Time elapse 
between start 
of drilling and 
temperature 
measurement (s)

Temperature 
of the bone 
(°C)

500 10 5 51.4 ± 3.8 7 42.7 ± 2.7
1200 10 5 68.5 ± 3.9 9 44.0 ± 1.9
2000 10 4 82.7 ± 5.7 9 50.6 ± 4.2
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3.3.3  Technical Performance of the Surgery

Drilling in bone is an inevitable step in dental implant placement, as the space in 
bone has to be mechanically adjusted to the shape, diameter, and length of the arti-
ficial root. The hole in the bone is later replenished by a new bone created in the 
osteointegration process. The mechanical preparation of the implant socket requires 
using special drills called osteotomes, which are allowed for rotation by a machine 
called physio dispenser enabling operation with desired parameters of speed, torque, 
and sterile water/saline cooling. A rise of temperature and compression of the peri- 
implant bone are the consequences of this aspect of the procedure and may deter-
mine the future success of the treatment (compression-related bone loss). The 
cancellous bone’s matrix is built of multiple trabeculae arranged along lines of 
stress providing bone’s capacity to bear loads [95]. Therefore, the atraumatic surgi-
cal procedures minimizing the risk of bone loss should be implemented on a routine 
basis [9, 96]. The use of osteotome condenser drills may increase the primary stabil-
ity and osseointegration [97], yet it may also disrupt the connectivity of the trabecu-
lar network, reducing its potential to transmit occlusal forces, thus the secondary 
stability is not obtained [95]. Moreover, using osteotomes applies high compressive 
force on the crestal bone, leading to its 22–50% more prominent decrease than dur-
ing the conventional implantation [98], and to a 41% reduction in the amount of 
bone-to-implant contact [99]. Similar complications may be caused by high drilling 
torque, causing delayed healing [100, 101]. Drilling speed and the drill’s diameter 
may also affect bone healing in the implant socket. In the trabecular bone, areas of 
osteocyte necrosis emerge when the  drilling speed reaches 1500  rpm [97]. The 
larger the drill, the larger the area of damage (e.g., drill diameter 1.6 mm—distance 
of tissue necrosis 1040 μm; drill diameter 5 mm—distance of tissue necrosis 1400 
μm), and less new bone created, which are associated with a higher drilling energy 
and rise of the temperature transmitted to the bone [97, 102, 103]. Thermal damage 
during drilling is inevitable, resulting in a local tissue necrosis when it lasts for more 
than 1 min at a temperature higher than 47 °C. A rise of temperature above this level 

Table 3 Differences in temperature rise depending on the drill’s diameter and rotation speed 
calculated at a force of 10 N and a drilling depth of 13 mm

Diameter of the drill (mm) Rotation speed (rpm) Temperature of the bone (°C)

3.0 800 37.3 ± 2.3
1200 35.1 ± 2.2
1600 34.2 ± 2.4

3.4 800 34.4 ± 2.0
1200 34.1 ± 2.0
1600 31.4 ± 0.4

3.8 800 38.5 ± 0.4
1200 40.5 ± 1.3
1600 35.6 ± 1.5
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impairs primary osseointegration, as the damaged osteocytes lack the ability 
for proper osseous remodeling [104–106]. The bone activity is arrested even after 
short exposure at 70 °C [107]. Bogovič and colleagues [108] used a thermal camera 
to picture the change in temperature during drilling, which showed that the highest 
temperatures were obtained upon drilling through the cortical bone and at the con-
tact of the drill tip to the bone. A study utilizing an artificial bone model estimated 
the correlation between drilling speed and temperature changes in the implant 
socket on different drilling depths [104]. Repeatable patterns of temperature change 
at various drilling speeds (Table 2) were noticed.

The maximum rise of temperature was recorded at the depth of 10 mm, com-
pared to 5 mm and 1 mm, without water cooling [104]. The study indicated that 
higher temperature and its faster increase were more eminent on the drill than in the 
bone, therefore following the manufacturer’s speed recommendations ranging 
between 1000 to 1500 rpm with an adequate internal or external irrigation of the 
surgical site should substantially decrease the degree of the thermal damage. On the 
final note, it has to be reminded that blunt drills generate more heat than sharp ones, 
so their use should be avoided [109]. Another question arising is the sufficient 
amount of coolant to protect the surgical site from overheating. Sindel and col-
leagues [96] proved that the heat generated during drilling is not directly propor-
tional to the coolant volume. In their study, the temperature of four drills of various 
diameter (2.8, 3.4, 3.8, 4.4 mm), rotating at 800 rpm and a torque of 55 N cm with-
out any irrigation was statistically higher than when water cooling of 12 and 30 mL/
min was administered. They also found no difference between 12 and 30 mL/min 
irrigation. Based on their report it was concluded that an external irrigation of 
12  mL/min is  sufficient  in heat reduction during implant bed preparation, while 
excessive water cooling reduces the visibility of the surgical site [96]. Other studies 
speculated that the temperature rise was influenced by irrigation at a uniform speed 
of 90 mL/min during drilling, but not by a drill type [106]. Contrarily, a test on a 
bovine rib proved that the drill’s diameter had the largest effect on the temperature 
rise (Table  3), while the drilling force and speed had a similar effect, with the 

Fig. 8 The inappropriate 
implants position caused 
crestal bone loss 
12 months after surgical 
treatment
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temperature decreasing almost equally with the increasing of both the  force and 
the speed, due to their positive impact on the reduction of the drilling time [108].

In conclusion, recklessness and lack of experience in using the dedicated 
mechanical devices during implantation procedure may damage the bone’s trabecu-
lar network, impair its ability to bear occlusal stress, and cause delay in a new bone 
formation around the implant [99].

3.3.4  Implant Position and Angulation

The position of the implanted screw and its angulation has its part in the peri- 
implantitis occurrence in patients (Fig. 8) [69].

More than 40% of the implants diagnosed with peri-implantitis presented with a 
too-buccal position [76]. The critical buccal bone thickness for preventing buccal- 
lingual bone resorption is estimated to be 1.5 mm [110]. An insufficient amount of 
crestal bone favors peri-implantitis development as a consequence of the implant’s 
micro-rough surface contamination by the plaque-associated bacteria causing its 
chronic infection [110]. On the other hand, an apico-coronal implant position might 
dictate the long-term stability of the peri-implant tissues [9]. The depth of the 
implant placement is considered as risk factor when it measures ≥6 mm from the 
cement enamel junction of the adjacent tooth [111]. The implant location in the 
maxilla bears the risk of peri-implantitis [30], while in mandible is regarded safe 
[18], apart from the lower anterior region [15]. Generally speaking, implants with 
platform switching can be placed either at the bone level or subcrestally (up to 
3 mm depending on implant design and local factors), while tissue-level implants 
need to be placed with its entire polished portion above the bone crest. Too deep 
placement of tissue-level implants will result in crestal bone loss. As mentioned 
previously, crestal bone stability requires previous development of soft tissue attach-
ment that is determined by vertical thickness of gingiva. In vertically thick tissues, 
implant depth placement is decided upon the implant design. In order to increase the 
vertical dimension of soft tissues in case of thin phenotype, appropriate surgical 
approach should be chosen, that depends on anatomical limitations (e.g., subcrestal 
implant placement or soft tissue augmentation). All of these methods should protect 
the neck of the implant from exposure to peri-implant soft tissues in a process of 
crestal bone remodeling.

3.3.5  Bone Grafting and Antibiotics

There is no evidence to associate the use of a bone grafting material during surgery 
with peri-implantitis [27, 69], but some studies showed that grafts are less resis-
tant to infection in comparison to the native bone [112]. Proceeding with an open 
flap technique during surgery is regarded as a risk factor, as it may be a cause of an 
interruption in periosteal blood supply from the elevated periosteum, which may 
further reduce the necessary blood supply to the cortical bone and impair its further 
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healing [113]. Insertion of the implant in the bone may disturb the blood flow 
inside it (a process called an avascular necrosis), promoting peri-implantitis devel-
opment [114]. The administration of antibiotics at any time (pre/post-surgery) acts 
as a protective factor against peri-implantitis [18].

3.3.6  Number of Implants and Distance Between Them

The literature states that risk factors are the bone level counted in the implant’s 
middle third and the implant’s proximity to other teeth/implants [28]. The mesiodis-
tal position could be a risk factor of peri-implantitis as it dictates space for perform-
ing oral hygiene and bacterial plaque removal. Also, if the distance between two 
adjacent dental implants or one implant with the adjoining teeth measures less than 
3 mm, the process of bone remodeling may be impaired [115]. It is estimated that 
having more than two implants bears a higher risk of peri-implantitis [27].

4  Treatment

The treatment of peri-implantitis is still difficult and unreliable. It should be cause- 
related, as its etiology covers bacterial contamination and toxic activity of their 
by-products left on the implant surface. The therapy of all peri-implant diseases 
should be focused on minimization of the dental plaque deposition, while the pre-
vention of peri-implantitis must cover prevention and treatment of its preceding 
form—peri-implant mucositis [116, 117]. The literature findings support the idea 
that lack of professionally administered supportive treatment of peri-implant muco-
sitis can be attributed to a higher risk of peri-implantitis occurrence [116], therefore 
patient’s motivation should be directed to an adequate plaque control. Effective 
teeth brushing, using mouth rinses, diminishing the influence of the patient- 
dependent risk factors, e.g., smoking, and balancing of the occlusion should be seen 
as prerequisites for a successful peri-implantitis treatment. The peri-implant muco-
sitis responds well to the nonsurgical treatment, which is focused mainly on the 
patient’s oral hygiene regimen. An efficient plaque removal ensures the effective-
ness of peri-implant mucositis treatment methods [118, 119]. Colonization of the 
implant surfaces with bacterial biofilm occurs rapidly [120]. There are four types of 
bacteria adherence to the implant’s surface [84]:

Type 1: random transport of bacteria to the surface
Type 2: initial, reversible adhesion
Type 3: strong adhesion to the surface by specific interactions
Type 4: surface colonization by multiple bacteria species, biofilm formation, and 

maturation

There are no widely accepted therapy standards of peri-implantitis treatment. 
The main goal is the plaque control in the implant area through debridement and 
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decontamination [117]; however, it has to be emphasized that peri-implantitis does 
not respond to nonsurgical methods as well as peri-implant mucositis [121–123]. 
The nonsurgical treatment methods of peri-implantitis cover:

 1. Patient’s education and motivation in keeping good oral hygiene
 2. Decreasing role of patient-dependent risk factors
 3. Ultrasonic cleaning
 4. Sub-gingival closed flap debridement

The biofilm’s removal from the implant’s surface is a priority and the patient should 
be motivated to keep his hygiene at the level of type 2 of the bacterial adhesion 
(initial and reversible). Dudek and colleagues [17] treated peri-implant diseases 
according to their own classification scale (Table 1). In case of patients classified as 
stage I, the proposed treatment involved professional hygiene (scaling, ozone treat-
ment, and decontamination with 0.12% CHX) and intensification of the home oral 
hygiene with additional mouth rinsing with 0.12% CHX. This treatment was effec-
tive in 66.6% of the stage I cases. Clinical studies on the effectiveness of a mechani-
cal debridement alone using carbon/titanium fiber curettes, the Vector® system 
(Dürr Dental, Bietigheim-Bissigen, Germany), or ultrasonic devices showed that 
BoP was only slightly improved, while PD remained unchanged or even worsened 
[124, 125]. A photodynamic therapy (PDT), which stands for an application of pho-
tosensitive dyes into pathological pockets and their activation with light of a specific 
wavelength, results in the eradication of periodontal pathogens [126]. A toluidine 
blue O-mediated PDT proved to be effective in eradication of Prevotella interme-
dia/nigrescens, Fusobacterium, and beta-hemolytic Streptococcus [127]. In a clini-
cal procedure, a photosensitive dye, e.g., chloride (HELBO® Blue Photosensitizer; 
Photodynamic Systems GmbH) is applied submucosally from the bottom to the top 
of the peri-implant pocket, is activated for 10 s using a hand-held diode laser (e.g., 
HELBO® TheraLite Laser, HELBO® 3D Pocket Probe; Photodynamic Systems 
GmbH) with a wavelength of 660 nm and a power density of 100 mW, and is left in 
situ for 3 min. Subsequently, the pocket should be irrigated with 3% hydrogen per-
oxide, according to the manufacturer’s instructions. The procedure should be 
repeated after one week. Patient should be instructed to continue flossing the day 

Table 4 The assumptions of the cumulative interceptive supportive therapy

Stadium
Clinical and radiological 
symptoms Proposed treatment

A PI (+); BoP (+); PD ≤3 mm; 
RTG (−)

Professional hygiene instructions and debridement

B PI (+); BoP (+); PD 4–5 mm; 
RTG (−)

Professional hygiene instructions and debridement, 
administration of local antiseptics (e.g., CHX)

C PI (+); BoP (+); PD >5 mm; 
RTG (bone loss ≤2 mm)

Professional hygiene instructions and debridement, 
microbiological tests, administration of antibiotics

D PI (+); BoP (+); PD >5 mm; 
RTG (bone loss >2 mm)

Surgical treatment: resection and/or regeneration

Abbreviations: PI (+) presence of dental plaque, BoP bleeding on probing, PD pocket depth, RTG 
radiograph, RTG (−) no pathological changes on radiograph, CHX chlorhexidine
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after treatment. In a 6-month observation study, Schär and colleagues [128] observed 
no statistically relevant differences between subjects treated with either PDT or 
local drug delivery in terms of BoP, PD, clinical attachment level (CAL), and muco-
sal inflammation. They suggested that an adjunctive PDT may be used as an alterna-
tive nonsurgical treatment. A review by an American Academy of Periodontology 
confirmed that PDT may provide similar clinical improvements in PD and CAL 
when compared with conventional periodontal therapy in both periodontal and peri-
implant patients [129]. Moreover, a study conducted by Romeo and colleagues 
[130] showed a 70% reduction in the PI values and a 60% reduction in PD values, 
when PDT was used as an additional therapy to supportive nonsurgical treatment. 
Based on that, PDT should be considered an additional procedure in both nonsurgi-
cal and surgical treatment methods of peri-implantitis [130].

The nonsurgical treatment methods of peri-implantitis may be considered suc-
cessful if they fulfill the short-term goal, which is the reduction of a supragingival 
dental plaque and therewith preparation of the corrective (surgical) phase, and a 
long-term goal, which is maintenance of the treatment success after the corrective 
phase [131]. The surgical phase should be implemented only when the oral hygiene 
regimen is achieved, validated by the PI <1 [131].

The surgical treatment methods of peri-implantitis cover:

 1. Implant surface debridement

 (a) closed flap debridement

Table 5 The assumptions of the BMP scale

Stadium Clinical symptoms Radiological symptoms (bone loss)
Treatment and 
prognosis

1 BoP (−); PD 2–3 mm; 
tooth mobility (−)

Bone loss 10–25% No treatment
Good prognosis

2 BoP (+); PD 4–6 mm; 
tooth mobility stage 1

Bone loss 25–50%
Bone loss configuration:
  A. Vertical <2–4 mm
  B. Horizontal < half length of the 

implant screw
  C. Combined

GBR, osteoplasty
APF, GBR, 
osteoplasty
Bone 
augmentation, 
GBR
Good prognosis

3 BoP (+); PD 6–8 mm; 
tooth mobility stage 2

Bone loss >50%
Bone loss configuration:
  A. Vertical <2–4 mm
  B. Horizontal < half length of the 

implant screw

  C. Combined

GBR, ABWG
Bone 
augmentation, 
GBR
Explantation
Questionable 
prognosis

4 BoP (+); PD >8 mm; tooth 
mobility stage 3

Bone loss >50% Explantation
Bad prognosis

Abbreviations: BoP bleeding on probing, PD pocket depth, GBR guided bone regeneration, APF 
apical positioning of the flap, ABWG autogenous bone wedge grafting
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 (b) open flap debridement alone or with an adjunctive resective therapy (e.g., 
apical positioning of the flap, osteoplasty)

 (c) implantoplasty

 2. Soft tissue grafting procedures

 (a) enlargement of the width of the keratinized mucosa by means of an apically 
positioned flap/vestibuloplasty (alone or in combination with a free gingi-
val graft)

 (b) gain of soft tissue volume using a subepithelial connective tissue graft or soft 
tissue graft

 3. Bone grafting

 (a) using bone fillers/autografts
 (b) guided bone regeneration
 (c) replacement graft

 4. Explantation

The variety of treatment methods exceeds the rate of this chapter, but the chosen 
therapy methods are discussed below. In 2004, Lang and colleagues [132] intro-
duced a treatment protocol known as a cumulative interceptive supportive therapy 
(CIST) (Table 4), which relied on the clinical and radiological state of the tissues 
surrounding dental implant.

The range of the treatment methods was correlated to the stage of the disease, 
which resulted from both the clinical and radiological symptoms, such as presence 
of the dental plaque on four surfaces of the prosthesis placed on the implant, pres-
ence of BoP, evaluated PD counted in mm, and the presence of radiological signs of 
bone loss around the implant screw. According to this protocol, if a PD is ≤3 mm 
and there is no presence of PI and/or BoP, no medical intervention should be 

Fig. 9 Correlation of treatment methods supporting implant surface debridement
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Table 6 Examples of antimicrobial therapy in association with peri-implant nonsurgical/surgical 
treatment

Author 
(year of 
publication) Treatment

Way of 
administration Duration

Cha (2019) 
[136, 139]

Open flap debridement + minocycline 
ointment (10 mg of minocycline in 0.5 g 
of ointment applicator) + (Amoxicillin 
500 mg + Ibuprofen 600 mg)

Minocycline local

Amoxicillin and 
Ibuprofen 
systemic

During 
surgery + at 
check-ups after 1 
month and 3 
months
3 times for 3 days

Shibli 
(2019) [137]

Non-surgical 
treatment + debridement + (Amoxicillin 
500 mg + Metronidazole 400 mg)

Systemic Both 3× daily for 
14 days

Dudek 
(2015) [17]

Clindamycin 1200 mg (24 h dosage) Local 1200 mg daily for 
10 days

Roos-
Jansåker 
(2014) [138]

Surgical treatment (bone substitute with/
without membrane + implant 
decontamination with 3% H2O2 + mouth 
rinse (0.1% CHX) + (Amoxicillin 375 
mg + Metronidazole 
400 mg) + (Ibuprofen 400 mg)

CHX local

Amoxicillin, 
Metronidazole 
and Ibuprofen 
systemic

0.% CHX rinse 
daily for 5 weeks 
following surgery
Amoxicillin: 
375 mg 3× daily 
for 10 days 
following  
surgery
Metronidazole: 
400 mg 2× daily 
for 10 days 
following surgery
Ibuprofen 400 mg 
once a day for 3 
days

Serino and 
Turri (2011) 
[139]

Resective therapy + osteoplasty + implant 
decontamination with CHX + mouth rinse 
(0.12% CHX) + (Clindamycin 300 mg)

CHX local

Clindamycin 
systemic

0.12% CHX rinse 
2× daily for 
1 min for 2 
weeks following 
surgery
Clindamycin: 
300 mg 3× daily 
for 7 days before 
surgery

Mombelli 
et al.(2001) 
[140]

Non-surgical 
treatment + debridement + mouth rinse 
(0.2% CHX) + Tetracycline fibers

Local 0.2% CHX rinse 
daily for 2 weeks
Tetracycline 
fibers left in 
pocket for 10 
days, coated with 
cyanoacrylate 
adhesive for 
protection
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implemented. The peri-implantitis lesions with more than 2 mm of bone loss require 
initial therapy followed by either resective or regenerative surgery [133]. It must be 
emphasized that this protocol justifies using surgical methods only at the worst 
stage of the disease, with PD >5 mm and bone loss >2 mm seen on the radiograph. 
Further limitations of this protocol are the lack of diversity of the treatment methods 
depending on the configuration of the bone loss and lack of the treatment’s progno-
sis. Therefore, Passi and colleagues [134] introduced a new protocol, called bleed-
ing, bone loss, mobility, probing depth, proposed treatment, and prognosis (BMP) 
scale, which completes the CIST scale (Table 5).

Implant surface’s debridement alone is considered insufficient to promote regen-
eration of the bone and/or its re-osteointegration with the alveolar process. Therefore, 
surgical treatment methods may be supplemented by other methods, including 
decontamination and antimicrobial treatment (Fig. 9).

The methods of implant surface decontamination include air-powder abrasives, 
citric acid, and antimicrobial agents, such as CHX, 3% H2O2, and betadine. Geremias 
and colleagues [135] have evaluated three debridement methods (implantoplasty, 
open flap debridement alone and combined with an additional chemical decontami-
nation using citric acid for two minutes) and came out with a conclusion that the 
growth of Streptococcus mutans was similarily arrested after implantoplasty and 
debridement following disinfection with citric acid. Both nonsurgical and surgical 
peri-implantitis treatment may be coupled with an antimicrobial therapy (Table 6).

Bacteria in peri-implantitis are sensitive to amoxicillin, penicillin G, combina-
tion of amoxicillin and metronidazole, and combination of amoxicillin and clavula-
nate [141]. The most common antibiotics used in peri-implantitis are metronidazole 
and amoxicillin (alone or combined), as their adjunctive action suppresses gram- 
negative bacteria development [137, 142], apart from the patients treated by an open 
flap debridement [143]. The oral administration of antibiotics cover the time before 
and after the surgery, while minocycline and tetracycline are mainly used as a local 
therapy, placed directly into the surgical area  [136, 144]. Local and/or systemic 
administration of antimicrobial agents along with the nonsurgical peri-implantitis 
therapy was proven to be effective only if the bone loss is less than 2 mm [145]. 
Administration of the systemic antibiotics should also be preceded by bacterial sus-
ceptibility tests [133], and it has to be remembered that the repeated systemic appli-
cation of antibiotics may increase the risk of reinfection resulting from their gained 
resistance to drugs [144].

The aim of the surgical treatment, such as open flap debridement, osteoplasty, 
and implantoplasty, is to dispose of the inflammatory granuloma around the implant 
screw when it is unveiled and can be mechanically cleaned under direct sight. 
Further procedures, such as regenerative therapies, depend on the clinical situation 
disclosed during reinspection of the implant screw. An implantoplasty is a surgical 
procedure which stands for a smoothening of the bacteria-contaminated implant’s 
surface using a fine grid polishing diamond and a rubber polisher. In this procedure, 
the roughness of the implant surface is diminished, so the bacterial biofilm forma-
tion is disrupted. It is usually done with diamond coated or carborundum rotary 
burs; however, plastic curettes are also acceptable  [146, 147]. An additional 
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chemical disinfection of the cleaned surfaces and/or bone grafting is recommended. 
Using rotary burs with an additional cooling proved to be safe to the surrounding 
bone [135], yet the most important disadvantage of the procedure is the marginal 
recession leading to exposure of the abutment and further food impaction. The 
reduction in the bacterial load at sites with peri-implantitis by means of mechanical 
debridement alone may be difficult because of the design of the suprastructure and 
the topography of the implant surface [84, 87–89, 128, 137, 148, 149].

The bone grafting materials are used simultaneously with the surgical procedure 
to regenerate the lost bone. These combined methods proved to be effective, as a 
diminished BoP, improved PD, CAL, and radiographic bone view were shown in a 
long-term clinical trial [146]. Schwarz and colleagues divided the bone defects 
around dental implants into categories (Fig. 10) [150].

The most common defects in human are mixed, vertical, and horizontal defects. 
Taking only the intrabony defects, the most common are defects Ie (55.3%), while 
Ia are the most rare (5.4%) [150]. The best results of the bone regenerative therapy 
with bone grafts are expected in Ie defects, as they have the best biological potential 
and provide good stabilization for the bone grafts. The therapy protocol proposed by 
Dudek and colleagues [17] for the patients classified as stages II and III (Table 1) 
was mainly surgical and involved bone regeneration using pure titan granulate 
Tigran Natix® White and collagen membranes OsteoBiol® (Tecnoss® Dental s.r.l., 
Italy), or implant removal and bone augmentation. These methods were effective in 
41.6% of class II cases and in 26.9% of class III cases, which indicates far less suc-
cessful rate of the proposed regenerative treatment than expected. The outcomes of 
a retrospective analysis showed that the initial bone grafting procedures (lateral 
ridge augmentation using a particulated bone substitute and collagen membrane for 
maxillary sinus floor elevation) at the implant sites did not influence the effective-
ness of a combined surgical therapy of peri-implantitis [147]. Based on that, some 
researchers concluded that there are no indications for an additional bone grafting 
or use of barrier membranes during the surgical peri-implantitis treatment [151]. 
The need for an  independent grafting vs combined surgical methods should be 

Fig. 10 Classification of the bone defects around dental implants by Schwarz [150]
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Fig. 11 An example of a reconstruction of the keratinized gingiva around dental implant using a 
free gingival graft from the palate. (a) Lack of keratinized gingiva and signs of soft tissue inflam-
mation around the implant in the position 46. Probing pocket depth <4 mm. (b) Lack of buccal 
bone on the implant in CBCT scan. (c) The tissues around implant are mobile, there is visible 
muscle pull. (d) Clinical situation 6 months after reconstruction of keratinized gingiva with free 
gingival graft taken from the palate. The tissues become immobile. Probing pocket depth <3 mm 
and no signs of inflammation

respected individually based on the clinical and radiological outcomes and the 
patient’s wishes.

The coexisting defects of the mucosa around dental implant can be corrected 
using soft tissue plastic reconstruction therapies. Miller and colleagues have intro-
duced a scale of the gingival recession defects in which four classes are recognized:

 1. Class I—marginal tissue recession which does not extend to mucogingival junc-
tion, with no bone loss in the interdental area

 2. Class II—marginal tissue recession which extends to or beyond the mucogingi-
val junction, with no bone loss in the interdental area

 3. Class III—marginal tissue recession which extends to or beyond the mucogingi-
val junction, with bone loss in the interdental area. The presence of teeth malpo-
sitioning is detected, which interrupts with the necessary regenerative treatment

Peri-implantitis: A Serious Problem of Dental Implantology



212

 4. Class IV—marginal tissue recession which extends to or beyond the mucogingi-
val junction and a severe bone loss of the alveolar process is detected, with expo-
sure of more than one proximal root surface [152]

The subepithelial connective tissue grafts are mainly taken from the palate and, 
according to research, are the best treatment options in Miller Class I and II gingival 
recession defects, as they provide reliable results, such as an increase in keratinized 
tissue width, CAL level, and esthetics [153]. Shah and colleagues [154] recommend 
a two-stage procedure in case of a thin mucosa profile with a minimal width or lack 
of peri-implant keratinized gingiva—a subepithelial connective tissue graft from the 
palate in combination with a coronally advanced flap in order to cover the dehis-
cence in the first instance, and secondly, after a healing period of 3 months, a ves-
tibuloplasty in combination with a free gingival graft to create an adequate 
peri-implant cuff of a keratinized mucosa. As the proper width and horizontal thick-
ness of the keratinized mucosa surrounding dental implant is crucial for the preven-
tion of peri-implant diseases, the connective soft tissue grafts are highly appreciated, 
as they provide reliable and long-term results (Figs. 11 and 12).

Fig. 12 Coverage of gum recession using a connective tissue graft from the palate in a tunnel 
technique. (a) Recession around the implant in the position of tooth 11—front view. (b) Recession 
around the implant in the position of tooth 11—lateral view. (c) Clinical situation 6 months after 
soft tissue augmentation with subepithelial connective tissue graft taken from the palate and tunnel 
technique—significant improvement and partial recession coverage. (d) Clinical situation 6 months 
after soft tissue augmentation—lateral view
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Fig. 13 Early and late causes of implant failure

Implant failures can be divided according to the time of their occurrence (Fig. 13) 
[155]. The early failures occur before the implants are functionally loaded. In such 
cases, the osteointegration process is not obtained, so the implants are mobile and 
can be easily removed. On the other hand, late failures are observed after loading, 
and are mainly due to biological or prosthetic reasons (Fig. 14) [155].

Implant’s explanation should be regarded as the last treatment option. 
Unfortunately, peri-implantitis remains the main reason for late implant failure 
[156]. The indications for this procedure must be thoroughly examined, and the 
only absolute indication for it should be the implant’s mobility due to the advanced 
bone resorption [157]. The implant type might also affect the decision of its removal, 
as threaded screws are far more easy to be removed, on contrary to circumferential 
plateau design implants, whose surface area is more sophisticated, making their 
removal more risky in terms of extensity of the procedure. The patient’s opinion 
should be also taken into consideration, as explanation might be emotionally and 
financially stressful [157]. The indications in favor of explanation include patients 
before radiotherapy with an advanced peri-implantitis (if the implants are posi-
tioned in the area of radiation), bone loss of more than two-thirds of the implant 
length, and hollow-cylinder implants (if they are early recognized on the radiograph 
as unsuccessful) [156]. It must be remembered that the idea of strictly following the 
level of bone loss of two-thirds of the implant length may not be applicable to short 
and tapered implants (e.g., 8 mm implants) [158]. During the explanation proce-
dure, the bony defects should be regenerated to prepare the alveolar process for the 
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next implant placement. It is also acceptable for the successor implant to be larger 
to fit the space after the predecessor’s removal, especially when an immediate 
replacement procedure is administered [159].

5  Conclusion

The high success rates of placing dental implants are mostly attributed to establish-
ing a long-standing osseointegration of the screw. Along with the rising number 
of dental implants installed in patients, long-term complications may occur, involv-
ing bacterial contamination and loss of bone support. Peri-implant health problems, 
involving peri-implant mucositis and peri-implantitis, are complex diseases, which 
occurrence is modified by a specific bacteria flora infecting dental implants and 
multiple patient and nonpatient risk factors. The recognition and treatment of the 

Fig. 14 Prosthetic mistakes may lead to an implant loss: (a) Crestal bone loss around all three 
implants due to prosthetic mistreatment. There are indications for the explanation of the middle 
implant and the removal of prosthetic restoration. However, the patient did not give his consent for 
the proposed treatment. (b) Radiological situation 12 months after surgical treatment (guided tis-
sue regeneration with deproteinized bovine bone mineral and collagen membrane). Significant 
defect fill. Due to abovementioned factors, the long-term prognosis is poor. (Thanks to the courtesy 
of Dr. Kamila Kozak-Jastrzębska)
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peri-implant health problems is difficult and the dentists’ experience in this field is 
a must. The treatment methods cover both the nonsurgical and surgical aspects, and 
their coordination depends on  the clinician. The main goal is to prevent dental 
implants from bacteria attack through professionally administered and home oral 
hygiene. Well designed and balanced occlusion of the prosthetic devices based on 
implants screws are vital in the prevention of peri-implant health problems, and 
their impact on the patient’s oral health lies within the dentist’s experience.
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Lasers in Implant Dentistry

Abstract Both the terms Lasers and Dental Implantology have revolutionized the 
concept of dentistry and are considered as a proven treatment option. Dental 
implants and lasers are practised worldwide. Lasers have established their various 
applications in dentistry and they have a potential role in dental implantology too. 
The simultaneous expansions of lasers and dental implantology together have a 
predictable outcome. Both hard and soft tissue lasers have their use in dental implan-
tology ranging from pre-surgical preparation and through various stages of implant 
placement.

The mechanism of lasers working is through stimulated emission. On targeting 
the biological tissue, they get reflected, absorbed, or scattered in surrounding tis-
sues, thereby reducing the bacterial contamination absorbed by the implants and 
surrounding tissues or may also have an effect of rising in tissue temperature where 
the laser is reflected back by the implant. The most commonly used lasers are solid- 
state lasers, Nd:YAG, Nd:YAP, Er:YAG, Er, Cr:YSGG, semiconductor diode lasers 
and gas lasers like CO2 lasers. These lasers have exhibited excellent coagulative 
properties.

In comparison to traditional methods, lasers are gentle, less invasive and less 
painful. Their characteristics are important as per the different reaction they produce 
on the implant surface. Thus, thorough knowledge and understanding is needed for 
the mechanism of laser action in implantology.

This chapter would highlight at a glance the various types of lasers and its vari-
ous applications at different stages of dental implantology.
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1  Introduction

Dental implantology has revolutionized the concept of dentistry and is considered 
as a proven treatment option [1]. The rigorous evolution in implant engineering and 
design over the decade has resulted in a success rate of 95% and above [2, 3]. Thus, 
making implant is a viable treatment plan for missing teeth [4, 5].

Lasers have established itself in the medical and dental field in 1960 by Maiman 
[6, 7, 8]. Drs. William and Terry Myers modified an ophthalmic laser (Nd:YAG) to 
dental laser in 1989 [9]. They are broadly classified as hard and soft tissue lasers 
based on their interaction with the tissues.

Lasers mainly work through stimulated emission. Lasers interact with biological 
tissues by either getting transferred to surrounding tissues or reflected, scattered, or 
absorbed [10]. There is an escalation of the use of lasers since 10–12 years. With the 
advent of soft tissue lasers of various wavelengths applicable to implant dentistry at 
various stages of the treatment phases, lasers are more cost effective, portable and 
reliable. Romanos et al. explored the uses of lasers in implantology and concluded 
its potential benefit in implant dentistry [1]. The advantages of lasers include hae-
mostasis, decreased swelling, improved visibility, minimal damage to the surround-
ing tissues, decreased infection due to photosterilization effect and less post-operative 
pain [11, 12]. Dental implants and lasers are practised worldwide. The simultaneous 
expansions of laser and dental implantology together have a favourable outcome.

This chapter outlines role of dental lasers in various stages of implant dentistry, 
and thereby improving the pre-surgical, surgical, and post-surgical and prosthetic 
phases of implant dentistry [13]. Lasers help in dealing with complications specifi-
cally from placement of implant to prosthetic delivery. The various wavelengths of 
lasers exhibit various characteristics that enhance the clinical approach and overall 
experience of patient. The clinician must have an elaborate knowledge, understand-
ing of the potential benefits and use of each individual laser that the particular is 
indicated to achieve the desired outcome of a given procedure corresponding to 
their wavelengths [13]. Both hard and soft tissue lasers like Er:YAG, Er:Cr:YSGG, 
Diode 10.6 μm and 9.3 CO2 lasers have a role in implant dentistry.

2  Fundamentals of Lasers

A profound science and technology of today’s world called laser-light amplification 
by stimulated emission of radiation has its own share of history, originating in the 
era of Albert Einstein (1916) [14] who gave the conceptual building blocks of laser; 
a cornerstone development in the history of lasers was Theodore Maiman building 
the first laser on May 16, 1960, at Hughes Research Laboratories. This chapter will 
give an insight into the science behind laser technology.
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2.1  Light

It is a form of electromagnetic energy that travels in waves at a constant velocity. 
Photon is the basic unit of this radiant energy. Light shows properties of both par-
ticles and waves; therefore the waves of photons project two fundamental proper-
ties: (1) wavelength and (2) amplitude [13].

2.2  Wavelength

As mentioned earlier, a wave has a trough (lowest point) and a crest (highest point); 
the horizontal distance between two consecutive troughs or crests is known as wave-
length denoted by (λ) and is measured in metres (m). Waves, rising and falling about 
the zero axis, a certain number of times per second, is described as oscillations. The 
number of oscillations per unit time is called frequency, which is measured in hertz 
(Hz). Hertz is also defined as the number of pulses per second of emitted laser 
energy [13]. The higher the frequency, the shorter is the wavelength; therefore 
wavelength and frequency are inversely proportional.

Ordinary light, i.e. the white light, is generally diffused and not a focused beam. 
However, the laser light beam is monochromatic (i.e. single colour), coherent (i.e. 
the frequency and amplitude of all the waves are alike) and directional (i.e. the beam 
of light is very less divergent). These features not only distinguish laser from ordi-
nary white light, but also helps in accomplishing the treatment objectives of the 
lasers [13]. The beams emitted from laser instruments are collimated, i.e. all the 
waves produced are parallel to each other, over a long distance; however once the 
beam enters any optical fibre tips of any delivery system, it diverges at the tip. 
Spatial coherence is a major factor that enables lasers to carry out surgical proce-
dures in medical field.

2.3  Amplitude

A wave has a trough and a crest; hence the vertical height of the wave from the zero 
axis to its peak as it moves around a fixed axis is called amplitude. Amplitude is 
associated with the brightness and the intensity of a wave. The larger the amplitude, 
the greater would be the amount of potential work that could be performed. The 
S.I. unit of energy is Joules.
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2.4  Amplification

It is a process of intensifying the amplitude of a wave; this part of the process occurs 
inside the laser. The centre of the laser is called the laser cavity and there are three 
components that make up the laser cavity.

• Active medium: This constitutes chemical elements. Lasers are named after the 
material of active medium; for example, gas lasers, wherein there is a presence 
of a canister of carbon dioxide gas, CO2. In a CO2 laser or solid-state crystal 
lasers erbium doped YAG (Er:YAG) lasers are used in dentistry where the host 
material is yttrium aluminium garnet (YAG) and doped with erbium, or semicon-
ductor which comprises a diode (positive-negative, i.e. p-n junction of an elec-
tronic circuit), for example, Gallium Arsenide (GaAs).

• Pumping mechanism: It surrounds the active medium. It is a source of energy 
that pumps energy into the active medium. The energy from the pumping mecha-
nism should be sufficient in quantity and duration so that the occupation of 
higher energy level exceeds that of lower level; this is called population inversion 
which allows amplification.

• Optical resonators: These are the two mirrors placed parallel to each other in the 
laser cavity, one at each end of the optical cavity, or they can be two polished 
surfaces at each end in case of a semiconductor diode laser. They reflect the 
waves back and forth and help to collimate, amplify the developing beam. The 
other mechanical components included are focusing lenses, cooling systems and 
controlling mechanisms [13].

2.5  Stimulated Emission

Stimulated emission is the process by which laser beams are produced inside the 
laser cavity. In the year 1916 Albert Einstein proposed this theory. Using Bohr’s 
model, Einstein further postulated that when an additional quantum of energy is 
absorbed by an already energized atom, it results in release of two quanta. Thus, the 
production of laser beam relies on the concept that, energy is radiated as identical 
photons, travelling as coherent wave. These photons in turn energize more atoms 
resulting in amplification of light energy [15, 16, 17].

2.6  Radiation

The electromagnetic spectrum is broadly divided into two divisions: ionizing radia-
tion and non-ionizing radiation, with gamma rays, X-rays and ultraviolet light fall-
ing under ionizing radiation category, while all the wavelengths fall under 
non-ionizing radiation.
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Most common laser devices used in dentistry have emission wavelengths of 
approximately 500 nanometre (nm) to 10,600 nm, which places them in the non- 
ionizing section of the spectrum called thermal radiation [18].

Diode laser 800–1064 nm

Nd:YAG laser 1064 nm

Er,Cr:YSSG to 635–655 nm 
for caries and detection

CO2 laser: 9300 nm

Dental lasers [12]

Release visible light Release invisible light

Argon laser with blue wavelength—488nm

Argon laser with blue green wavelength—514 nm

Low level laser, i.e. non surgical wavelength 600–

2780 nm. 

Frequency doubled Nd:YAG, green wavelength 

of 532 nm.  

2.7  Laser Delivery Systems

Laser energy should be delivered to the surgical site by a method that is ergonomic 
and precise [19]. Optical fibre, hollow wave guide and articulated arm are the three 
modalities for the same [14].

Nd:YAG lasers and KTP diode have flexible and small fibre optic systems with 
bare glass fibres that project laser energy to target tissues. Erbium and CO2 lasers 
are constructed articulating arm or semiflexible hollow waveguides. Some of these 
systems employ sapphire tips while others employ non-contacting tips for contact 
with target tissues. All dental lasers falling under invisible light spectrum like CO2, 
diode, Nd:YAG and erbium are provided with a separate aiming beam which is 
delivered coaxially along the waveguide, which in turn directs the operator to the 
exact location on the target tissue.
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2.8  Spot Size

Active beam is focused by lenses, at the point where the amount of energy is the 
greatest with hollow waveguide or articulated arm delivery system. For incisions 
and excisions in a surgery, this focal point is necessary. The focal point for contact 
delivery systems is near the tip of the fibre which has the greatest energy. With non-
contacting delivery systems like CO2 the focal point may range from 1 to 12 mm 
from the tissue surface. If the handpiece is moved away from the focal point, it may 
cause the beam to be defocused, resulting in more divergence and in turn delivers 
less energy to the surgical site.

2.9  Emission Modes

Dental lasers use two modalities such as “constant on and “pulsed off and on”. 
These are dependent on function of time to emit light energy [19].

Pulsed lasers are further categorized into gated and free running modes for deliv-
ering energy to target tissues. These are:

 1. Continuous wave mode: Beam is emitted at only one power mode till the opera-
tor depresses the foot switch.

 2. Gate pulse mode: Characterized by periodic alteration of laser energy. This mode 
is achieved by opening and closing of a mechanical shutter in front of a beam 
path. All surgical devices that operate in continuous wave mode have this gate 
pulse feature.

 3. Free running pulse mode: Also referred to as free pulsed mode. The emission is 
unique in those large peak energies of laser that are emitted usually for microsec-
onds followed by a relatively long time when the laser is off.

3  Laser Wavelengths

3.1  Diode Laser

Diode laser comes in varying wavelengths manufactured and available in 810, 940 
and 1064 nm more commonly [13]. They are supplied through a fibre contact mode 
and energy is targeted or delivered to soft tissues [1], thus making it more suitable 
for soft tissue procedures [20], mainly tissue containing melanin and haemoglobin. 
It works on the principle of conditioning or carbonization [21, 22]. The heat range 
is between 500 and 800 °C. Through vaporization it cuts the tissue when contacted 
with the heated tip. The 980 nm is more absorbed in water in comparison to 810 nm 
wavelength, thus making it safer and potentially more suitable for implants [13].
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Lasers mainly work on the principle, i.e. more the absorption lesser will be the 
collateral thermal heat directed towards the implant [13]. Studies have shown, even 
at higher power setting 980 nm diode lasers are safer to use near titanium surface of 
the implant [23]. Studies show that 810 nm diode exhibits a high rise in temperature 
at the implant surface [24]. According to Romanos et al. [25] lasers of 810 nm can 
damage the implant surface.

When compared to Nd:YAG lasers the depth of the penetration is less, thus mak-
ing it more convenient for the operator of better control of the laser and collateral 
thermal damage. Frequent cleaning of the fibre tip is needed as the debris collects 
on its tip [26]. Disadvantages include low cutting speed and gated pulse delivery 
mode, leading to rise in temperature in the tissue. Thus, the operator must be aware 
of the power density, especially when working close to implant surface [24].

To summarize, a 980 nm diode laser can be safely used for implant procedure, 
keeping its limitations such as the cutting depth, speed and efficiency. The advan-
tages are its small size and relatively low cost [13].

3.2  Nd:YAG Laser

These lasers share common properties as of diode. They are fibre optic contact, free 
running pulse beam of energy of 1064 nm. They have a higher depth penetration in 
comparison to diode, are more readily absorbable in haemoglobin/melanin tissue 
and are poorly absorbed in water. They have excellent coagulative and haemostatic 
properties but due to their high penetration depth they may have potential to damage 
both soft and hard tissues as well as implant surface too [23].

The Nd:YAG laser has a potential indication in periodontal therapy and has 
marked a positive effect in treating pockets [27]. However, studies done by Block 
et al. [28] show that laser has the potential to dissolve the surface of plasma-coated 
titanium implants. Craters and cracks are also seen on titanium surface [13]. Similar 
studies done by Romanos et al. [29] and Schwarz et al. [30] have contraindicated the 
use of free running pulse Nd:YAG laser for treatment of titanium implant surface as 
the high peak power and moderate reflection rate can cause the melting of metal 
surface. Walsh [27] and Chu et  al. [31] contraindicated the use of laser near the 
implant. However in an in vitro study Gonçalves et al. [32] reported that the use of 
Nd:YAG laser in non-contact mode with a long pulse duration caused no damage to 
the titanium surface. Till date, no studies have shown the safety of this laser in 
implant dentistry. To summarize, Nd:YAG laser is useful to use in any implant pro-
cedure or peri-implant surgery. Its use will continue in periodontal therapy success-
fully [23].
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3.3  Carbon Dioxide (CO2) Laser

The CO2laser works at a wavelength of 10,600 nm. It is delivered in gated pulse or 
continuous mode, in non-contact mode by mirrored handpiece. It is also available 
in extremely short pulse of high peak power labelled “super-pulsed” and ultra-
speed “ultra pulsed” mode. In comparison to other lasers, CO2laser is readily 
absorbed in collagen, water and hydroxyapatite. From a very long time, because of 
their efficacy and speed in cutting soft tissues, it has been used in surgical proce-
dures [33]. It exhibits strong haemostatic and bactericidal in nature with minimum 
wound contraction thus minimizing scarring [13]. Studies have shown that CO2 
lesser is effective against Porphyromonas gingivalis [34]. They provide disinfec-
tion and reduction in bacteria without much significant change on implant surface 
[14]. CO2laser has minimal depth penetration, thereby causing less lateral thermal 
damage [23, 35]. The depth of penetration is usually in the range of 0.2–0.5 nm in 
soft tissue [14].

Earlier, the devices produced high carbonization due to high energy density cre-
ated but with the newer devices the energy density ranges from 180 to 300 mJ/cm2 
with a speed of 400–800 μs, improving its working speed and efficiency and less 
carbonization and tissue charring. The technology has further advanced, with even 
shorter pulses with high peak power. Thus, CO2laser can effectively cut deeper pro-
ducing less carbonization when speed is increased and pulse width is decreased. 
The energy density is now in the range of 50–300 mJ/cm2 with a speed of 30–80 μs 
[14]. This has increased the potential of CO2 laser in treating periodontal pockets 
and incision 4–5 nm depth efficiently and speedily.

The energy is mostly absorbed in water (not pigments making) and is a safer 
option to use in implant dentistry [36, 37]. It is effectively and safely used in treating 
peri-implantitis and mucositis [13, 14] as the energy does not penetrate into implant 
surface; its effect is confined to bacteria’s intracellular water. It exhibits excellent 
haemostatic properties, better visualization reducing procedure time and limiting 
post-operative complication [38].

The laser forms a thick carbon layer of approximately 0.1 mm when comes in 
contact with the bone; the water molecules gets dehydrated forming a layer, thus 
making it safe to use, as the surface layer absorbs energy and bone damage is clini-
cally insignificant [39]. However CO2laser can be used to re-establish bleeding for 
healing if needed. CO2 laser is the most promising and versatile soft tissue laser for 
implant dentistry. A recent 9300 nm wavelength is delivered through an articulating 
arm. To date, not many studies have described the use of this laser wavelength in 
treating peri-implantitis and thus should be used with care and caution in this clini-
cal application.
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3.4  Erbium Laser

Er:YAG includes wavelength of 2940  nm and Er:G:YSGG has a wavelength of 
2780 nm. It delivers in free running pulse mode. The energy is delivered both in 
contact and non-contact mode. It is delivered by mirror handpiece and articulated 
arm, waveguide or trunk fibre and handpiece with a quartz or sapphire fibre tip. The 
delivery system has a water spray to prevent heat buildup and rehydration of target 
tissue for better absorption.

Erbium lasers are highly absorbed in water and hydroxyapatite. Initially when it 
came into use, these lasers were applied for only hard tissue procedure. They are 
good in ablating tooth structures and bone. Microexplosion is created in the 
hydroxyapatite during the ablation process without carbonization or charring with 
minimal heat produced. It can ablate soft tissues too, especially more effective in 
vascularized tissue keeping its limitation. It is least effective in achieving haemosta-
sis of all the lasers. As erbium laser’s primary target is water; thus it can be applied 
for treating peri-implantitis and mucositis safely [40, 41]. They exhibit excellent 
bactericidal properties as the energy emitted ruptures the bacterial cell membrane 
when absorbed into intracellular water. To conclude, Er laser has more application 
in hard tissues than in soft tissues when compared to other soft tissue lasers as it is 
poor in achieving haemostasis.

4  Laser Application in Clinical Practice

4.1  Pre-operative Frenectomy and Tissue Ablation

At times soft tissue alterations are required before the placement of implant. 
Frenectomy is done to release the tension of the tissue around the implant site with 
high muscular attachment close to surgical site. Restoration of muscles aims to 
achieve less post-operative pain and swelling and thus contributing to success of 
implant surgery. Laser plays an advantage tool for both patient and clinician. It 
helps restoring tissues without causing much bleeding, swelling and post-operative 
pain [14].

4.2  Preparation of Surgical Site

It is the first step before implant placement. Prevention of contamination and steril-
ization of the surgical site is one of the key important steps of implant surgery. 
Antimicrobial rinse such as chlorhexidine is used before the initiation of surgery 
[42, 43]. These methods are partially effective, as oral cavity is a harbour to bacteria 
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and practically not possible to prevent contamination of the site with saliva during 
the procedure, to rinse repeatedly at every step.

Lasers can be used for sterilization of the site, as they are bactericidal, by expos-
ing them for a few seconds. It is instantaneous and is profoundly effective [1, 37]. 
The contact lasers like diode or erbium could be used by touching every square mm 
of the surface, which needs a slow deliberated application technique. Larger the 
osteotomy site, longer is the sterilization procedure. A large diameter of fibre optic 
cable (800–1000 μm) of contact laser can be used for the sterilization procedure.

4.3  Decontamination and Implant Placement

CO2 laser has an edge over contact laser as it is a non-contact type. It is easier to 
increase the spot size of the tissue by placing a wide aperture handpiece on the CO2 
laser to apply the laser beam out of focus, thus increasing spot size. Sterilization is 
achieved in few seconds of large osteotomy site. During the surgery procedure 
wherever necessary, laser energy can be used to sterilize the surgical site as and 
when required.

In cases where immediate implants are loaded following sterilization of the site 
is deemed necessary. The gross amount of soft tissues is removed with spoon curette 
followed with laser to remove any tissue tags. The laser is used to decontaminate the 
surface of the extraction socket. Before raising the flap the decontamination of soft 
tissue of surgical site can be done by erbium lasers and bony surface at lower power 
setting with a water coolant spray [44] as these lasers are less effective in achieving 
haemostasis as compared to other lasers. They leave the bone bleeding that helps in 
healing of the socket. CO2 lasers can be used at lowest power densities to remove 
the soft tissue tags and decontaminate the bony surface. It has an excellent haemo-
static property; thus the effect of haemostasis must be overcome by healing process.

4.4  Osteotomy

The preparation of the osteotomy must consider various lasers, suitable for cutting 
through both hard and soft tissues.

4.4.1  Soft Tissues

Cutting through soft tissues, clinician decides the various pattern of entry. In certain 
cases of minimal entry, punch procedure is followed. Here 1–2 or 3–4 mm of soft 
tissue is removed depending on location and biotype [13]. A CO2/Erbium laser is 
preferred over a diode or Nd:YAG as it works in seconds over minutes (as it takes 
less time in comparison to diode or Nd:YAG). Achieving haemostasis with erbium 
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is difficult. However lasers are much more convenient and less time taking than 
conventional techniques. As the size of the entry site increases, it leads to complex-
ity of flap design. Cutting speed and haemostasis becomes difficult as it gets deeper 
through multiple layer of keratinized (attached) and mucosal (not attached). CO2 
laser is best suitable as it provides excellent haemostasis, unobstructed vision, high 
cutting efficiency through all tissue biotypes and thickness [39].

Laser advantages: Through lasers we achieve a sterile cut, chances of being less 
infected. With laser incision the post-operative complications are reduced. These 
are swelling and inflammation as it seals all the blood vessels and lymphatic chan-
nels [45, 46]. Due to reduced swelling, sutures are less likely to pull through or 
undone. Antibiotics and analgesics are infrequently required. These advantages are 
beneficially in both major and minor surgical procedures.

4.4.2  Haemostasis

Excellent application of laser is haemostasis. Patient must be under anticoagulants; 
history must be received and updated. INR (international normalized ratio) must be 
ordered. Studies state that if INR is less than 4.0, anticoagulant regimen can be 
altered before initiating dental surgery [47, 48]. The final decision rests on the 
physician.

Use of lasers leads to increased tissue healing and decreased post-operative 
swelling. As compared to scalpel wounds laser provides (1) less tissue damage, (2) 
less traumatized wound and (3) precision in the depth of tissue damage [36].

4.4.3  Hard Tissue

Erbium lasers are the most preferred to ablate the hard tissue. It is less damaging as 
compared to conventional technique, as it creates less friction since it is a non- 
contact laser. The temperature is minimal due to reduced friction. Erbium lasers 
have shown better results in bone healing and new bone formation than conven-
tional bone drills [44, 49, 50]. Till date many studies have not validated the use of 
9–3 μm CO2 laser. However the entire osteotomy procedure cannot be done using 
this laser. Researchers are still working on to replace the bone drills with erbium 
drills for osteotomy.

4.4.4  Block Graft Procedure

CO2 or erbium laser in low energy setting can be used as indelible marker to mark 
measurement on bone surface, thereby negating frictional and mechanical stress 
from a drill on bone. The receptor site can be marked and visualized and similarly 
the donor block can be delineated and marked prior to cutting. Once the required 
size is cut, the erbium laser is used to create a screw hole, thereby eliminating the 
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frictional and mechanical stress of the drill. Erbium laser can also be used to modify 
the block.

4.4.5  Lateral Window Sinus Lift

CO2 or erbium laser can be used to create a marking on the bone surface without 
damaging its integrity [51]. Erbium lasers can be used to cut through the bone; how-
ever the erbium laser will also cut the soft tissue attached to the bone which is a 
potential problem [51]. Cutting with bur requires shell for window creation not 
damaging the Schneiderian membrane (nasal mucous membrane). The best tool so 
far is piezo surgical device for sinus lift, causing vibrations through the bone, not 
cutting the soft tissues [52].

4.4.6  Uncovering Implants

The implant is covered by soft tissues and newly formed bone up to 2–3 mm of 
thickness during the healing process. To access the implant body, both the soft and 
hard tissues are removed. Except for Nd:YAG laser all lasers can be used for removal 
of soft tissues. CO2 lasers work best, and have excellent visualization and quick 
removal.

Erbium laser is safe and efficient to remove the bone of any thickness. A study 
was done comparing the use of Er:Cr:YSGG and diode laser in the second stage of 
implant surgery to uncover implants and was found that post-operative pain was less 
in diode and erbium laser but statistically not significant [53].

4.5  Mucositis and Peri-implantitis

One of the main complications in implant dentistry is infection developed at a later 
stage once the implant integrates with the bone. Mucositis is a soft tissue infection 
around the abutment crown implant complex, at the cervical third of the implant. 
Peri-implantitis is an infection around the body or apex of the implant leading to the 
loss of bone [54]. Resulting in inflammatory reaction, presence of anaerobic plaque 
associated with a biofilm leads to swelling and inflammation of soft tissue and bone 
loss around the implant. Many factors contribute,like quality of the tissue surround-
ing the implant, implant design, surface texture, alignment mechanical loading on 
the implant during occlusion and presence of bacteria. Clinically there may be 
inflammatory colour change in surrounding tissue, bone loss, bleeding, suppuration 
and fistula formation. In extreme cases implant may have to be removed.

Figures 1, 2, 3, 4, 5, 6, 7 and 8 explain step-by-step procedure done for the treat-
ment of peri-implantitis. Firstly, all the diagnostic aids are put in place. In Fig. 1, an 
intraoral periapical radiograph is taken for the targeted area, indicating bone loss 
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around the implant. In Fig. 2, Williams periodontal probe is used to check clinically 
the probing depth, confirming the bone loss. Figures 3 and 4 show the incision and 
the subsequent flap reflection done. Figure 5 shows the granulation tissue removed 
after the debridement of the targeted area. Figure 6 shows sterilization done using 
laser and the implant is disinfected using tetracycline solution. Figures 7 and 8 show 
the stripping of laser fibre done before the activation of laser which is a diode laser 
of 980 nm applicable at 1 W pulse mode.

4.5.1  Conventional Therapy

Surgical debridement along with antibiotic coverage is done. Topical tetracycline, 
chlorhexidine, citric acid and plastic instruments are used as therapeutic tools [52, 
55]. Bone grafting is done for regeneration of peri-implant hard tissue. Studies 

Fig. 1 Bone loss seen 
around the implant. (Case 
photos courtesy, Dr. 
Sanjay Jain)

Fig. 2 Williams 
periodontal probe 
confirming the bone loss 
clinically. (Case photos 
courtesy, Dr. Sanjay Jain)
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reveal that success rates are low. A 42% of failure rate is seen with conventional 
therapy for treating peri-implantitis [56].

4.5.2  Laser-Assisted Therapy

Erbium and CO2 lasers are used for treating peri-implantitis and mucositis and pro-
vide a new dimension for treating peri-implantitis and mucositis.

4.5.2.1 Erbium Laser

The following steps are done.

Fig. 3 Incision. (Case 
photos courtesy, Dr. 
Sanjay Jain)

Fig. 4 After flap 
reflection. (Case photos 
courtesy, Dr. Sanjay Jain)
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Fig. 5 Granulation tissue 
during debridement. (Case 
photos courtesy, Dr. 
Sanjay Jain)

Fig. 6 After laser 
sterilization and implant 
disinfection done with 
freshly prepared 
tetracycline solution. (Case 
photos courtesy, Dr. 
Sanjay Jain)

Fig. 7 Stripping of laser 
fibre prior to activation of 
laser. (Case photos 
courtesy, Dr. Sanjay Jain)
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 1. With an appropriate laser incision [57], implant is accessed.
 2. After exposing the implant and surrounding bone, the laser energy is used to 

vaporize the infected tissue.
 3. Decontamination of implant surface and bony crypt are done using laser.
 4. A thin layer of bone layer is ablated, necrotic bone is removed and the area is 

decontaminated.

Decontamination and debridement are done using a single instrument. If needed, 
bone grafting can be done. Thus, healing is seen due to decreased inflammation and 
post-operative pain [1, 13].

4.5.2.2 CO2 Laser

If CO2laser is used, the following steps can be undertaken.

 1. An incision is done, exposing the implant, bone and diseased soft tissue.
 2. Tissue is ablated, implant and bony surface are decontaminated but CO2 laser 

forms a carbonization of bone; thus before grafting scrapping of carbonization 
layer is done mechanically with a curette and bleeding is re-established. An 
increased success rate is seen due to a more sterile environment being created.

 3. A diode laser can also be used for removal of granulation tissue and decontami-
nation of implant surface.

4.5.3  Non-surgical Therapy

Lasers can be used for treating crestal mucositis with bone loss. Deppe and Horch 
[58] used CO2 lasers to sterilize the exposed implant surface to rehabilitate ailing 
implant and have shown better results than the conventional areas.

Fig. 8 Application of diode laser 980  nm at 1  W pulse mode. (Case photos courtesy, Dr. 
Sanjay Jain)
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4.5.3.1 Erbium Lasers

Schwarz et al. conducted a study using Er:YAG laser [59] to treat peri-implantitis of 
moderate to advanced lesion of 20 patients, at least having one implant. Er:YAG 
laser versus mechanical debridement with plastic curette and antiseptic therapy with 
chlorhexidine digluconate (0.2%) was used to treat on patients. The gingival reces-
sion, probing depth, bleeding on probing, plaque index, and clinical attachments 
were evaluated at 3- and 6-month period. Er:YAG lasers show better results.

4.5.3.2 CO2 Laser

The studies done by Romonas [23] referred that an approximately 3 W power set-
ting CO2laser can decontaminate peri-implantitis affected restoration. He started a 
thorough decontamination of implant site which can be done when CO2 laser is 
reflected off the implant surface, vaporizing the bacteria in deep bony lesion leading 
to a better healing and osseointegration. Deppe et al. [36] have shown decontamina-
tion by CO2laser of ailing implants that lead to peri-implant bone growth in bea-
gle dogs.

The laser energy delivered around the implant by placing CO2 tip into the sulcus, 
procedure can be repeated 3–4 times every 7–10  days, coinciding with the time 
taken for the formation of sub-gingival biofilm [60]. Substantial reduction in bacte-
rial count is seen, diseased soft tissue is vaporized. The results have shown the for-
mation of bone up to 1–4 mm where there was a 6 mm of bone loss. Study conducted 
by Alagl et al. [61] has shown that erbium laser (Er:Cr:YSGG) is less effective in 
reducing bacterial contamination like Acinetobacter baumannii and Pseudomonas 
aeruginosa on implant surface.

New technologies like laser therapy and photodynamic therapy have shown to be 
potent in healing peri-implantitis [62, 63]. Researchers have been constantly trying 
to review and authenticate the use of lasers in treating peri-implantitis and osseoin-
tegration; the current data on various agents used for decontamination have con-
cluded that there is no existing decontamination approach and failed to show 
influence of any current particular decontamination protocol on surgical therapy 
[64, 65]. Further clinical investigation needs to be done to check and determine the 
superiority of any existing decontamination protocol [66].

5  Future of Laser in Implant Dentistry

The practice of laser technology in dentistry and its application have expanded 
implant dentistry. Use of lasers seems to be a promising tool for increased and 
improved results. The application of laser like Erbium laser in osteotomy has a more 
potential outcome than conventional technique of drills. With erbium laser depth is 
controlled, less friction than drills which leads to overheating of the bone [67], less 
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traumatic, sterile as they cut, reduce the risk of post-operative infection and a better 
outcome [44].

Studies done by El-Montaser et al. [68] have shown better healing of implant site 
with erbium laser than bur. Better in growth of new bone is formed around titanium 
metal implants and osseointegration. Studies have shown the use of low-level laser 
techniques resulted in better wound healing. Presence of collagen fibrils, increased 
cell reproduction and increased prostaglandin levels are seen [69]. Mikhail et al. did 
a study comparing the effect of non-laser and low-level laser therapy, on the osseo-
integration of immediately loaded implant and inferred a significant bone healing 
and speeding osseointegration process due to laser bio-stimulatory effect [70]. 
Studies on the bio-stimulatory effect of PRF augmented with diode laser as com-
pared to PRF alone shows no satisfactory difference between the two in post- 
operative pain, implant stability and bone density [71].

6  Conclusions

Lasers play a very important role in implant dentistry. It has its potential role in 
secondary stage surgery, decontamination of failing implants and healing peri- 
implantitis and osseointegration. Concern does arise about the implant surface 
being melted due to overheating [72]. Lasers have a significant benefits and advan-
tages to modern dentistry, in specific to implant dentistry. The soft and hard tissue 
lasers like diode, erbium and CO2 provide a more relaxing experience to the patient 
and high quality of care. Each laser has its own advantages and limitations, unique 
effects on dental tissue. Thus, depending on the clinical goal, skill and experience 
of the practitioner, lasers can be a tool for implant dentistry.

This chapter emphasized most of the procedures if not all that can be accom-
plished and enhanced with the laser. It is imperative on the clinicians to embrace 
laser technology as a practice in their profession imparting clinical benefits and 
positive patient outcome.
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in Dental Implant Planning and Implant 
Surgery

Abstract Proper diagnosis and appropriate treatment planning is paramount to 
achieve the best long-term prognosis in implant dentistry. Computer-aided implant 
surgery has dramatically improved the quality of surgical procedures used for dental 
implant bed preparation and implant placement. The term computer-aided implant 
surgery encompasses computer-guided implant surgery using static surgical guides 
and dynamic surgical procedures using navigation systems and computer-oriented 
surgery. In this chapter, we will be extensively discussing computer-guided implant 
surgery. The three-dimensional assessment of the restorative goal [using cone beam 
computerized tomography (CBCT), radiographic template and implant design pro-
grams] allows realistic planning and optimized positioning of implants using surgi-
cal guides. Three patient case reports are discussed which included the use of 
Implant planning software, namely, NobelClinician™ software and 3Shape Implant 
Studio® CAD software and stereolithographic surgical guides for predictable 
implant placement. Advances in dynamic implant surgery will also be discussed 
towards the end of the chapter.

Keywords CAD/CAM technology · Computer-aided implant surgery · 3D printed 
surgical guide · CBCT in implants · Dynamic implant surgery

1  Introduction

Osseointegration of dental implants is significantly dependent on a thorough pre- 
surgical planning, followed by a precise surgical and prosthodontic approach [1]. 
The past three decades have witnessed an increasing use of dental implants. 
Advancing technologies have facilitated the application of dental implants for the 
replacement of missing teeth. Although conventional dental implant placement 
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encompasses reflection of a muco-periosteal flap, an increased level of patient sat-
isfaction has been reported with minimally invasive surgical procedures and imple-
mentation of computer-aided implant surgery [2–4].

Use of conventional imaging techniques with clinical examination is considered 
insufficient for diagnosis and treatment planning for minimally invasive surgeries 
[5]. Consequently, advances in diagnostic imaging tools using cone beam comput-
erized tomography (CBCT), interactive implant planning software and evolution of 
computer-aided design/computer-aided manufacturing (CAD/CAM) technology 
has revolutionized pre-surgical treatment planning and has promoted computer- 
aided implant surgery (CAIS). Hence, CAIS has become the mainstay of most oral 
and craniofacial reconstructive efforts.

This chapter will sensitize the reader to computer-aided implant surgery and pro-
vide an overview of the currently available systems that support computer-aided 
implant surgery. It will also review and illustrate the application of computer-guided 
technology and surgical guides in dental implant surgery with the help of three 
clinical case reports.

2  Overview of Technology

Computer-aided implant surgery is “the capability of performing virtual surgery 
based on the use of medical/dental imaging files (DICOM, STL, vrml, obj, etc.) 
using computer software. The results are used to develop digitally manufactured 
surgical guides or navigation directions for robotic guidance for surgery” [6].

It involves the following surgical protocols: (a) static navigation: computer- 
guided implant surgery using static surgical guides and (b) dynamic navigation: a 
computer navigation-based implant surgery or a computer-oriented implant surgery. 
A constant research in this field aims at a restoratively driven, patient-centred surgi-
cal outcome.

Computer-guided static navigation allows a fully guided (FG) bone implant drill-
ing sequence and implant placement using static surgical guides. Whereas, dynamic 
navigation allows real-time monitoring of the bone drilling and implant placement 
using three-dimensional (3D) software [7–9].

The various benefits and drawbacks of each type of system [7–9] are enumerated 
in Table 1.

3  Need for Computer-Based Implant Surgery

Traditionally, the non-limiting and partially limiting designs of surgical guides pro-
vided guidance in angulations and positioning of implant drills at the bone entry point. 
A lack of correlation between the planned restoration and the underlying alveolar 
bone anatomy was commonly encountered. Also, 2D interpretation of radiographic 
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information obtained from panoramic and/or periapical radiographs presented with 
significant limitations to approach a realistic surgical scenario. This demanded the 
application of computer-guided implant surgery in complex and compromised cases. 
The objective of computer-based surgery was to alleviate inadequacies of conven-
tional two-dimensional (2D) imaging tools and traditional surgical guides.

Computer-guided implant surgery minimizes the errors in implant positioning 
compared to manual/conventional surgical guide implant placement [10]. Implant 
surgery with completely limiting design of surgical guide increases safety, predict-
ability and efficacy of the treatment outcome in cases with excessive hard and soft 
tissue loss, sinus pneumatisation or atrophic alveolar ridges [11, 12].

In addition, computer-guided protocol promotes minimally invasive surgeries with 
possibility of immediate delivery of prosthesis. It offers gold standard treatment, with 
minimal patient visits and lesser post-operative morbidity, at affordable cost [12].

This system favours the production of customized prosthetic and surgical com-
ponents needed for the treatment, such as surgical guides, provisional restorations, 

Table 1 Advantages and disadvantages of different systems in computer-based surgical protocol

Computer-based 
surgical protocol Advantages Disadvantages

Computer-guided 
surgery with 
surgical guides

• Minimally invasive treatment
• Provides simplicity in surgical 
protocol as compared to 
conventional implant surgery
• Improves precision, accuracy and 
efficacy of surgery
• Economical compared to 
dynamic implant surgery

• Need for special dental materials 
and accessibility to manufacturing 
units or dental laboratory for surgical 
guide fabrication
• Need additional patients visits to 
fabricate the surgical guide
• Guidance failures due to fractured 
or poor fitting guides
• Expensive compared to 
conventional implant surgery

Computer- 
navigated surgery

• Minimally invasive treatment
• Allows real-time feedback of 
osteotomy site preparation and 
implant placement
• Eliminates need for additional 
patient visits and dental materials 
needed to fabricate scan prosthesis 
and/or surgical guide
• Simpler and faster planning
• Improves accuracy and safety of 
surgery
• No implant manufacturer- 
dependent armamentarium required

• Need for extensive training and 
operator experience
• Upfront investment in workflow 
adjustments
• Purchasing and managing cost
• Errors in drill-tip to CBCT image 
mapping can occur causing guidance 
and placement errors
• Improvements in software design 
and tracking system is needed
• Human studies on the application 
of this system are less

Computer- 
oriented surgery

• Minimally invasive treatment
• Allows real-time decision 
making during surgery
• Eliminates the need for guiding 
or navigation systems
• Improves accuracy and promotes 
surgical flexibility

• Huge investments in acquiring 
equipment and managing cost
• Need for extensive training and 
operator experience
• Much research is needed to 
establish the workflow
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customized healing abutments and final prostheses. It increases productivity and 
reduces laboratory production delays. In addition, computer-guided implant surgery 
offers predictability with temporary restoration of dental implants and needs less 
time in adaptation of temporary prosthesis in immediate loading protocols [12, 13]. 
Nevertheless, it promotes an integrated prosthetic and surgical workflow.

It has shown favourable results in terms of accuracy and implant survival rates 
[14]. Even though literature reports deviations between planned and clinical posi-
tions of implants placed using completely limiting design of surgical guides, lesser 
deviation values were obtained with full-guided implant surgery as compared to half-
guided surgery (HG) (implant placed without the surgical guide after osteotomy) 
[15–17]. It was also noted that computer-guided surgical guides provided greater 
accuracy and were more consistent in their deviation from the planned locations than 
conventional surgical guides and free-handed (FH) implant surgery [18–21].

4  What Is Computer-Guided Surgery?

“Computer-guided implant surgery” is defined as the use of a static surgical guide 
that reproduces the virtual implant position directly from CT data and does not 
allow for intra-operative modification of the implant position [22]. It involves 
reverse planning and fabrication of a static surgical guide, which is used to assist in 
proper surgical placement and angulation of dental implants [23]. A restorative 
treatment plan is created prior to establishing the surgical protocol. This is achieved 
by fabricating radiographic scan prosthesis or using intra-oral optical impressions 
and virtual models. This is followed by a CBCT scan. These images are then 
imported into a software program on a personal computer, which allows virtual 
treatment planning. Virtual surgical planning encompasses pre-surgical manipula-
tion of 3D images of an anatomic site for the purpose of measuring outcomes and to 
design devices, grafts, and techniques. A digital plan, thus, obtained is used to fab-
ricate a surgical guide. These surgical guides, accompanied by implant specific 
drilling instrumentation, allow precise implant placement in planned positions.

Typically, the surgical guide consists of two parts: (a) the guide body (contact 
surface) which fits either on the patient’s mucosa, bone or teeth and (b) the guiding 
cylinder (sleeve) placed within the surgical guide to guide the drills in the exact 
position and angulation [24].

4.1  Classification of Computer-generated Surgical Guides

Based on method of fabrication, three types of guides have been reported:

 (a) 3D printed surgical guide based on acrylic radiographic scan prosthesis [24].
 (b) 3D printed surgical guide based on intra-oral optical scans/laboratory scan of 

dental cast [25].
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 (c) Computer milled guides or mechanical templates—are fabricated by drilling 
the final position of the implants in the radiographic template using a computer- 
guided drilling machine. This is followed by setting titanium guide cylinders in 
the exact same position and angulation as previously planned [5, 8].

Based on guide support, four types of guides have been reported [7, 26]:

 (a) Mucosa-supported: These guides are associated with flapless surgery. In com-
pletely edentulous patients, these guides are supported by the buccal and lingual 
mucosal flanges and the palatal mucosa. In addition, transmucosal fixation pins 
help in its stabilization during the surgery. Whereas, in partially edentulous 
patients with a long span of edentulous area, these guides are supported partly 
by mucosa and partly by teeth adjacent to the edentulous space.

 (b) Bone-supported: This surgical guide is supported by the bone surface which 
requires reflection of a full-thickness flap. They are indicated in cases with bone 
deficiencies requiring bone augmentation procedures, cases with anatomical 
limitations or in cases with lack of keratinized mucosa.

 (c) Tooth-supported: the guide is supported on the teeth adjacent to the edentu-
lous space.

 (d) Special supported, (mini) implant, pin-supported surgical guides: this surgical 
guide is attached to implants inserted before or during the actual implant 
surgery.

4.2  Step-By-Step Protocol Involved in Fabrication of 3D 
Printed Surgical Guides for Dental Implant Surgery

The following workflow is adopted to obtain a conventional computer-generated 
surgical guide (Fig. 1).

4.2.1  Fabrication of Scan Prosthesis

A scan prosthesis or radiographic template is a partial or complete acrylic remov-
able prosthesis, incorporated with radiographic markers, that conveys the ideal 
prosthetic positioning of the teeth for the definitive prosthesis during the CBCT 
scan. It can be either fabricated de novo from a diagnostic wax up or by duplicating 
the patient’s existing denture, if it is aesthetically and functionally acceptable. Some 
of the crucial factors to be considered during the fabrication of a radiographic tem-
plate are as follows [27, 28]: (a) precise fit of the prosthesis to the underlying 
mucosa, (b) precise extension of flanges to provide stability to the prosthesis during 
scanning, (c) involves mock-up of the ideally positioned artificial teeth, based on the 
patient’s functional, biomechanical and aesthetic requirements, (d) proper incorpo-
ration of fiducial (registration/radiographic) markers [29] and (e) fabrication of an 
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interocclusal index (vinyl polysiloxane centric occlusion index) to stabilize the scan 
prosthesis during the CBCT scan [30]. These markers indicate the tooth or restora-
tion outline by indicating the incisal edge position, bucco-lingual tooth position and 
denture base contour. They allow an accurate representation of the final restorative 
goal by ensuring adequate radiographic determination for implant placement. 
Moreover, these markers act as fiducial markers for registration. Literature reports 
the use of different radiographic markers, such as gutta-percha [31], metal tubes 
[32], ball bearings [33], lead foil [34], and barium sulphate in resin powder or radi-
opaque barium denture teeth [35]. When a radiographic template is used, a double 
scan procedure is carried out to help integrate the template within the craniofacial 
model. A scan of the edentulous site is carried out first, followed by a scan with the 
radiographic template and the interocclusal index fitted in the mouth. Both the scans 
are then aligned over each other using the radiographic markers as reference points. 
This dataset is then exported to an implant planning software, which allows a fusion 
of these files to provide an exact representation of the patient’s bone architecture 
and the radiographic template in 3D space [36].

Nevertheless, creation of a virtual patient by superimposition and registration of 
digital intra-oral scans with CBCT data has helped to alleviate shortcomings in 
surface reproduction of teeth in a CBCT image [37–39]. Digital impressions or 
surface scans of dental models have been suggested to replace conventional fabrica-
tion of scan prosthesis in partially edentulous patients [40]. Although the marker- 
based method of digital registration is considered more accurate, newly developed 
surface registration algorithms have greatly increased accuracy [41, 42]. These reg-
istration algorithms allow the clinician or the laboratory to utilize readily available 
dental surface markers, such as cusp tips, denture borders and soft tissue profiles, to 
facilitate digital registration. The dentogingival model scanning is superimposed on 

Fig. 1 Conventional 
workflow involved in 
computer-generated 
surgical guide and 
computer-guided 
implant surgery
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DICOM files using specific software to create a virtual model of the patient. This 
promotes optimization of the digital treatment workflow, simplifies communication 
between clinician and laboratory, reduces expensive laboratory work and dental 
appointments needed for the fabrication of the scan prosthesis and promotes effi-
cient time-cost workflow since there is fast processing of surgical guide. Moreover, 
digital scans alleviate errors that may be caused by ill-fitting or inaccurately fabri-
cated scan prosthesis [39, 42, 43]. However, one of the major limitations of this 
technique is that it is helpful only in partially edentulous patients. For completely 
edentulous patients, incorporating intra-oral scan images into the CBCT data would 
not be possible, since mutual landmarks on both digital images, such as part of the 
teeth, are required [37]. Another significant limitation is the influence of imaging 
artefacts in CBCT data on the registration accuracy. For the purpose of registration, 
areas on the tooth surface represented in the virtual stone cast and in the model 
produced from radiographic data are selected and these markings must be discern-
able in the respective images to be registered. However, scatter artefacts can obscure 
these markings. Also, radiopaque markers placed on the buccal or lingual aspect of 
restored teeth will not be visible on a CBCT scan. Composite resin markers in the 
vertical plane can be used to alleviate this problem [40, 44].

When a laboratory scanner is used, first the diagnostic cast is scanned to obtain a 
soft tissue representation and then a rescan of the manual wax-up and the interoc-
clusal relationship of the upper and lower cast is carried out. The first scan facilitates 
the placement of the guide sleeve in the surgical guide and the second scan helps to 
create a virtual diagnostic waxing image. Alternatively, the mirror image of the 
contralateral teeth can also be used in the software to create a digital wax-up. The 
resulting files are then superimposed on the CBCT scan to facilitate the implant 
position planning in relation to the planned restoration [37].

Various intra-oral scanners are commercially available. Some popular ones 
include CEREC® Omnicam (Dentsply Sirona Global, NC, USA), Primescan® 
(Dentsply Sirona, Bensheim, Germany), 3Shape Trios® (3Shape A/S, Copenhagen, 
Denmark), Virtuo Vivo™ (Dental Wings Inc., Montreal, Canada) and iTero® (Align 
Technology, Inc., California, USA). Laboratory scanners for dental model scanning 
are also available, for example, 3Shape lab scanner (3Shape A/S, Copenhagen, 
Denmark), 7Series Model and Impression Scanner (Dental Wings Inc., Montreal, 
Canada) and Ceramill® Map 400+ Scanner (Amann Girrbach GmbH, Koblach, 
Austria).

The modified workflow for fabrication of computer-generated surgical guide 
using intra-oral scanners is presented in Fig. 2 [25].

4.2.2  CBCT Scanning Procedure

Dental CBCT offers a three-dimensional evaluation of the concerned oral and cra-
niofacial region by generating images that precisely replicate the clinical situation 
on a computer. A CBCT scan along with a third-party software program allows the 
clinician to visualize and interpret the anatomical situation of the patient. It has 
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gained popularity over conventional CT scans since it provides radiographic images 
with minimal distortion and superimposition [45].

CBCT machines emit a cone-shaped X-ray beam which is detected on a flat 
panel detector (FDP) receptor, both of which are simultaneously rotating 180–360° 
around the patient’s head. The captured 2D images of the maxillofacial region are 
converted to 3D volumetric data. This process is carried out on a computer using a 
modified Feldkamp algorithm to create DICOM (Digital Imaging and 
Communications in Medicine) files [46]. DICOM file is a standardized file format 
used for handling, storing, transmitting and communicating CBCT data. It is a set 
of axial images that are merged together to form the volume data of the anatomical 
structures. These files are exported to a third-party software that enables surgical 
planning, transfer of data to surgery via 3D printing of surgical guides/navigation 
systems and transfer of data for production of prosthetic solutions [47].

4.2.2.1 Indications

The following are the main indications for CBCT in implant placement: (1) evalua-
tion of quality and quantity of residual bone, (2) three-dimensional assessment of 
implant site topography, (3) visualization of vital anatomic structures around 
implant site, (4) fabrication of surgical guides, (5) identification of any associated 
complexities and (6) patient education.

Fig. 2 Modified workflow 
involved in computer- 
generated surgical guide 
and computer-guided 
implant surgery
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4.2.2.2 Advantages and Disadvantages of CBCT

The high spatial resolution, small size isotropic voxel and segmentation accuracy of 
reconstructed CBCT datasets allows production of a high-quality image. It involves 
relatively less radiation exposure, reduction in the size of irradiated area by collima-
tion of the primary X-ray beam to the desired area, rapid scan time, compact size, 
easier handling and accessibility and is economical, as compared to the conven-
tional CT.

Certain limitations associated with CBCT include (1) lack of distinct soft tissue 
contrast, (2) inability to estimate the bone density using Hounsfield units [48], (3) 
artefacts incorporation in the image due to patient motion, dense restorative materi-
als or a combination of both and (4) need for adequate training to operate CBCT and 
diagnose datasets. However, recent research and development of software algo-
rithms aim to alleviate these shortcomings: (1) software algorithms improving sig-
nal-to-noise ratio and thus, increasing contrast, (2) improvement in image quality 
allowing structural analysis of bone in contrast to the density-based analysis, (3) 
artefact suppression algorithms and increasing number of projections causing 
reduction in metal artefacts, e.g. Metal artefact reduction software (MARS) by 
Sirona [49].

4.2.2.3 Display Modes in CBCT

The CBCT machine produces multiple basis projection frames which are collec-
tively known as the projection data. The projection data is primarily reconstructed 
by the CBCT software to produce axial slices, which are further processed to gener-
ate inter-relational images in three orthogonal planes (axial, coronal and sagittal 
views). In addition to these views, other display modes generated include multipla-
nar reformations (MPR) consisting of oblique planar reformation, curved planar 
reformation, serial trans-planar reformation and multiplanar volume reforma-
tion [47].

• Oblique planar reformation produces non-axial 2D planar images by cutting 
across a set of axial images at any angle. It is useful to evaluate particular struc-
tures, such as winding angles of mandibular canal.

• Curved planar reformation produces “simulated” distortion free panoramic 
images by aligning the long axis of the imaging plane with a specific anatomic 
structure. It is useful to trace the jaw during dental implant planning.

• Serial trans-planar reformation produces series of stacked cross-sectional images 
orthogonal to oblique or curved planar reformation with option of selecting the 
thickness and spacing. It is useful in assessment of specific morphologic features 
such as alveolar bone height and width for implant site assessment.

• Multiplanar volume reformation: produces an image that closely represents a 
specific volume of the patient by thickening the MPR slices:
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 – Ray sum or ray casting: this image can be generated by adding up adjacent 
voxels to the MPR slices. It is useful in generating virtual projections such as 
panoramic or cephalometric images identical to conventional radiographs 
without magnification and parallax distortion. However, this technique uses 
the entire volumetric data set and there can be superimposition of multiple 
structures [50].

 – Volume rendering: this generates an image which allows visualization of vol-
ume by selectively displaying voxels within a data set to facilitate spatial ori-
entation of the jaw and object placement control during planning. This 
involves direct volume rendering and indirect volume rendering. Direct vol-
ume rendering involves picking an arbitrary threshold of voxel values, below 
or above which all grey values are excluded. Most commonly used technique 
includes maximum intensity projection (MIP). MIP is useful for surgical fol-
low- up and for visualization of soft tissue calcifications [46]. Indirect volume 
rendering (IVR) involves selection of the density of the voxels to be displayed 
within an entire data set (segmentation) resulting in a volumetric surface 
reconstruction with depth. It can either be a solid view (surface rendering) or 
a transparent view (volumetric rendering). IVR is useful for visualization and 
analysis of craniofacial conditions and determination of relationships of vari-
ous anatomic features [46].

4.2.3  Virtual Planning and Transfer of Data to Production Unit

Simulation computer software is used to create a CAD model of the patient’s jaw for 
the accurate transfer of the virtually planned implant position to the surgical site. 
The virtual model that is solely reconstructed from CBCT data does not display the 
teeth accurately enough for the manufacturing of a surgical guide. Thus, integration 
of a virtual model of the teeth (derived from a CBCT scan of the scan prosthesis or 
an intra-oral surface scan or extra-oral scan of a stone cast) with the radiographic 
model (derived from CBCT scan of the jaw) is required. The surface scan of the 
patient’s oral cavity is exported to the software in the Standard tessellation language 
(STL) format. This procedure, which involves the integration of the DICOM data 
set (CBCT model) with the STL file (virtual model) by a process of alignment of the 
two data sets in one virtual coordinate and transformation of the three-dimensional 
images, is known as registration [44]. The registration process helps in the pre- 
operative digital implant planning, surgical guide file creation based on the virtual 
model of the teeth and export of the created file to an external system for 
manufacturing.

The simulation software includes a realistic library of varied implant systems 
necessary for the virtual implant planning. It facilitates selection of a suitable 
implant fixture based on the anatomical situation, the planned prosthetic outcome 
and the specifications for each implant as delineated by the manufacturer. It permits 
import or export of DICOM data and STL files with third-party systems. The soft-
ware also includes the tools needed to design and to enhance the surgical guide and 
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to design the planned prosthetics. Once the plan is formulated, the software auto-
matically creates a surgical report in the PDF format on the implant plan (implant 
type, and specifications such as platform, length and width) and designed guide 
with all the necessary information needed for successful surgery. On approval of the 
plan, the software automatically creates a STL file that can be directly sent to a suit-
able 3D printer.

Several commercially available proprietary 3D interactive computer software 
programs are available, which include Simplant® (Materialise Dental, Leuven, 
Belgium), Nobel Clinician™ (Nobel Biocare, Zurich, Switzerland), CoDiagnostix® 
(Dental Wings Inc., Montreal, Canada), VIP 3® (BioHorizons, AL, USA), Planmeca 
Romexis® 3D (Planmeca Oy, Helsinki, Finland), 3Shape Implant studio® (3Shape 
medical A/S, Copenhagen, Denmark) and Blue Sky Plan® (BlueSkyBio, LLC, USA).

4.2.4  Fabrication of Surgical Guide

A completely limiting design of surgical guide further allows a predictable transfer 
of planned implant positions from computer to the patient. It helps to direct the 
surgical drills during the implant osteotomy and implant insertion. The process of 
building a three-dimensional object from a CAD model by successively adding 
material layer by layer is known as 3D printing or additive manufacturing process 
or rapid prototyping.

Resin 3D printing includes a vat polymerization technique in which a photosen-
sitive resin is cured by a light source to produce solid layers. The resin is contained 
within a vat/tank and is cured against a build platform, which moves slowly away 
from the tank as the part is formed. Based on the light source used, there are three 
types of resin 3D printing technologies, namely, stereolithography (SLA), digital 
light processing (DLP) and liquid crystal display (LCD).

Stereolithography (SLA) is the most commonly used technology and it employs 
a vat of liquid ultraviolet (UV) curable photopolymer “resin” and a UV laser to 
build parts’ layers one at a time. The laser beam is directed by mirror-like devices 
known as galvanometers. For each layer, the laser beam traces a cross section of the 
part pattern on the surface of the liquid resin. On polymerization of the surface 
layer, the mechanical table carrying the previously polymerized layer of the model 
moves down by 1 mm. Exposure to the UV laser light cures and solidifies the pat-
tern traced on the resin and joins it to the layer below [6]. Only 80% of total polym-
erization is completed in the vat, whereas the remaining 20% needed to be achieved 
in a conventional UV light curing unit [28]. Based on the diameter and angle of the 
simulated implants, the SLA machine selectively polymerizes the resin around the 
planned implant position, forming a cylindrical guide. This cylindrical guide is then 
fitted with a metal sleeve to guide the implant drill [51]. Stereolithography uses a 
STL file which describes only the surface geometry of a 3D object without any 
representation of colour, texture or other common CAD model attributes. This file 
format is supported by all available 3D printers [24]. Thus, the stereolithographic- 
guided surgery system includes a stereolithographic surgical guide with implant 
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system-related mounts for fixture installation, additional guide sleeves for fixation 
screw installation, drill keys of different heights and depth-calibrated drills to pre-
pare the osteotomies. Some systems use consecutive guides with different sleeves to 
allow increasing drill diameter during surgery, while some use a single guide with 
different adjustable drill handles. Sleeveless guide design is also available that helps 
reduce costs of the surgical guide, since it alleviates material costs for sleeves and 
additional work required to fasten them into the guide [26]. Various improvements 
have been reported in the presently available 3D printers, such as rising build plat-
form, improvements in the material properties of the photopolymer resin used, 
improved optical system to prevent errors in focusing and inexpensive in-office 
desktop 3D printers [52].

Digital light projector (DLP) technology uses a high-intensity light source uni-
formly across the entire build surface for curing the photo-reactive polymers. The 
light is selectively directed using a digital micromirror device (DMD) consisting of 
multiple tiny mirrors. Liquid crystal display (LCD) is similar to DLP. It uses a high- 
resolution LCD screen with UV LED backlighting to cure photopolymers layer by 
layer. More accurate surgical guides are achieved by SLA and DLP as compared to 
LCD. However, DLP and LCD technology produce faster prints as compared to 
SLA and LCD technology is cheaper than its counter parts.

Various 3D printers are available commercially for the fabrication of computer- 
generated surgical guide, for example, Form 2 SLA (Formlabs Inc., MA, USA), 
SprintRay Pro® DLP (SprintRay CA, USA), Planmeca Creo™ C5 LCD (Planmeca 
Oy, Helsinki, Finland) and Zenith 3D® SLA (Dentis Global, Daegu, Korea).

4.3  Case Reports Illustrating Application of Computer-Guided 
Technology to Dental Implant Planning and Dental 
Implant Surgery

Patient 1 is treated with an “All-on-4®” (Nobel Biocare, Zurich, Switzerland) treat-
ment concept using NobelActive (Nobel Biocare, Zurich, Switzerland), which 
involves CT-based computer-guided implant planning using NobelClinician™ soft-
ware, conventional flap procedure and standardized All-on-4® guide (Nobel Biocare, 
Zurich, Switzerland). Patient 2 is treated with implant-supported overdenture pros-
thesis with DIOnavi. implants (DIO Implant, Busan, Korea), which involves 
CT-based computer-guided implant planning using 3Shape Implant studio® implant- 
planning software (3Shape medical A/S, Copenhagen, Denmark), flapless implant 
placement and stereolithographic surgical guide with guide sleeves (Form 2 3D 
printer, Formlabs Inc., MA, USA). Patient 3 is treated with an “All-on-4®” treatment 
concept using Osstem implants (Osstem Implant Co., Ltd., Seoul, Korea), which 
involves CT-based computer-guided implant planning using 3Shape Implant stu-
dio® implant-planning software (3Shape medical A/S, Copenhagen, Denmark), 
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flapless implant placement and stereolithographic surgical guide without guide 
sleeves (Zenith 3D® printer, Dentis Global, Daegu, Korea).

4.3.1  Patient 1 (Courtesy of Department of Prosthodontics and Oral 
and Maxillofacial Surgery, Goa Dental College and Hospital)

A 70-year-old female patient with severely mutilated dentition reported to the 
department for replacement of missing teeth. Patient reported that she lost most of 
her teeth due to caries and periodontal disease. After a complete diagnostic evalua-
tion, complete extraction of teeth and the “All-on-4®” (Nobel Biocare, Zurich, 
Switzerland) treatment concept, with immediately loaded full arch restoration, was 
planned for both the jaws. The treatment protocol includes placement of two 
implants vertically in the anterior region with straight Multi-unit abutment and two 
implants at an angle of up to 45° in the posterior region with angled Multi-unit abut-
ment. Here we will be discussing rehabilitation of the maxillary arch (Figs. 3, 4, 5, 
6, 7, 8, 9 and 10).

4.3.2  Patient 2 (Courtesy of Department of Prosthodontics and Oral 
and Maxillofacial Surgery, Goa Dental College and Hospital)

A 65-year-old man presented with completely edentulous mandibular arch and a 
single implant with a locator attachment in the left mandibular canine region. Patient 
reported that all his mandibular teeth were extracted due to severe wearing pattern 
and gross breakdown of tooth structure. His lower jaw was restored with an implant- 
supported overdenture prosthesis using two implants, placed bilaterally in the 
canine region with locator attachments. However, failure of right mandibular 
implant was noted and patient requested rehabilitation of the lower arch. After a 
complete diagnostic evaluation, an implant-supported overdenture on ball attach-
ments using four implants (DIOnavi.digital implant system, Busan, Korea) in 31, 
32, 42, 43 region was planned (Figs.  11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21 
and 22).

4.3.3  Patient 3 (Courtesy of Department of Prosthodontics and Oral 
and Maxillofacial Surgery, Goa Dental College and Hospital)

A 60-year-old female patient reported to the department for replacement of missing 
teeth in the maxillary arch. She reported that she lost her teeth due to caries and 
requested for a fixed option for replacement of missing teeth. After a complete diag-
nostic evaluation, “All-on-4®” (Nobel Biocare, Zurich, Switzerland) treatment con-
cept using Osstem implants (Osstem Implant Co., Ltd., Seoul, Korea) and 
immediately loaded full arch restoration was planned for the maxillary arch 
(Figs. 23, 24, 25, 26, 27, 28, 29, 30 and 31).
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Fig. 3 Showing the CBCT (NewTom VGi, QR S.r.l, Verona, Italy) scan of the maxillary arch. 
Severe resorption in the posterior maxilla bilaterally with severely carious teeth, 11 and 24, seen 
on the scan. The scan shows cross-sectional view with 0.2 mm slice thickness and panoramic view 
of the maxilla
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5  What Is Computer-Navigated Surgery?

Computer-navigated implant surgery is designed to allow implant placement in real 
time by a computer using the virtual plan formulated based on patient’s CBCT scan. 
This system requires a motion tracking technology (hand piece array, patient track-
ing array and light source), which tracks the position of the dental drill relative to 
the patient’s position (bur tracking) using sensors, as seen in Fig. 32. This three- 
dimensional positional information is then correlated with the previously 

Fig. 4 Illustrates the diagnosis and treatment planning carried out in the implant planning soft-
ware, NobelClinician™ (Nobel Biocare, Zurich, Switzerland). Four NobelActive (Nobel Biocare, 
Zurich, Switzerland) implants were planned in 12, 15, 23 and 24 region. 17° Multi-unit Abutment 
(Conical connection NP 2.5 mm) in the anterior implants (Ø3.5 × 13 mm) and 30° Multi-unit 
Abutment (Conical connection RP 3.5 mm) in posterior implants (Ø4.3 × 15 mm) were placed, 
respectively
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Fig. 5 Illustrates the surgery overview indicating the necessary implant torque and prosthetic 
torque value needed for proper implant stability and successful surgery. For immediate function, 
the implants should withstand a final tightening torque between 35–45 N cm and the Multi-unit 
abutment tightened to 15 N cm

Fig. 6 Following complete 
arch extraction, an 
immediate acrylic 
complete denture was 
fabricated based on the 
patient’s functional and 
aesthetic requirements. 
Prior to commencement of 
surgery, (a) the vertical 
dimension of occlusion 
was marked and measured, 
(b) the centric relation was 
recorded using bite 
registration material (Futar 
D, Kettenbach LP, CA, 
USA). This is done to 
maintain the patient’s 
proper vertical dimension 
in the temporary screw- 
retained acrylic prosthesis, 
following bone reduction 
and implant placement
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Fig. 7 Illustrates the surgical protocol followed, (a) a conventional flap elevation was performed 
from 16 to 26 region, (b) planned bone reduction was carried out based on the patient’s smile line 
and the space required to accommodate the prosthesis, (c) All-on-4® guide was anchored into 
8 mm long and 2 mm wide osteotomy in the midline of the maxilla, (d) implant bed preparation 
for anterior implant, followed by installation of NobelActive implant (Ø3.5 × 13 mm) using the 
all-on-4® guide was done, (e) implant bed preparation for posterior implant, followed by insertion 

(continued)
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determined virtual plan, to calculate the virtual position of the hand piece and 
implant drill. Thus, it improves surgical visualization and increases adaptability to 
intra- operative findings [8, 53].

The light source above the patient reaches the patient tracking array and the array 
on the hand piece. The light is reflected from the arrays to two high-definition cam-
eras. The captured reflected light is transmitted to the system-specific navigation 
computer to create the dynamic real-time representation. If necessary, changes to 
the plan can be made intra-operatively to achieve accurate implant placement. This 

Fig. 8 Illustrates the 
denture conversion 
process, (a) a rubber dam 
was placed around the 
temporary coping 
Multi-unit cylinders to act 
as a barrier between the 
surgical and restorative 
material, (b) holes were 
prepared in the denture to 
accommodate the 
temporary coping 
Multi-unit cylinders. The 
denture was then placed 
over the cylinders 
intra-orally and auto- 
polymerizing acrylic resin 
was injected around the 
holes to facilitate the 
pick-up of the cylinders 
into the denture. Proper 
seating and alignment of 
the denture was verified 
using the pre-operative bite 
registration

of NobelActive implant (Ø4.3 × 15 mm) using the all-on-4® guide was done, (f) the anterior and 
posterior Multi-unit Abutments (17° and 30° respectively) were tightened using Unigrip 
Screwdriver Machine and Manual Torque Wrench Prosthetic. The angulations were verified using 
the pre-mounted holder which acts as a guide to allow for proper emergence of the prosthetic 
screw, (g) the Mutli-unit Abutment healing caps were placed on top of the Multi-unit Abutments 
prior to suturing. The position of the abutments was indexed on the denture by using heavy body 
impression material (Aquasil ultra heavy (Dentsply/Caulk, Konstanz, Germany) in the intaglio 
surface of the denture, to create space for the temporary coping Multi-unit cylinders

Fig. 7 continued
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system integrates dental implant surgical instruments, medical imaging technology 
(CBCT), optical positioning devices along with pre-operative planning software to 
perform precise dental implant surgeries [8, 53].

Navigation surgery is especially helpful in patients requiring dental implants in 
posterior maxillary/mandibular region where soft tissue in the vicinity of the 
planned implant site obstructs the view of the surgical field, or when short inter arch 
distance interferes with proper alignment of surgical drills with surgical guides [54].

Current dynamic navigation systems in implant dentistry include Image Guided 
Implant dentistry (IGI) (Image Navigation Ltd., New  York, USA), X-Guide 
Dynamic 3D Navigation (X-Nav Technologies, Lansdale, USA), Navident 

Fig. 9 Shows the fixed 
prosthesis. (a) Intra-oral 
frontal view of the 
provisional all-acrylic 
screw-retained prosthesis, 
(b) the immediate denture 
was converted to a fixed 
implant bridge

Fig. 10 Post-operative 
orthopantomogram 
showing application of 
“All-on-4®” treatment 
concept to maxillary and 
mandibular arches
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Fig. 11 Scan prosthesis was fabricated—mandibular complete trial denture with light-cured 
acrylic resin record base (Megatray®, Megadent, Radeberg, Germany) incorporating three compos-
ite resin radiographic markers (4 × 4 mm in size) in the incisor and first molar region

Fig. 12 A CBCT scan (NewTom VGi, QR S.r.l, Verona, Italy) was performed. The projection data 
was exported to NNT viewer (NewTom, QR S.r.l, Verona, Italy) for data analysis. This figure illus-
trates (a) basic orthogonal views (in the axial, sagittal and coronal plane). An endosseous implant 
is seen in the left mandibular canine region, (b) multiplanar reconstruction in the orthogonal plane
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(ClaroNav, Toronto, Canada) and Inliant (Inliant Dental Technologies, Vancouver, 
Canada).

6  What Is Computer-Oriented Surgery?

In this type of surgery, there is a simultaneous use of information from digital plan-
ning and data derived directly from the clinical reality at surgery to assist in the 
placement of dental implants. The objective is to provide a creative and flexible 
surgical environment that can adapt to diverse intra-oral scenarios as encountered 
during surgery. The surgeon gathers all the necessary information during the plan-
ning stage, which includes dental models, CBCT scan, panoramic radiograph, 3D 
virtual models with virtual implant placement and intra-oral photographs. This 
information is then relayed on a computer multi-screen along with the intra- 
operative intra-oral information gathered by the microscope camera during surgery, 
as seen in Fig. 33. This surgical protocol promotes interactive use of information to 
allow “documented real-time decision making”. This system allows the use of sur-
gical guides or navigation system during the initial drill phase of surgery to estab-
lish initial path of implant drill or the entire surgery can be carried out using the 
COIS method [53].

Fig. 13 This figure illustrates the multiplanar reconstruction in the oblique plane. It includes the 
panoramic curve, which identifies the dental arch position and allows the visualization of alveolar 
bone in cross sections by segmentation of bone along that curve in multi-slice windows. Inferior 
alveolar nerve canal tracing is also seen
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7  Complications Associated with CT-Based Dental Implant 
Planning and Surgery

Literature reports various studies determining the accuracy of computer-guided 
technology for dental implant surgery, since safety and effectiveness of guided sur-
gery are closely related to its accuracy. The accuracy of implant placement is often 
evaluated by the superimposed pre- and post-operative CBCT image and measure-
ment of the deviations at the coronal or apical part of the implants along with mesio- 
distal and bucco-lingual discrepancies (distance error) and implant axis angle 

Fig. 14 3D volume rendering view allows visualization of large volumes of data generated by 
CBCT in three-dimensional space. This view shows the overall bone resorption pattern and rela-
tionship of crest of ridge to the inferior alveolar nerve canal. (a) Direct volume rendering showing 
the MIP mode, (b) indirect volume rendering showing the transparent view. Both views indicate a 
severe bone resorption pattern in the mandibular arch
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deviations (angular error). Also, vertical error (when placement is deeper or shal-
lower than that in the plan) and horizontal error (when there is lateral displacement 
compared to the plan) are encountered in guided surgery [5, 15, 17–20, 51, 55–57].

The most common surgical and prosthetic complication encountered in computer- 
guided implant surgery is caused by the misfit between the installed implants and 
the prefabricated prosthesis. Deviations at the shoulder of the implants can hamper 
the correct fit of a prefabricated construction and require adaptation of fit or 

Fig. 15 Virtual implant planning of endosseous implant in 31 region (DIO Implant, Busan, Korea) 
in 3Shape Implant studio® implant planning software (3Shape medical A/S, Copenhagen, 
Denmark). Multi-slice windows illustrate the different cross sections, axial, panoramic and 3D 
volume rendering views of the scanned region
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occlusion. Deviations at the apex can impinge on the critical anatomical structures; 
thus, a minimum safety zone of at least 2 mm from adjacent vital structures is rec-
ommended [5].

Vertical error is commonly encountered than a horizontal error since superior 
border of alveolar bone is not distinctly demarcated in CT data during the implant 
plan, resulting in shallow placement of implants. Distance error is larger in the apex 
than coronal area, since angular displacement at the occlusal surface causes 
increased horizontal error at the apex [51].

Fig. 16 A surgical report in the pdf format generated for approval, which includes the digital 
dental model with the planned implant data for four UF(II)3810 implants (Ø3.8 × 10 mm, DIOnavi, 
DIO Implant, Busan, Korea) in 31, 32, 42, 43 region
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Fig. 17 The surgical 
report indicating the virtual 
surgical guide position and 
dimensions for printing. 
(a), (b), (c) and (d) provide 
information for each 
implant fixture separately, 
indicating the sleeve(s) 
position, the sleeve support 
diameter around the sleeve, 
the sleeve safety diameter 
and images of the virtual 
implant planning
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Fig. 18 Surgical report indicating (a) the screw insertion hole/s surface offset, which is a compen-
sation value for dimensional errors of the printing material in the hole/s area (b) the selected surgi-
cal drill sequence

Fig. 19 Computer- 
generated 
stereolithographic surgical 
guide with guide sleeves to 
orient the drills
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Fig. 20 Illustrates the flapless implant surgery procedure using 3D printed mucosa-supported 
surgical guide for a completely edentulous mandible with provision for four implant placement. 
(a) The guide was installed on the tissue with three fixation screws, one placed anteriorly and two 
placed in the posterior region, (b) tissue punch was used to remove a core of gingival tissue, (c) 
bone flattening drill was used to flatten uneven alveolar bone and remove gingival residue, (d) 
initial drill was used with the drill tube to form an osteotomy on the cortical bone. Drill tube helps 
to fix the initial drill with stability, (e) final drill was used to expand the drill hole until the final 
drilling, (f) abutment profile drill was used to form the emergency profile after removing the corti-
cal bone when placing the abutment, (g) implant bed preparation was completed using guided- 
surgery drilling protocol, (h) healing abutments placed on the implants after removal of the 
surgical guide
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Fig. 21 Post-operative 
orthopantomogram 
showing guided implant 
placement in 43, 42, 31, 
32 region

Fig. 22 Patient lost one 
implant in the 43 region 
due to poor bone quality 
during the post-surgical 
healing phase. (a) Shows 
three parallel implants with 
ball attachments in 31, 32 
and 42 region. One 
submerged implant seen in 
33 region, (b) shows an 
implant-supported 
overdenture

Fig. 23 Scan prosthesis—acrylic maxillary complete denture fabricated based on the patient’s 
aesthetic and functional requirements with gutta-percha (fiducial) markers demarcating the favour-
able implant positions. This contains all the necessary information on the spatial positioning of the 
teeth and the fiducial marks for patient indexing, enabling virtual planning of the implants
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Fig. 24 A CBCT scan (ProMax® 3D Max, Planmeca OY, Helsinki, Finland) was performed. This 
figure illustrates the curved MPR of the maxilla along with the scan prosthesis. It includes the 
panoramic curve and allows the visualization of alveolar bone in cross sections by segmentation of 
bone along the panoramic curve in multi-slice windows. The radiographic analysis suggests severe 
bone resorption in the posterior maxilla

A meta-analysis assessing accuracy of implants placed with fully guided surgery 
compared to half-guided surgery suggested higher accuracy with fully guided sur-
gery with mean coronal deviation of 1.00 mm in FG and 1.44 mm in HG, mean 
apical deviation of 1.91 mm in FG and 1.23 mm in HG, and mean angular deviation 
of 3.13° in FG and 4.30° in HG [15]. An in vivo study assessing the accuracy of a 
fully digitalized plan for generating a stereolithographic surgical guide yielded 
results comparable to conventional guided implant surgery. It indicated an angular 
pattern of deviation between the planned and achieved implant position, with mean 
coronal deviation of 1.05 mm, mean apical deviation of 1.63 mm and mean angle 
deviation of 3.85° [55]. A meta-analysis involving clinical and preclinical studies on 
computer-guided implant surgery with static guides revealed results similar to the 
aforementioned in vivo study with a mean coronal deviation of 1.12 mm, a mean 
apical deviation of 1.39 mm and 4° angle discrepancy. It also suggested that flapless 
surgery exhibited higher accuracy compared to muco-periosteal reflection. Mucosa- 
and tooth-supported guides exhibited better accuracy compared to bone-supported 
guides. Tooth-supported guides tended to be more accurate compared to mucosa- or 
mucosa- and pin-supported guides [17].

Studies assessing accuracy of dynamic navigation suggested the results obtained 
demonstrated accuracy which is equal [56] or better than the in  vivo accuracy 
reported in the literature for static surgical guides, with mean coronal deviation of 
0.71  mm, mean apical deviation of 1.00  mm and 2.26° of angle deviation [57]. 
Thus, it can be concluded that dynamic navigation is a reliable method for executing 
computer-aided implant surgery; however, it is directly influenced by the surgeon’s 
experience level.
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Fig. 25 Multiplanar volume rendering view. (a, b) Presents indirect volume rendering displaying 
transparent and solid view, respectively, (c) presents the MIP view. These views help to assess the 
overall anatomic configuration of the maxilla. It also helps to evaluate the bone architecture in 
relation to the radiographic markers
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Fig. 26 Virtual implant planning of endosseous implant in 4 region (Osstem, Osstem Implant Co., 
Ltd., Seoul, Korea) in 3Shape Implant studio® implant planning software (3Shape medical A/S, 
Copenhagen, Denmark). Multi-slice windows illustrate implant planning using the MIP mode, 
solid 3D volume rendering, 3D bone density analysis around the implant and different cross- 
sectional views displaying virtual implant planning through the overlap of implant silhouette on 
the corresponding section of the bone
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Fig. 27 A surgical report in the pdf format generated for approval, which includes the digital 
dental model with the planned implant data for four TS III implants, two anterior implants 
(Ø3.5 × 10 mm and Ø3.5 × 11.5 mm, Osstem Implant Co., Ltd., Seoul, Korea) and two posterior 
implants (Ø4 × 13 mm, Osstem Implant Co., Ltd., Seoul, Korea) in 4, 7, 10 and 13 region
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Complications can occur because of the following factors in static computer- 
guided implant surgery [58–60]:

 1. Radiographic template error—Inaccurate planning can occur in case of non- 
ideal prosthetic wax-up, poor adaptation or orientation of the template during 
the scanning process.

 2. Error during image acquisition and data processing, on average less than 
0.5 mm. These errors include: (a) Scanning error-patient movement during the 
scan, extensive dental restoration artefact obscuring axial images, spatial reso-
lution problems in CT, (b) Registration error—errors in data fusion due to limi-
tations in CT resolution and metal scattering, improper placement of 
radiographic markers.

 3. Planning error—improper virtual planning of implants on the software.
 4. Error during manufacturing of the surgical guide, typically around 0.1–0.2 mm 

with stereolithography [44]—depends on the manufacturing process involved, 
improperly placed guide sleeves.

 5. Mechanical error due to tolerance of surgical instruments (the bur-cylinder gap).
 6. Error during surgical guide positioning—movement of the guide during the 

drilling, improper fixing of mucosa-supported guide using anchor pins.
 7. Errors due to limited mouth opening.

Fig. 28 Stereolithographic 
surgical guide. (a) Shows 
that the stereolithographic 
surgical guide is an exact 
replica of the scan 
prosthesis, (b) displays the 
intaglio surface of the 
computer-generated 
stereolithographic 
surgical guide
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Fig. 29 Illustrates the flapless implant surgery procedure using 3D printed mucosa-supported 
surgical guide for a completely edentulous maxilla with provision for four implant placement. (a) 
The guide was installed on the tissue with three fixation screws placed anteriorly, (b) implant bed 
preparation and implant installed (Osstem Implant Co., Ltd., Seoul, Korea) in posterior region 
using guided-surgery drilling protocol, (c) implant bed preparation and implant installed (Osstem 
Implant Co., Ltd., Seoul, Korea) in anterior region using guided-surgery drilling protocol, (d) 
intra-operative placement of dental implants in 4, 7, 10 and 13 region, (e) the anterior and posterior 
Multi-unit Abutments were tightened using Unigrip Screwdriver Machine and Manual Torque 
Wrench Prosthetic
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Fig. 30 Shows the fixed 
prosthesis. (a) Intra-oral 
frontal view of the 
provisional all-acrylic 
screw-retained prosthesis, 
(b) extra-oral frontal view 
of the provisional 
prosthesis

Fig. 31 Post-operative 
orthopantomogram 
showing application of 
“All-on-4®” treatment 
concept for maxillary arch
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Fig. 32 Illustrates the protocol followed in computer-navigated implant surgery

Fig. 33 Illustrates the protocol followed in computer-oriented implant surgery

 8. Surgical guide fracture or drop out of metal sleeve.
 9. Complication due to bone overheating.
 10. Human error—setting the bur stop in an incorrect position.

These errors can result in early intra-operative or late prosthetic complications [5, 
17, 26]:

The intra-operative complications include alteration of surgical plan and early 
implant loss due to limited primary implant stability, intra-operatively broken surgi-
cal guides, incomplete seating of prosthesis due to bony interference, incomplete 
placement of implant to the planned depth, implant dehiscence, and need for addi-
tional grafting procedures.

The prosthetic complications include prosthetic screw loosening, prosthetic mis-
fit and prosthesis fracture.
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8  Conclusion

Although errors in computer-guided implant surgery are in clinically acceptable 
range, for more accurate surgery, development of standardized methods to reduce 
the above-mentioned errors is necessary.

There is a need for further long-term clinical studies and randomized clinical 
trials to understand the factors influencing the accuracy, implant survival, bone loss 
and clinical complications associated with computer-aided implant surgery. 
Although advanced technology is applied, basic fundamentals such as proper case 
selection, patient preparation, surgical planning and execution are of paramount 
importance. 

Acknowledgements I would like to acknowledge Dr. Vikas Dhupar (Prof. and Head, 
Department of Oral and Maxillofacial Surgery, Goa Dental College and Hospital), 
Dr. Prem Bhushan and Dr. Prithika Eswaramurthy for their contribution towards the 
case series.

References

 1. Albrektsson T, Dahl E, Enbom L, et al. Osseointegrated oral implants. A Swedish multicenter 
study of 8139 consecutively inserted Nobelpharma implants. J Periodontol. 1988;59:287–96.

 2. Drago C, del Castillo R, Peterson T. Immediate occlusal loading in edentulous jaws, CT-guided 
surgery and fixed provisional prosthesis: a maxillary arch clinical report. J Prosthodont. 
2011;20:209–17.

 3. Erkapers M, Ekstrand K, Baer RA, et al. Patient satisfaction following dental implant treatment 
with immediate loading in the edentulous atrophic maxilla. Int J Oral Maxillofac Implants. 
2011;26:356–64.

 4. Laleman I, Bernard L, Vercruyssen M, et al. Guided implant surgery in the edentulous maxilla: 
a systematic review. Int J Oral Maxillofac Implants. 2016;31:s103–17.

 5. D’Haese J, Van De Velde T, Komiyama A.  Accuracy and complications using computer- 
designed stereolithographic surgical guides for oral rehabilitation by means of dental implants: 
a review of the literature. Clin Implant Dent Relat Res. 2012;14:321–35.

 6. Grant GT, Campbell SD, Masri RM, et  al. American College of Prosthodontists Digital 
Dentistry Glossary Development Task Force. Glossary of digital dental terms: American 
College of Prosthodontists. J Prosthodont. 2016;25:S2–9.

 7. Gargallo-Albiol J, Barootchi S, Salomó-Coll O, et al. Advantages and disadvantages of implant 
navigation surgery. A systematic review. Ann Anat. 2019;225:1–10.

 8. Sicilia A, Rodriguez A, Cuesta I. Can I rely on software-guided surgery? In: Alfaro FH, editor. 
Controversial issues in implant dentistry. London: Quintessence Publishing; 2013. p. 107–23.

 9. Zayed SM.  Computer guided implant surgery: is it a holistic solution? EC Dent Sci. 
2019;18:1302–12.

 10. Tettamanti L, Andrisani C, Andreasi Bassi M. Immediate loading implants: review of the criti-
cal aspects. Oral Implantol (Rome). 2017;10:129–39.

 11. Yepes JF, Al-Sabbagh M.  Use of cone-beam computed tomography in early detection of 
implant failure. Dent Clin N Am. 2015;59:41–56.

 12. Orentlicher G, Abboud M.  Guided surgery for implant therapy. Dent Clin N Am. 
2011;55:715–44.

Applications of CAD/CAM Technology in Dental Implant Planning and Implant Surgery



284

 13. Amorfini L, Migliorati M, Drago S, et al. Immediately loaded implants in rehabilitation of the 
maxilla: a two-year randomized clinical trial of guided surgery versus standard procedure. Clin 
Implant Dent Relat Res. 2017;19:280–95.

 14. Komiyama A, Klinge B, Hultin M.  Treatment outcome of immediately loaded implants 
installed in edentulous jaws following computer-assisted virtual treatment planning and flap-
less surgery. Clin Oral Implants Res. 2008;19:677–85.

 15. Bover-Ramos F, Viña-Almunia J, Cervera-Ballester J, et al. Accuracy of implant placement 
with computer-guided surgery: a systematic review and meta-analysis comparing cadaver, 
clinical, and in vitro studies. Int J Oral Maxillofac Implants. 2018;33:101–15.

 16. Brief J, Edinger D, Hassfeld S, et  al. Accuracy of image guided implantology. Clin Oral 
Implants Res. 2005;16:495–501.

 17. Tahmaseb A, Wismeijer D, Coucke W, et  al. Computer technology applications in surgical 
implant dentistry: a systematic review. Int J Oral Maxillofac Implants. 2014;29:25–42.

 18. Farley NE, Kennedy K, McGlumphy EA, et  al. Split-mouth comparison of the accuracy 
of computer-generated and conventional surgical guides. Int J Oral Maxillofac Implants. 
2013;28:563–72.

 19. Younes F, Cosyn J, De Bruyckere T, et  al. A randomized controlled study on the accuracy 
of free-handed, pilot-drill guided and fully guided implant surgery in partially edentulous 
patients. J Clin Periodontol. 2018;45:721–32.

 20. Arisan V, Karabuda CZ, Mumcu E, et al. Implant positioning errors in freehand and computer- 
aided placement methods: a single-blind clinical comparative study. Int J Oral Maxillofac 
Implants. 2013;28:190–204.

 21. Vercruyssen M, Cox C, Coucke W, et al. A randomized clinical trial comparing guided implant 
surgery (bone- or mucosa-supported) with mental navigation or the use of a pilot-drill tem-
plate. J Clin Periodontol. 2014;41:717–23.

 22. Hämmerle CH, Stone P, Jung RE, et  al. Consensus statements and recommended clinical 
procedures regarding computer-assisted implant dentistry. Int J Oral Maxillofac Implants. 
2009;24:126–31.

 23. The glossary of prosthodontic terms: ninth edition. J Prosthet Dent. 2017;117:e1–105.
 24. Ramasamy M, Giri RR, et al. Implant surgical guides: from the past to the present. J Pharm 

Bioallied Sci. 2013;5:S98–S102.
 25. Flügge TV, Nelson K, Schmelzeisen R, et  al. Three-dimensional plotting and printing of 

an implant drilling guide: simplifying guided implant surgery. J Oral Maxillofac Surg. 
2013;71:1340–6.

 26. D’Haese J, Ackhurst J, Wismeijer D, et al. Current state of the art of computer-guided implant 
surgery. Periodontology 2000. 2017;2017(73):121–33.

 27. Ganz SD. Computer-aided design/computer-aided manufacturing applications using CT and 
cone beam CT scanning technology. Dent Clin N Am. 2008;52:777–808.

 28. Lal K, White GS, Morea DN, et al. Use of stereolithographic templates for surgical and prosth-
odontic implant planning and placement. Part I. The concept. J Prosthodont. 2006;15:51–8.

 29. Spinelli D, Ottria L, De Vico G, et al. Full rehabilitation with nobel clinician® and procera 
implant bridge®: case report. Oral Implantol (Rome). 2013;6:25–36.

 30. Balshi SF, Wolfinger GJ, Balshi TJ. Surgical planning and prosthesis construction using com-
puted tomography, CAD/CAM technology, and the internet for immediate loading of dental 
implants. J Esthet Restor Dent. 2006;18:312–25.

 31. Pesun IJ, Gardner FM. Fabrication of a guide for radiographic evaluation and surgical place-
ment of implants. J Prosthet Dent. 1995;73:548–52.

 32. Takeshita F, Tokoshima T, Suetsugu T. A stent for presurgical evaluation of implant placement. 
J Prosthet Dent. 1997;77:36–8.

 33. Tal H, Moses O. A comparison of panoramic radiography with computed tomography in the 
planning of implant surgery. Dentomaxillofac Radiol. 1991;20:40–2.

 34. Kapadia Y, Jain V. Radiopacity of dental materials used for imaging guides in implant den-
tistry. EC Dent Sci. 2018;17:900–6.

K. M. D’Souza  and M. A. Aras



285

 35. Israelson H, Plemons JM, Watkins P, et al. Barium-coated surgical stents and computer assisted 
tomography in the preoperative assessment of dental implant patients. Int J Periodontics Restor 
Dent. 1992;12:52–61.

 36. D’Souza KM, Aras MA. Applications of computer-aided design/computer-assisted manufac-
turing technology in dental implant planning. J Dent Implant. 2012;2:37–41.

 37. Yilmaz B. Incorporating digital scans of diagnostic casts into computed tomography for virtual 
implant treatment planning. J Prosthet Dent. 2015;114:178–81.

 38. Lee CY, Ganz SD, Wong N, et al. Use of cone beam computed tomography and a laser intra-
oral scanner in virtual dental implant surgery: part 1. Implant Dent. 2012;21:265–71.

 39. Lanis A, Álvarez Del Canto O. The combination of digital surface scanners and cone beam 
computed tomography technology for guided implant surgery using 3Shape implant studio 
software: a case history report. Int J Prosthodont. 2015;28:169–78.

 40. Hamilton A, Jamjoom F, Doliveux S, et al. Radiographic markers for merging virtual data sets. 
J Prosthet Dent. 2019;122:5–9.

 41. Widmann G, Bale RJ.  Accuracy in computer-aided implant surgery-a review. Int J Oral 
Maxillofac Implants. 2006;21:305–13.

 42. Jamjoom FZ, Kim DG, McGlumphy EA, et al. Positional accuracy of a prosthetic treatment 
plan incorporated into a cone beam computed tomography scan using surface scan registration. 
J Prosthet Dent. 2018;120:367–74.

 43. Mangano F, Gandolfi A, Luongo G, et al. Intraoral scanners in dentistry: a review of the current 
literature. BMC Oral Health. 2017;17:149.

 44. Flügge T, Derksen W, Te Poel J, et al. Registration of cone beam computed tomography data 
and intraoral surface scans—a prerequisite for guided implant surgery with CAD/CAM drill-
ing guides. Clin Oral Implants Res. 2017;28:1113–8.

 45. Jacobs R, Salmon B, Codari M, et al. Cone beam computed tomography in implant dentistry: 
recommendations for clinical use. BMC Oral Health. 2018;18:88.

 46. Venkatesh E, Elluru SV. Cone beam computed tomography: basics and applications in den-
tistry. J Istanb Univ Fac Dent. 2017;51:S102–21.

 47. John GP, Joy TE, Mathew J, et al. Fundamentals of cone beam computed tomography for a 
prosthodontist. J Indian Prosthodont Soc. 2015;15:8–13.

 48. Pauwels R, Jacobs R, Singer SR, et al. CBCT-based bone quality assessment: are Hounsfield 
units applicable? Dentomaxillofac Radiol. 2015;44:20140238.

 49. Scarfe WC, Li Z, Aboelmaaty W, et  al. Maxillofacial cone beam computed tomography: 
essence, elements and steps to interpretation. Aust Dent J. 2012;57:46–60.

 50. Scarfe WC, Farman AG. What is cone-beam CT and how does it work? Dent Clin N Am. 
2008;52:707–30.

 51. Moon SY, Lee KR, Kim SG, et  al. Clinical problems of computer-guided implant surgery. 
Maxillofac Plast Reconstr Surg. 2016;38:15.

 52. Bencharit S, Staffen A, Yeung M, et al. In vivo tooth-supported implant surgical guides fab-
ricated with desktop stereolithographic printers: fully guided surgery is more accurate than 
partially guided surgery. J Oral Maxillofac Surg. 2018;76:1431–9.

 53. Block MS, Emery RW, Cullum DR, et al. Implant placement is more accurate using dynamic 
navigation. J Oral Maxillofac Surg. 2017;75:1377–86.

 54. Sun TM, Lan TH, Pan CY, et al. Dental implant navigation system guide the surgery future. 
Kaohsiung J Med Sci. 2018;34:56–64.

 55. Skjerven H, Riis UH, Herlofsson BB, et al. In vivo accuracy of implant placement using a 
full digital planning modality and stereolithographic guides. Int J Oral Maxillofac Implants. 
2019;34:124–32.

 56. Block MS, Emery RW, Lank K, et al. Implant placement accuracy using dynamic navigation. 
Int J Oral Maxillofac Implants. 2017;32:92–9.

 57. Stefanelli LV, DeGroot BS, Lipton DI, et al. Accuracy of a dynamic dental implant navigation 
system in a private practice. Int J Oral Maxillofac Implants. 2019;34:205–13.

Applications of CAD/CAM Technology in Dental Implant Planning and Implant Surgery



286

 58. Block MS, Chandler C. Computed tomography-guided surgery: complications associated with 
scanning, processing, surgery, and prosthetics. J Oral Maxillofac Surg. 2009;67:13–22.

 59. Valente F, Schiroli G, et al. Accuracy of computer-aided oral implant surgery: a clinical and 
radiographic study. Int J Oral Maxillofac Implants. 2009;24:234–42.

 60. Schubert O, Schweiger J, Stimmelmayr M, et al. Digital implant planning and guided implant 
surgery—workflow and reliability. Br Dent J. 2019;226:101–8.

K. M. D’Souza  and M. A. Aras



287© Springer Nature Switzerland AG 2021
R. S. Chaughule, R. Dashaputra (eds.), Advances in Dental Implantology  
using Nanomaterials and Allied Technology Applications, 
https://doi.org/10.1007/978-3-030-52207-0_12

Modelling and Impressions in Implants

Abstract Implantology has come a long way to be mainstay in routine dental 
rehabilitation. An extremely high level of accuracy is essential in successful surgi-
cal placement of implants and development of the prosthetic solutions which should 
work like or better than natural healthy teeth. An equally accurate replication of the 
clinical situations in a physical or virtual mode is required before and during the 
treatment for the planning or execution of the prosthetic phase by the laboratories. 
Impression making and modelling tools form a vital segment in the armamentarium 
of implantologists and these techniques need a high level of skill development.

Multiple components specific to any implant system are provided by the manu-
facturers for single, multiple, and full arch implant impressions. Similarly, there are 
a different set of tools for digital impressions with intraoral scanning methods by 
dentists (in vivo) or by model scanning (in vitro) by laboratory experts.

This chapter details all the techniques and critical steps essential in both model-
ling and impression making for accurate replications and success. Few case presen-
tations for different scenarios too are added for better explanations.

Keywords Dental implants · Dental impression · Digital impressions · Prosthesis 
design · Workflow

1  Introduction

The success rates of dental implants and the predictability of osseointegration is a 
foregone conclusion with reported success rates ranging from 97% to 100% [1]. 
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However, the long-term success of a dental implant depends on the prosthesis. 
The key to the attainment of perfect prostheses depends on the passive fit between 
the connector of the selected prosthesis and the implant itself [2]. Thus, the tech-
nique selected for making the impression of the implant, which simulates the exact 
position of the implant on the working cast, forms a crucial step in the dental implant 
procedure and should be as precise as possible. An ideal implant impression is one 
that records the accurate three-dimensional (3D) spatial position of the implant, 
analog, or abutment with respect to the other structures in the oral cavity [3, 4]. This 
allows the fabrication of a passive and well-fitting prosthesis which ensures the 
longevity of the dental implant.

Impression techniques for dental implants may be conventional or digital. 
Conventional methods consist of the utilization of impression material and impression 
copings to transfer implant positions to a stone cast with implant analogs in the posi-
tion of the original implant. The advent of technology has ushered in the era of digital 
impressions that use optical methods to obtain the positions of implants and transfer 
them to a virtual model [5]. Both the conventional and digital impressions facilitate 
recording and transferring of the impression to a working cast, either stone or virtual, 
for the fabrication of an implant-supported prosthesis. The accurate transfer of the 
implant position with respect to the neighboring implants or teeth is vital for the selec-
tion of the appropriate prosthesis design and ensuring a good fit of the fabricated 
implant-supported prosthesis. Thus, it ensures the long-term success of the implant 
without mechanical and biological complications [5]. This chapter attempts to acquaint 
the reader with the conventional impression techniques of dental implants before 
introducing the digital impression techniques and the workflows associated with it.

2  Conventional Impression Techniques

On the basis of components utilized and the techniques applied, conventional tech-
niques are classified as follows:

• Direct impressions without impression copings
• Abutment level impressions with snap-on copings
• Implant level impressions

2.1  Direct Impressions Without Impression Copings

This method involves the insertion of the final abutment on the implant followed by 
modification of the abutment height, margins, and parallelism. An impression is 
then taken of the abutment using conventional methods of gingival retraction and 
the standard impression techniques used for fixed prosthodontics. Vinyl polysilox-
ane (addition silicone) is the recommended material for this technique. However, 
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this technique is not the method of choice as it attracts all the clinical and laboratory 
errors associated with conventional impressions such as a suboptimal recording of 
abutment margins, distortion while pouring the cast, etc. Impressions made with the 
use of impression copings have proven to be of greater accuracy [6].

2.2  Abutment Level Impressions with Snap-on Copings

Initially, the final abutment is inserted onto the dental implant (Fig. 1a) followed by 
placement of a snap-on impression cap on the abutment (Fig. 1b). The snap-on plas-
tic cap is then picked up in the impression (Fig. 1c). The abutment is then connected 
with the implant analog (Fig. 1d) and carefully repositioned inside the impression 
with proper orientation (Fig. 1e). The concept is similar to the closed tray impres-
sion technique. Comparative analysis has shown no difference in the accuracy of 
abutment level impressions and closed tray implant level impressions [7].

D E

A B C

Fig. 1 Abutment level impression with final abutment in place (a), placement of a snap-on impres-
sion cap on the abutment (b), pick-up impression of the abutment cap (c), abutment connected with 
implant analog (d), and repositioned in the impression (e)
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2.3  Implant Level Impressions

Implant level impressions record the 3D position of the implant in terms of its posi-
tion in relation to adjacent teeth or implants. It also records the orientation of the 
implant in terms of the rotational position of the internal connection. Recording the 
shape and levels of the gingival tissue around the implant is another goal of the 
procedure. Polyether and vinyl polysiloxane are the materials of choice for this 
technique [8, 9]. The use of custom trays over stock trays for the impression proce-
dure has been shown to be more accurate [10]. The reduced volume of material used 
in custom trays minimizes the volumetric shrinkage. Stock trays, when used, should 
be made of metal or rigid plastic [11, 12].

This method is preferred over direct impressions due to ease of use, reduced 
chairside time, and elimination of clinical and laboratory errors [6].

Implant level impressions can be accomplished by either the closed tray or the 
open tray impression techniques.

 – Closed tray impression technique (Indirect/ transfer)
 – Open tray impression technique (Direct/ Pick up)

2.3.1  Closed Tray Impression Technique

This technique consists of the utilization of an impression coping which is retained 
in the mouth when the set impression is removed. Hence, it is also termed as the 
indirect or transfer technique.

Before starting the procedure, the healing abutment or provisional restoration is 
removed (Fig. 2a). A closed tray or transfer impression coping is inserted onto the 
implant (Fig. 2b). Radiographs are taken for verification of fit and to ensure the 
fabrication of a passively fitting prosthesis (Fig. 2c). Tray adhesive is applied on the 
stock or custom tray. The low-viscosity impression material is injected around the 
impression copings, gingiva, and adjacent teeth. The tray is simultaneously loaded 
with high-viscosity impression material such as heavy body or putty in case of vinyl 
polysiloxane. In the case of a viscoelastic material like polyether, the same material 
is used in the syringe and in the tray. The tray is seated in the mouth and held steady 
till the material sets completely. The impression is then removed from the mouth 
and examined for errors (Fig. 2d). The impression coping is unscrewed and removed 
from the mouth followed by reinsertion of the healing abutment onto the implant. 
The impression coping is then connected with an implant analog and reinserted into 
the impression. Care is taken to ensure that the orientation grooves on the impres-
sion coping are aligned properly (Fig. 2e) and the coping itself is seated completely 
(Fig.  2f). Additionally, care is taken to ensure that there is no movement of the 
impression coping-implant analog assembly inside the impression. If any such dis-
turbance is suspected, it is wise to repeat the impression. The impression is then 
disinfected and sent to the laboratory for pouring.
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2.3.2  Open Tray Impression (With or Without Splinting 
of Impression Copings)

This technique consists of the utilization of an impression coping that is incorpo-
rated into the impression and is removed from the mouth along with the set impres-
sion. Hence, this technique is also known as the direct or pick-up impression.

A

E

C D

F

B

Fig. 2 Closed tray impression technique: removal of the healing abutment (a), transfer coping 
fitted onto the implant (b) and radiograph taken for the verification of the fit (c), the final impres-
sion (d), proper alignment of the orientation grooves of the impression coping (e), impression 
coping properly seated (f)
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Similar to the closed tray technique, the healing abutment or provisional restora-
tion is removed before the procedure (Fig. 3a). The open tray impression coping is 
then inserted onto the implant (Fig. 3b). Radiographs are taken for verification of fit. 
A rigid plastic tray of appropriate size is selected. Special metal trays with remov-
able windows in areas of the implants are also available. A custom tray is the ideal 
choice; however, it requires an additional visit and increased lab cost. A window is 
cut out in the tray after locating where the guide pin or screw of the impression cop-
ing needs to extrude from the tray. This window is then covered by wax to prevent 
the tray material from flowing out of the tray through the window (Fig. 3c). Tray 
adhesive is applied on the stock or custom tray. The low-viscosity impression mate-
rial is injected around the impression copings (Fig. 3d), gingiva, and adjacent teeth. 
Loading of tray with a high-viscosity impression material such as heavy or medium 
body in case of vinyl polysiloxanes is carried out. In the case of a viscoelastic mate-
rial like polyether, the same material is used in the syringe and tray. This is followed 
by careful positioning and seating of the tray in the mouth, until the guide screws of 
the impression copings extrude through the wax covering the window (Fig. 3e). The 
tray is held in place till the material has completely set.

A B C

D E F

G H I

Fig. 3 Open tray impression technique: healing abutments removed before impression (a), pick-
 up impression copings inserted onto the implants (b), window covered by wax to prevent the tray 
material from flowing out (c), low-viscosity impression material injected around area to be 
recorded (d), proper seating of tray loaded with high-viscosity impression material (e), guide 
screws unscrewed (f) and impression copings picked up with the impression (g), implant analogs 
inserted onto the copings and the guide screws tightened (h), final poured cast (i)
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Any wax or impression material from the head of the guide screw is removed and 
the guide screw is then completely unscrewed (Fig.  3f). The impression is then 
removed from the mouth. The impression coping is picked up in the impression 
(Fig. 3g), and the impression is inspected for any errors. Healing abutments are then 
reinserted onto the implant. An implant analog is inserted onto the impression cop-
ing (in the impression) and the guide screw tightened (Fig. 3h). The implant analog 
is held in place while tightening the screw to prevent rotation of the impression 
coping inside the impression. Care is taken to ensure that there is no movement of 
the impression coping-implant analog assembly inside the impression. If any distur-
bance is suspected, it is wise to repeat the impression. The impression is disinfected 
and sent to the laboratory for pouring (Fig. 3i).

Multiple studies and systematic reviews have demonstrated that open tray 
impression techniques are more accurate than closed tray impression techniques [8, 
9, 13, 14].

A systematic review by Lee et al. [8] comparing the accuracy of open and closed 
tray impression techniques found no significant difference in both the techniques 
when making impressions for three or fewer implants. The open tray technique was 
recommended for situations involving four or more implants. Another systematic 
review by Papaspyridakos et al. [9] found open tray impressions to be more accurate 
for completely edentulous arches. No significant difference between the two tech-
niques was found for partially edentulous arches.

2.4  Splinting of Implants

Another recommendation for increasing the accuracy of the impression in cases 
involving multiple implants is the splinting of the impression copings to one another 
or to the custom tray prior to impression making [8, 9, 15–17]. The open tray 
impression technique is used when the impression copings are splinted together.

Various materials and methods have been used for splinting the impression cop-
ings to each other [18, 19]. A few examples of the same are as follows:

 – Splinting only with an auto-polymerizing acrylic resin (AAR)
 – AAR and dental floss
 – AAR with burs or stainless steel wire
 – Light-cured composite resin with burs, stainless steel wire, or metallic sticks
 – Impression plaster

The most commonly used AAR is Pattern Resin LS (GC America Inc., Illinois, 
USA) because of its desirable properties of low shrinkage (0.36% at 30 min, 0.37% 
at 24 h) and quick setting time [18]. The time line for splinting with AAR ranges 
anywhere from immediately prior to 24 h prior to the impression according to vari-
ous authors [8]. It is recommended to section the AAR and re-splint the segments 
prior to impression [13]. This is done to compensate for the polymerization 
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shrinkage of the AAR, which affects the accuracy of the impression. Splinting can 
be accomplished intraorally on a model made from a previous unsplinted impression.

The technique for intraoral splinting with AAR and dental floss is as follows:
Open tray impression copings are inserted and tightened onto the implants as 

previously illustrated in Fig.  3b. Dental floss is wrapped in a criss-cross pattern 
between the impression copings and the loose ends secured (Fig. 4a). AAR (Pattern 
Resin) is then mixed to a thick consistency. The material has a working time of 
2–3 min and reaches dough stage almost immediately. A roll of the AAR is adapted 
around the impression copings and dental floss making sure that there is enough 
thickness of material around the impression copings (Fig. 4b). Setting time of the 
material is 4 min. The material is pushed away from the gingival tissues with a 
spatula to avoid contact with monomer, prevent burns due the exothermic polymer-
ization reaction, and make space for injection of light body impression material to 
record the tissues. The AAR can alternately be added completely by the brush tech-
nique through incremental additions. However, this is time consuming and the flow 
of the material is difficult to control.

The entire assembly of splinted impression copings is unscrewed and removed 
from the mouth. The impression copings are labelled for easy repositioning before 
sectioning. A diamond-coated disk with a straight micromotor hand piece is used to 

A B

C D

Fig. 4 Criss-cross pattern of dental floss between the impression copings (a), AAR adapted 
around the impression copings (b), impression copings reinserted into their original position after 
sectioning of the AAR splint (c), AAR segments rejoined with minimum amount of material (d)
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section the connectors between the impression copings. Care is taken to ensure the 
cut is as thin as possible to reduce the volume of material used to re-splint and, 
hence, the shrinkage. The impression copings are reinserted into their original posi-
tions on the implants and tightened while making sure that there is minimal space 
but no contact between the AAR connector segments (Fig. 4c). The AAR segments 
are then rejoined with minimal amount of material using the brush technique 
(Fig. 4d). After setting, the AAR splint is then painted with tray adhesive. The open 
tray impression technique described previously is carried out to complete the proce-
dure (Fig. 3c–h).

3  Digital Impression Techniques

The conventional techniques may incorporate many human errors such as tray 
design, errors in component fixing, impression making, and material flow at multi-
ple levels if not followed meticulously. Additionally, the dimensional changes in 
impression materials, pouring techniques in the lab, and expansion of stone plaster 
are the major technical errors encountered in these techniques [20–22]. The discom-
fort to the patient due to additional components, required tolerance to mouth open-
ing, and the taste and odor of silicone materials remains a disadvantage. It was due 
to these shortcomings that the intraoral scanning technologies came into exis-
tence [22].

3.1  Development of Dental CAD/CAM Systems

Dental computer-aided design (CAD) and computer-aided manufacture (CAM) sys-
tems have started to develop since the 1960s. Dr. Francois Duret developed the first 
CAD/CAM device for fabricating crowns based on digital impressions in 1971 
[23–25]. Additionally, he developed the first CAD/CAM dental restoration in 1983 
and the Sopha system in 1984 [23, 24]. Dr. Andersson developed the Procera sys-
tem, which produced high-precision dental crowns and metal-free veneered restora-
tions utilizing CAD/CAM in 1983 [26]. In 1987, Mörmann and Brandestini 
developed the CEREC system, which was the first dental system to combine digital 
scanning with the milling unit [25, 27].

The intraoral scanners have evolved towards more practicality and accuracy and 
have been made available chairside in the last two decades. Industrial grade 
machines for CNC or milling have catered to large institutional work outputs. 
Modern system allows the “scan to crown delivery” protocol with their integrated 
chairside system without outside lab intervention [28].
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3.2  Intraoral Scanning Devices

The scanning or digitization technologies were introduced in the 1970s as indirect 
digitizations on models (extraoral digital impressions) utilizing extraoral scanners 
and direct digitizations (intraoral digital impressions) in the mouth and essentially 
came into existence along with development of CAD/ CAM. However, the direct 
digital impressions of abutments required considerable chair time and had limited 
accuracy. With the evolution of intraoral scanning, CAD/CAM systems are now 
clinically practical [29].

The last decade has witnessed the development of multiple devices for Intraoral 
Scanning (IOS) [29]. IOS comprises a system of medical optical camera device 
(hardware), a relevant computer Software Program (software), and a computer. The 
whole system is used to scan and capture the intraoral structures, save and process 
the input into a programmable file, and then design with soft tools to render output 
for manufacturing in the CAM lab. Alternatively, the hardware device may be used 
only to capture the image in the form of points cloud and meshwork [28] and render 
output in a universally used format called STL (Standard Tessellation Language) 
[29, 30], a computer code recognized by most CAD Software  EXOCAD™.

The process of digitisation of oral structures can be done directly inside mouth 
with Intra oral scanning devices (intraoral digitisation) or by scanning the model 
derived from a physically made impression of the mouth (extraoral digitisation) as 
per earlier descriptions in earlier section.

 1. Intraoral digitization: Intraoral scanning devices in the later decades revolu-
tionized clinical workflows with their scanning and designing software with 
integrations for CAM. The complete digitized protocol increased accuracy and 
eliminated the need for conventional impressions and model pouring in labs [25, 
29]. Earlier systems required the application of titanium dioxide or magnesium 
oxide powder or sprays to the glossy tooth surfaces in order to avoid reflection 
errors and to create a measurable surface. The powder layer applied to the tooth 
surface resulted in an additional thickness of 13–85 μm [31] which had to be 
adjusted in measurements. Also, the time taken and frequent need to re-powder 
areas washed by saliva made the process more uncomfortable for operator and 
the patient. Hence, modern optical intraoral scanning devices are powder free 
and more advanced [31].

 2. Extraoral digitization involves two methods

 (a) Contact digitization: The capture is by means of a ruby ball and the 3D 
structure is measured. This method is distinguished by a high scanning accu-
racy, whereby the diameter of the ruby ball is set to the smallest grinder in 
the milling system so that all data collected by the system can be easily 
milled [26, 31]. One example is Procera Scanner. The drawbacks of this 
procedure are complicated mechanics, high expense, and its time- consuming 
procedure.

 (b) Optical digitization: This involves light systems in the form of point focus 
or line system which can scan the model or impression in detail forming 
mesh which is transferred to the designing system [30, 31] (Fig. 5a–c).
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The indirect methods involve options of three, four, or five axis scanning for 
accuracy required [25, 29, 32].

3.2.1  IOS Technology (Device Construction and Engineering)

The IOS system consists of a handheld camera device, relevant software, and the 
computer system. Goal of intraoral scanning is essentially to capture the intraoral 
3D structures with precision and replicating the same geometry through the soft-
ware for further processing [29, 30].

All these devices have a conventional light source in the form of LED or laser 
and a camera for capture of the tissues either in pictorial format (static images) or 
video recording (dynamic images) and then to generate scanned object POI (point 
of interest) in a points and triangulation cloud (meshwork) to rendering the shape in 
3D form in the software with precision (Fig. 6) [28, 30, 31].

The images captured are at a very rapid rate as multiple images or in video for-
mats to multiple sections finally joined in the software to create the 3D output for 
processing by combining these multiple captures.

Most of the systems developed today have the ability to render the output files in 
the universal industry format and are called open file systems. The output format is 
called STL which can be processed by all the milling systems. They may also use 
intrinsic proprietor formats for enhanced rendering, especially regarding to gingival 
and tooth color system, texture, translucency of dental tissues, and other parameters 
(e.g., Polygon File Format, PLY files) [25, 29, 30].

3.2.2  IOS Clinical Factors

The clinical protocols of the scan systems have a learning curve involved to render 
accurate reproduction of the captures. There are a lot of inaccuracies seen by failure 
of the operator to accurately identify and measure the POI [28–31].

5a. pointed 5c. meshed5b. line scan

Fig. 5 (a, b) Light sources—pointed or meshed, (c) scanned model with line scan

Modelling and Impressions in Implants



298

3.2.2.1 Distance and Path of Scanning

Various devices have different diameter/size of the IOS component and different 
speeds of capture. Skills must be developed in scanning of the arch, minimizing 
repetition to avoid patient anxiety and discomfort. Both the direction of the path 
followed and distance of the scanner from object must be maintained as per the 
device manufacturer’s guidelines [25, 30].

The usual path for scanning followed involves first rough scanning of the occlusal 
and occlusal to palatal arches going in a long “S-shaped” path in each quadrant. This 
is followed by a labial scan and then labial to palatal semicircular movements to get 
the interdental areas and contact embrasures. Many repeats may be required to detail 
the images where voids are depicted by the software [30]. Also the occlusion can 
also be recorded by scanning the teeth in occlusion. This will get transfer to the proj-
ect file with virtual articulator features given in the software [30] (Fig. 7a–d).

3.2.2.2 Tracking with Software

Intraoral scanning is a dynamic process and watched live as the reproduction can be 
seen live in the capture software screen. It is useful to trace out the occlusal full 
quadrant with slight cross arch area and then repeat regions to gain more details as 
the software tracks every area depicting the correct areas and marking voids or error 
regions for repeat [30].

The errors arise when distance to object and scan path as well as speed and 
smoothness of movements is not respected. The scanning connection continuity in 
software gets lost and these areas have to be rescanned. The software can track new 
captures and correctly superimpose on the old data in accurate fashion without 

Fig. 6 Triangulation in scanning creating meshwork
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Fig. 7 (a) software interface; (b) lower jaw scan; (c) upper jaw scan; (d) both jaws scanned in 
occlusion. (Courtesy: Dentalarch Practice, Dr. Archana Dashaputra and Illusion Dental Lab, India)

Fig. 8 (a) showing hot spots; (b) preparation errors; (c) old data cut from scan; (d) rescanning 
after tooth preparation. (Courtesy:  Practice, Dr. Archana Dashaputra and Illusion Dental 
Lab, India)

distortions. This itself is a major boon of this technology, which in conventional 
methods requires a full retake of the impression. Also, in case there are errors found 
in preparation, it is shown in shaded pattern and the clearance pressure points in the 
occlusal relation are shown as hot spots. These can be corrected and superimposed 
on or replacing selected area by editing old scan (Fig. 8a–d).
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3.2.2.3 Image Accuracy and Mesh Quality

The quality of the rendered image depends on the quality of device engineering, the 
system guidelines and limitations, skill of the user and the software capabilities, and 
type of area or object scanned [28, 33].

Fig. 9 The density of the meshwork defines accuracy. Small voids of air or saliva can create errors 
in scan. (a–c) Exhibits meshwork from scanned captures. (d and e) Exhibits increasing density 
with multiple recordings. (f and g) A more dense scan is required for complex curvatures. (h) 
Errors caused by voids
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The presence of air or saliva pockets and inaccessible subgingival areas need 
greater notice and correction with multiple repeats and scan corrections. The recon-
struction process usually creates a meshwork from the scanned captures (Fig. 9a-c). 
The denseness of the mesh will differ as per options used, depth of scan, and mul-
tiple recordings done (Fig. 9d-e). All the areas need not be rendered by increasing 
the mesh density. Only areas where sharpness is required, as in margins of a prepa-
ration with extremely delicate curvatures, a detailed rendering with a very dense 
mesh quality is needed [30] (Fig. 9f-g).

Accuracy is the degree of veracity, that is, how well the measured value repre-
sents the “truth,” whereas “precision” is the degree of reproducibility, that is, the 
repeatability of the measurement system [31]. Ideally, a measurement device is both 
accurate and precise, with the measurements close to and tightly clustered around 
the true value [31, 32].

Regardless of the digitizing mode applied, clinical parameters such as saliva, 
blood, and movements of the patient might affect the reproduction of teeth.

Ender et al. [34] have reported that the mean trueness of various IOS technolo-
gies is between 20 and 48 μm and the precision is between 4 and 16 μm, when the 
impression is partial and compared to conventional impression. The conclusion of 
these reports is that current IOS devices are clinically adapted for common practice, 
with at least similar accuracy to conventional impression making. However, in vivo 
full-arch impression is reported to be associated with a phenomenon of distortion, 
in particular for triangulation, confocal, or AWS technologies.

Most of the leading intraoral devices have optimum functionalities but vary in 
different functional parameters.

In vitro comparison of the accuracy of four intraoral scanners and three conven-
tional impression methods for two neighboring implants suggest that optical impres-
sions are superior to elastomeric impressions for placing two implants in one 
quadrant. Closed tray impression accuracy was significantly lower than that of open 
tray impressions for placing two implants in one quadrant [35].

The desirable features of a digital impression are as follows [36]:

• Ability to export any digital impression file to any software (open system)
• Ability to capture dental hard and soft tissue accurately over long spans
• Smaller size of intraoral wand that can reach all areas
• Fast acquisition time and ability to capture features in moist environment
• Ability to capture true color
• Portability
• Software should have face scanning ability
• Artificial intelligence incorporated in scanning protocol itself for implant com-

ponent recognition
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3.3  Clinical Applications

The goal of any dental implant procedure is to deliver perfectly fitting, functional 
teeth or prosthesis. With the recent developments in intraoral scanning techniques, 
software handling algorithms, and artificial intelligence incorporated in scanning, 
the predictability and precision of the fabricated implant prosthesis using a digital 
protocol is much more guaranteed [37].

The workflow: Similar to the conventional impression techniques for implants, 
the digital impressions are classified as follows:

 1. Abutment level impression
 2. Implant level impression

3.3.1  Abutment Level Impression

After the final abutment is placed onto the implant, the intraoral scanning progresses 
similar to the crown and bridge procedure. The challenge in implant abutment scan-
ning is the reflective surface of abutment. The unprepped abutment is highly reflec-
tive and is difficult to capture precisely by the intraoral scanner.

Roughening the abutment with sandblasting or use of opaque powders such as 
occlusal markers is suggested in such cases. If the abutment has undergone prepara-
tion with diamond points or carbide burs prior to impression, it already has rough-
ness and has lost its shine, making it conducive for the scanning. After the abutment 
has been prepared, a digital impression is taken following the standard practices of 
gingival retraction and after making sure that the margin of the abutment is visible 
and preferably equigingival (Figs. 10, 11 and 12).

The STL/OBJ/PLY file is then shared with the dental laboratory in the digital 
format. The respective file is then imported into the CAD software for designing the 

Fig. 10 Abutment in position with margin completely visible for scanner to scan it efficiently
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further prosthesis. The workflow for designing prosthesis for abutment level digital 
impression remains the same as that for the conventional crown and bridge 
prosthesis.

3.3.2  Implant Level Digital Impression

The fundamental function of registering an implant level digital impression is to 
accurately record the implant axis and position in bone in order to plan the prosthe-
sis. This is done with the help of implant scan bodies. The correct engagement of the 
scan bodies with the implant reflects the angulation and position of the implant in 
bone. There are two types of scan bodies available:

Fig. 11 Abutment scanning done with occlusal spray on abutment making it nonreflective and 
amenable for scanning

Fig. 12 Abutment prepped 
intraorally to remove 
possible undercuts. (View 
in Occlusion)
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 (a) Intraoral scan bodies: Utilized for intraoral scanning by placing directly over 
the implant. Here, the whole sequence is followed digitally from capturing the 
digital impression to fabrication of the prosthesis with or without a printed resin 
model (Fig. 13).

 (b) Extraoral scan bodies: Utilized extraorally in the dental laboratory. In this sce-
nario, a conventional implant level or abutment level impression (in case of 
multiunit abutments) is registered. An extraoral scan body is then attached to 
the model in the dental laboratory and scanning is done using a lab scanner to 
facilitate the CAD process.

When performing complete-arch digital scans with more than two implants, cli-
nicians should choose the intraoral scan body (ISB) and scan technique carefully, as 
these factors can significantly affect the accuracy of the scan when using the test 
scanner. Certain ISBs may be scanned faster than others [38].

Scanning technique is the technique of movement of the IOS wand over the teeth 
and implant area. Each company recommends its own protocol for scanning. Change 
in the path of scanning may result in the loss of the reference point and stitching of 
the resultant 3D image.

CAD process of implant level digital impression can be done in two ways 
depending on the prosthesis needed:

 (a) Without model (No printing of resin model): This technique is indicated in 
single-implant or two-implant cases with a passive path of insertion and favor-
able angles of implants. Usually, single-implant cases with prosthesis which 
can be directly milled from CAD such as zirconia or E-max milled crowns can 
be executed without a model.

 (b) With model: This technique is indicated in cases which need customized abut-
ment fabrication, layered ceramic prosthesis, full-arch prosthesis, and in 
implants with severe angulation which need correction at abutment level.

Essentially, in any of above mentioned scenario capturing implant level digital 
impression with the help of implant scan body remains the same.

Fig. 13 Scan body 
captures the implant axis 
and position intraorally
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Fig. 14 Maxillary gingival formers in place

Fig. 15 Mandibular 
gingival formers in place

Fig. 16 Removal of maxillary gingival former with a healthy gingival profile prior to scanning
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Fig. 17 Removal of mandibular gingival former with a healthy gingival profile prior to scanning

Fig. 18 Gingival profile 
scan along with the 
adjacent teeth for the 
maxillary arch

Fig. 19 Gingival profile 
scan for the 
mandibular arch
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4  Workflow of Scanning with Scan Body and Fabrication 
of Prosthesis

4.1  Without Model

The patient and prosthesis details are filled in the scanning case sheet. The healing 
abutment or provisional restoration is removed before the procedure (Figs. 14, 15, 
16 and 17). Scanning is then initiated with the scanning wand following the path of 
scanning as per the manufacturer’s instructions. The gingival profile of the implant 
site is captured from all aspects along with the full or partial arch as per the case 
(Figs. 18 and 19). An appropriate intraoral scan body is screwed in the implant. The 
scan body is inserted in a way that the matching point faces either the buccal or 
lingual area. Scanning is started from the adjacent tooth with maximum scan depth 
and then the scanner tip is turned to the buccal area to scan the matching point fol-
lowed by the lingual side. The artificial intelligence (AI) command for recognizing 
the scan body intraorally is fed into the software which will get transferred to lab 
along with file. If AI is not incorporated in the scanning software, the scan body has 
a specific code which needs to be provided to the lab. This information gets inte-
grated during export of STL/OBJ/PLY file to laboratory and helps the laboratory to 
decode the scan body for CAD. The scan then progresses, and the scan body, oppos-
ing arch, and the occlusion are scanned according to the manufacturer’s guidelines. 
The scan process is then completed; the final scan files are prepared and sent to the 
laboratory for fabrication of prosthesis (Figs. 20, 21, 22, and 23).

Fig. 20 Scanning of the intraoral scan body
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Fig. 21 The artificial intelligence in scanning software allows clinician to choose the scan body 
size and code which is specific to each implant company. Clinician has a choice to choose from the 
library incorporated in the IOS software. The same corresponding library should be present with 
the dental laboratory for decoding the same

Fig. 22 The palatal scanning of the scan body

Selection of the abutment is done as per the instructions shared by the clinician 
(Fig. 24). A virtual wax build up is then done on to it which will be later converted 
to the fixed prosthesis. Gingival emergence can be easily calculated with the help of 
software. The tooth library present in the software is used to design the morphology 
of the final prosthesis (Figs. 25 and 26). It is customized as per the adjacent contact 
areas, emergence, and occlusion with antagonists. CAD is done and checked to 
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Fig. 23 Laboratory Interface

Fig. 24 Selection of the abutments

verify the occlusion as per the occlusal record received by scanner. Sometimes, 
virtual articulators are also utilized to simulate the jaw movements making it more 
predictable and reliable. After CAD is approved by the clinician and lab technician 
the same file is processed for CAM for prosthesis fabrication and the prosthesis is 
fabricated and cemented into the patient’s mouth (Figs.  27, 28, 29, 30, 31, 32 
and 33).

4 Workflow of Scanning with Scan Body and Fabrication of Prosthesis
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Fig. 25 Tooth library present in the software used to design the morphology of the final maxillary 
prosthesis

Fig. 26 Tooth library used to design morphology of the final mandibular prosthesis
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Fig. 27 Occlusion verified as per the occlusal record received by the scanner

Fig. 28 Advantage of CAD: precise adaptation of the crown and the abutment margins

Fig. 29 Precise fit of the milled zirconia monolith crowns to abutment. The size of the implant is 
same as that of chosen during the CAD

4 Workflow of Scanning with Scan Body and Fabrication of Prosthesis
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Fig. 30 Cementation of the crown to abutment extraorally in order to avoid inadvertent flow of 
excess cement in gingival sulcus

Fig. 31 Precise fit of the implant crowns and adjacent zirconia crown on natural abutments

Fig. 32 In occlusion
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4.2  With Model

The intraoral scanning procedure is followed similar to the one described in the 
previous case, whereas the laboratory procedure differs from the procedure 
described earlier. When the scan file is sent to the dental laboratory, it is opened in 
the respective CAD software and a model is designed for the implant prosthesis 
after decoding the scan bodies. When designing the model, the exact space for the 
incorporation of a physical lab analog needs to be created during the designing. 
Each implant company has separate STL files available in their library for the digital 
lab analog which is an exact replica of the physical form of the lab analog in the 
digital format. The upper and lower models are articulated as per the bite recorded 
in the occlusion scan. Some software allows use of virtual articulators for correcting 
mounting. After the customized abutments are ready, the rest of procedure remains 
the same as that of crown and bridge procedure, namely, coping, layering, and the 
final ceramic crowns. This procedure is especially indicated for multiple implants 
with an unfavorable path of insertion for the prosthesis. We have described a case to 
elicit this procedure (Figs. 34, 35, 36, 37, 38, 39, 40, 41, 42, 43, 44, 45, 46, 47, 48, 
49, and 50).

5  Advantages, Complications, and Technical Challenges

Clinicians and technicians who are accustomed to be working with analog need to 
undergo learning curve to acquire knowledge of digital process.

Fig. 33 RVG image showing the precise fit of the crown to abutment with no excess cement
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Fig. 34 Mandibular arch 36 and 37 implants placed with unfavorable path of insertion for the 
prosthesis

Fig. 35 Healed gingival profile ready to undergo intraoral scanning

Fig. 36 Gingival profile scanning done along with adjacent teeth as per scanning protocol
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Fig. 37 Intraoral scan body scan; note the unfavorable path. The scan body scanning gives an 
overall idea about the implant position with respect to the adjacent implant, adjacent teeth, and 
opposing occlusion

Fig. 38 Scanned bodies in 
occlusion

Fig. 39 The artificial intelligence in scanner feeds the info to the CAD software and make the task 
to decoding easy
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Fig. 40 After decoding the scan bodies’ software gives the exact axis of the implant position in 
patient’s mouth. Note the unfavorable angulations. The upper and lower models are articulated as 
per the bite recorded with occlusion scan. Some software allow the use of virtual articulators for 
correct mounting

Fig. 41 Selection of the lab analog from the digital library present in the software
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Fig. 42 Model ready to print

Fig. 43 Custom abutment designed to allow for a parallel path of insertion and a passive fit of the 
prosthesis

5 Advantages, Complications, and Technical Challenges
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Fig. 44 Resin model with space for placing the lab analog

Fig. 45 Lab analog
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Fig. 46 Custom milled abutment

Fig. 47 Custom abutment trial for checking the fit with the implant. Any kind of misfit like hex 
mismatch, screw–hole mismatch, or connection mismatch warrants discarding the abutment and 
fabricating a new one

The advantages of digital impression technology in implant prosthodontics [39].

 1. Precision over conventional impression technique
 2. No change in the implant direction due to use of scan body and AI
 3. Perfect capturing of the gingival profile
 4. Elimination of the gag reflex
 5. 3-D scope to study case and plan the prosthesis

5 Advantages, Complications, and Technical Challenges
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Fig. 48 Fit checked on model in all three dimensions and later sent for bisque trial and final 
cementation

Fig. 49 Screw- and cement-retained prosthesis

 6. Facial scan provides the relevant information of patient profile and its relation 
to dental prosthesis alignment

 7. No flaws related with conventional impression making
 8. STL model fabrication: less errors as compared to conventional model 

fabrication
 9. Repeats of impression are not costly as compared to conventional
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Fig. 50 Prosthesis in occlusion

 10. Digital library of designs suggest better path of insertion for prosthesis to 
be passive

Disadvantage:

 1. Initial investment is more as compared to conventional
 2. Initial learning curves can be steep for some clinicians who are not so tech savvy
 3. Cost of the final prosthesis is little high as compared to conventional

In general, complications can be classified into two categories:

 (a) Scanning-related complications
 (b) Software integration complications

5.1  Scanning-Related Complications

 1. Intraoral scanning can get impeded by the size of the scanning tip itself limiting 
its proximity with intraoral scan body and acquiring correct information.

 2. Deeply placed implants may not expose scan body sufficiently for correct repro-
duction in digital software. This problem is solved by using artificial intelligence 
in software by choosing body during scanning.

 3. Poorly placed implants adjacent to teeth or adjacent to implant may prevent the 
use of scan body ad surface scanning as whole.

 4. Manually modified scan bodies can never be matched digitally. Never modify 
any scan body manually.

 5. Severely misaligned implants will not allow the use of digital workflow and a 
conventional impression and analog workflow will be necessary.

5 Advantages, Complications, and Technical Challenges
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 6. Careful repositioning of casts within desktop scanner is necessary to avoid errors 
in recording tissue height around implants which can lead to metal or marginal 
interface exposure.

5.2  Software Integration Complications

 1. Merging complications
 2. Not enough scanned data reference points on scan body or adjacent tooth
 3. Changes in surfaces such as new restorations or presence of movable tissue 

being merged
 4. If scan body selected by the operator and dental lab technician is not supported 

by software

6  Conclusion

The wise selection of proper technique and adopting suitable technology will make 
the dental implant prosthesis more accurate in future. Digital technology is already 
a part of modern medicine and dentistry in particular. The comfort for the patient, 
the dimensional accuracy of the reproduction of the oral tissues and prompt avail-
ability for processing the next steps of prostheses designing and manufacturing 
makes the technology extremely promising.

With numerous advantages, digital impressions are on path to become rigueur de 
jour in dental, especially implant, impression techniques.
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Workflows and Clinical Applications

Abstract 3D printing, or additive manufacturing, has technologically exploded in 
the last few years. Improved accuracy, increased efficiency, lower cost, smaller 
units, and novel materials have significantly changed the fabrication landscape. 
Currently, additive manufacturing has been utilized industrially for the fabrication 
of motorcycle chassis by BMW and brake calipers by Bugatti. This exemplifies 
that the additive manufacturing workflow through a digital platform presents 
numerous desirable qualities. Moreover, the performance of additive manufactured 
high- performance vehicle components demonstrates that this fabrication process 
delivers functionality.

The health sciences have also seen a vast expansion of 3D printing. The develop-
ment of unique materials and regulatory approvals has resulted in several patient- 
specific 3D printed structures restoring form and function.

Dentistry is currently experiencing a trend toward 3D printing. Implant den-
tistry was one of the first disciplines to experience 3D printed guides for predict-
able surgeries. A revolution in materials and technologies has resulted in further 
evolution, including the printing of prosthodontic frameworks, dentures, and 
implant components.

This chapter will explore the exciting advancement of 3D printing and its appli-
cations to industry and medicine, with an in-depth presentation of its application to 
dentistry. A glimpse into the past, a review of what is current, and a look into the 
future of 3D printing, will be presented.

The objectives of this chapter are for the reader to appreciate the fundamentals of 
3D printing, understand the workflow and current materials, and identify clinical 
applications of 3D printing.
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1  Introduction

As a photographer, there’s nothing more satisfying than enlarging one of your 
images as a print or canvas as a true representation of the image you have captured 
(Fig. 1). Having a print of an image that you have painstakingly composed, created, 
edited, processed, and printed is truly gratifying. Having your creativity, as some-
thing you can hold, display on a wall, or auction off to charity, brings that gratifica-
tion to the next level. But the process is challenging, as a poor initial image will 
result in an even poorer enlargement, and that is disappointing. To be able to enlarge 
an image requires a proper camera body, with an appropriate sensor and related 
megapixels, and a superb lens. Assuming that ideal exposure criteria resulted in an 
ideal image (Fig. 1, UL), the next steps are arduous and critical. Images are trans-
ferred/exported from the camera into an appropriate image software program, for 
editing or post-processing (Fig.  1, UR). Once the image has been modified and 
perfected, it must be reviewed in great detail, to ensure clarity, sharpness, and bal-
ance (Fig. 1, LL). The print medium must be decided upon, such as canvas or photo 
paper, along with the desired enlargement size. The medium will have an impact on 
the final result and may be limited by technology. The product is then printed. The 
type of printer is essential to create or fabricate a product that is acceptable. A poor 
printer will result in a poor output. Once printed, the product is further processed, in 
the case of a cavass print it is stretched, mounted, and delivered (Fig.  1, LR). 

Fig. 1 The workflow of a photograph to produce a tangible product. UL: Image acquisition with 
ideal settings to capture the moment. UR: Post-processing software modification of image. LL: 
Final image maximized for production. LR: Image printed on canvas medium, signed by the late 
MotoGP racer Nicky Hayden. The cavass was auctioned off to raise funds for Riders for Health
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Inadequacies in any of the aforementioned steps will result in a poor and useless 
final product. This printing process is a cascade of events that are dependent upon 
each other for the production of an ideal result. It is interesting that a collection of 
millions of pixels arranged properly in two dimensions to produce a picture can 
have such an impact or leave an impression. The process  of image acquisition, 
workflow and fabrication, is analogous to the 3D printing process.

2  Fundamentals

The scope of 3D printing is immense. The materials, processes, products, and appli-
cations are changing daily. This very brief overview is only meant to offer relevant 
background for those interested or involved in 3D printing in dentistry. The reader 
is encouraged to further their knowledge with recent journal publications, social 
media platforms, newsletters, exhibits, and conferences.

2.1  What Is 3D Printing?

3D printing refers to the production or fabrication of a three-dimensional object 
from a three-dimensional file (Fig. 2). 3D printing is a generic term, referring to a 
collection of different processes and different variables. The commonality is the use 
of a virtual Computer Aided Design (CAD) (Fig. 2, L) file to fabricate a tangible 
object [1] (Fig. 2, R).

Fig. 2 CAD file (L) translated into an object (R) through 3D printing in plastic
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3D printing tends to be synonymous with additive manufacturing, defining the 
fabrication process. With additive manufacturing, a product is created or built by 
adding material sequentially to create a specific object. This workflow requires 
material added in a very specific order to create the desired end result. Examples to 
illustrate this process include make-up application, Lego  assembly and welding. 
This is the opposite of subtractive manufacturing, which by definition indicates the 
removal of material from a larger volume to fabricate the end product. Examples of 
this fabrication process include wood carving, milling, and die threading. Some fab-
rication workflows employ a combination of additive and subtractive manufactur-
ing, called hybrid manufacturing.

3D printing has also been referred to as rapid prototyping, desktop manufactur-
ing and on-demand printing. These terms give reference for the ability to fabricate 
a product fast, in-office and at any time, respectively. 3D printing may be commonly 
defined by the process of fabrication or the technology [2], which is based on the 
variability of materials and the production pathways. Some examples include [2]:

• FDM: Fused Deposit Modelling
• SLA: Stereolithography
• DLP: Digital Light Projector
• SLS: Selective Laser Sintering
• DMLS: Direct Metal Laser Sintering
• ALM: Additive layer Manufacturing
• SLM: Select Laser Melting
• EBM: Electron Beam Melting
• DOD: Drop on Demand
• Material Jetting
• Binder Jetting

Explaining all the technologies is beyond the scope of this chapter. The technolo-
gies relevant to dentistry will be explored. Aside from the various technologies, 
there are numerous materials available for 3D printing, including plastics, metals, 
and ceramics (see Sect. 3.2).

2.2  Brief History

Although 3D printing may seem like a new technology, it isn’t. In 1981, Dr. Kodama 
applied to patent a rapid prototyping device, which was unsuccessful due to funding 
issues. Another unsuccessful patent was filed for rapid prototyping in 1984 by a 
French team. In the same year, Charles Hull applied to patent stereolithography, 
issued in 1986, and started his own company [3].
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2.3  Why Use 3D Printing?

To understand why 3D printing should be used, it should be contrasted with other 
methods of production and fabrication. For instance, the conventional fabrication of 
a single prototype, device, component, or part can be very challenging. It may be 
fabricated by welding materials together or curing layers of plastic to create a 
desired form. Once fabricated, these forms require further shaping, sanding, polish-
ing, and finishing. This is time consuming, expensive, frustrating, and the end result 
may not be satisfactory. Similarly, the mass production of a product through auto-
mation requires significant costs, time, and experience within an industrial setting. 
The production must be closely monitored to ensure accuracy and precision of 
parts. With the introduction of desktop 3D printers and a digital workflow, prototype 
fabrication can be greatly simplified. A prototype may be created and refined virtu-
ally, and then fabricated by 3D printing with many material options, design changes, 
and customization at a relatively inexpensive cost and through a relatively simple 
workflow. 3D manufacturing facilities can deliver mass production through an alter-
nate workflow with high accuracy, precision, and efficiency, with easily adjusted 
modifications for customization at a reduced cost. Analogous to digital design in 3D 
printing, editing a document in a software program (Word) is so much more inviting 
than traditional typing.

3D printing should be utilized by individuals that are interested in [4]:

• Efficiency
• Convenience
• Cost-effectiveness
• Customization, for either mechanical parts or for patients
• Desirable physical properties
• Fabrication of complex geometries that may not be possible by other means
• A LEANer approach to manufacturing
• Less environmental impact

3D printing does have its disadvantages, which include limited information of 
mechanical properties and the required post-processing techniques to improve the 
surface finish.

2.4  Need to Know Information

The most common file for 3D printing is the STL [5]. It is an abbreviation for stereo-
lithography [5]. The file only stores information on surface geometry. It is one of about 
30 file formats associated with 3D printing. The STL file works with a “slicer” to 
transfer and translate the information to be printed (Fig. 3). 3D printer specifications 
are very critical and relevant to success. Resolution, or print quality, is critical in den-
tistry. Poor resolution, measured in microns, would result in inadequate prints (Fig. 4). 
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3D printed structures require supports to hold the final printed product (Fig. 5). The 
supports need to be removed after a product is printed. The practice of removing sup-
ports and refining the fabricated product is called post-processing.

3  3D Printing in Dentistry

It has been stated that mother is the necessity of invention. From the author’s per-
spective, 3D printing has had its initial introduction to dentistry through implantol-
ogy. The prosthodontically driven surgical placement of dental implants requires the 
accurate placement of an endosseous implant [6]. If the surgical result is accurate 
(Fig. 6), then the restorative outcome will be compromised or worse, it will fail. It 

Fig. 3 Graphic representation of workflow from file to 3D print

Fig. 4 Poor quality 3D 
printed maxillary arch due 
to low print resolution
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seems that the fabrication of surgical guides for implantology introduced dentistry 
to 3D printing. Applications and workflows then advanced and expanded to include 
many other disciplines within dentistry.

3.1  Workflows

Dental records are an ethical and legal requirement of patient treatment [7]. Records 
are required to assist with diagnoses, facilitate treatment planning, aid patient pre-
sentation, and communicate with the laboratory [7]. The spectrum of records 
includes photographs, radiographs, CBCT, traditional impressions and models and 
virtual impressions and models. 3D printing is a form of dental records.

The starting point for 3D printing in dentistry is the generation of a digital file 
[8], which may be that of a patient’s tooth, dentition, arch, impression, cast, or pros-
thesis. The digital or virtual patient image may be acquired from a computed tomog-
raphy (CT), cone beam computed tomography (CBCT), or intra-oral hard or soft 
tissue scanning [8]. Files may be merged for increased information and improved 
planning. For instance, the CBCT may be merged with an intra-oral scan to provide 
information about osseous structures, and teeth and soft tissues, respectively. The 

Fig. 5 3D printed surgical guide with supports

Fig. 6 Inaccurate placement of dental implants compromising the restorative outcome
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digital file of a patient’s prosthesis can be generated by a variety of desktop scanners 
with the appropriate resolution.

Digital files may need to be digitally tweaked (Fig. 7) to ensure that they are suit-
able for 3D printing [9]. For instance, the digital file of a patient’s maxilla may seem 
appropriate, but once the file is assessed in different planes, it is clear that only the 
outer surface has been digitized (Fig. 8). The digital file must be imported into a 
third-party software program to digitally “‘box the impression” (Fig. 9). The digital 
file will then be of suitable form and volume for 3D printing [9]. Some digital 
impression programs many have this featured within their software not necessitat-
ing third-party software. If the digital file requires printing, as for a diagnostic 
model of a patient’s dentition, then the file may be printed. If treatment planning is 
required, then the digital file must be imported into a dental planning software 
application. There are some dental software applications that enable digital impres-
sions and planning into one. Digital planning in dentistry is beyond the scope of this 
chapter, but the understanding that several steps are required for the planning, and 
subsequent 3D printing, is important.

3.1.1  In-Office Printing

With advances in technology and a reduction in 3D printer size, in-office 3D printing 
has become attractive to many clinicians. The in-office workflow requires a printer, 
software, and printing material. Other requirements include physical space in the 
clinic, adequate time for the process, revenue to offset the time and costs and forti-
tude of the individual, as the learning curve for 3D printing may be steep for some.

Fig. 7 Diagrammatic representation of the digital workflow associated with 3D printing
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Rather than reviewing specific printers, as 3D printing technology is expanding 
and improving rapidly, the intent of this section is to provide important technical 
features so that the clinician or technician may be able to formulate an informed 
decision based on their requirements and preferences.

Three common technologies in 3D printing in dentistry are stereolithography 
(SLA), digital light processing (DLP), and material jetting [10]. Each technology 
can deliver the required accuracy and precision for dental applications. Quality may 
vary from different systems.

SLA utilizes a vat of liquid resin that is selectively exposed to a laser beam 
across an area that is to be printed [10]. This technology offers high accuracy and a 
smooth surface finish with a wide variety of materials and large build volumes for 
dentistry. It is considered the most affordable approach for applicable dentistry 
printing but tends to be limited for smaller 3D printing projects.

DLP utilizes a similar chemical process but a projector, instead of a laser, is 
employed. This technology offers a simple workflow, high speed, and a wide range 
of materials but lacks the smooth surface finish and accuracy. This technology is 
more costly than SLA but offers a greater printing volume [10].

Fig. 8 Digital file (scan) of a hypothetical patient. Rotating the file indicates the lack of informa-
tion required for an adequate 3D print

Fig. 9 Digital file imported and “boxed” in a third-party software program
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Material jetting delivers drops of liquid resin onto a build tray with an instant 
cure. Although this technology was common many years ago, it has started making 
a comeback, due to the (now) lower cost, high speed, and customization [11], espe-
cially multicolored layers. It will be interesting to see how far this technology will 
advance.

Several variables should be considered before deciding on a particular 3D printer 
[12], which includes:

• Convenience: ease of use (will training be provided and if so how ?)
• Reliability: how many hours can it run before issues develop and how will these 

be managed?
• Cost: both the capital investment of the printer, materials and running costs (ser-

vicing, upgrade) and the cost per 3D printed component
• Return on investment: the clinician should consider how the technology would 

benefit the practice and patients

Before selecting a printer, exercise proper due diligence. Attend trade shows, ask 
questions, schedule a demonstration, order sample parts, and communicate with 
colleagues regarding their experiences. The time commitment to the 3D printing 
workflow can be significant and the clinician should be well prepared for the 
investment.

3.1.2  Outsourcing

If in-office 3D printing does not seem appealing, then there is the alternative work-
flow of outsourcing. There are numerous lab-based workflows that will scan, design, 
print, and post-process your 3D printing requirements. Many have user-friendly 
online platforms for the simple and convenient transfer (uploading) of digital files 
with the appropriate selection of materials and applications. A team member will 
review the digital files and requisition and advise on the suitability. The 3D printed 
product is then fabricated and couriered to the individual. There are a range of prod-
ucts available, including diagnostic models, working models, appliances, guides, 
dentures, and provisionals.

Many 3D printing service providers may also assist with many other aspects of 
3D printing related digital workflows. For example, CBCT scans may be evaluated 
and read; virtual treatment planning may be completed, followed by the 3D printing 
of appropriate guides. Dental labs may also be providing these types of workflows. 
The reader is encouraged to reach out to their laboratory and enquire on the services 
provided.

There are several other service providers available. Many non-dental generic 3D 
printing providers have online platforms for the 3D printing and delivery of digital 
files. The user may select the material and dimensions. The platform software 
 processes the necessary conversion. These are ideal providers for patient education 
models and products.
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There exist several service providers that specialize in materials. For instance, 
3D printing in metal can be achieved by select service providers that utilize indus-
trial grade metal 3D printers with an extremely specific technical workflow. Many 
possess a simple platform for product submission and the technicians will translate 
what your requirements may be and provide a completed finalized product.

It has been the experience of the author to utilize off-site service providers for 
patient and research-based 3D printing needs. The service providers possess spe-
cialized knowledge and experience to provide the appropriate 3D printed products.

3.2  Materials

Materials that can be 3D printed are being developed at an extremely rapid rate. A 
general classification of the most commonly used materials for 3D printing in den-
tistry [13] is presented below.

• Plastics

 – Acrylonitrile Butadiene Styrene (ABS)
 – Polylactic Acid (PLA)
 – Nylon

• Metals

 – Titanium alloy
 – Stainless steel
 – Chromium Cobalt

• Ceramics
• Carbon Fiber
• Biomaterials

 – Gelatin
 – Cellulose

Explaining the composition, properties, and applications are beyond the scope of 
this chapter. The author recommends that the reader follow a protocol for material 
section that includes:

• Understanding the application of the material (study model versus surgical stent)
• Ensuring that the material and application has been approved by the appropriate 

regulatory body
• Appreciating the properties of the material (available from suppliers and labs)
• Confirming that the material is compatible with the 3D printer (if in-office use)
• Selecting the proper material for 3D printing
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3.3  Applications

Patient applications that utilize 3D printing for dentistry vary tremendously geo-
graphically, as related to regulatory approval. This section will be based on a gen-
eral consensus of clinically acceptable, regulatory approved, clinical applications of 
3D printing.

3.3.1  Models

Diagnostic models are an important component of patient records and may be 
required for pretreatment, diagnoses, treatment planning, and communication [14]. 
3D printed diagnostic models (Fig. 10) would be the end result of a patient’s digital 
impression, once the appropriate digital tweaking has occurred, to ensure that the 
file suitable for 3D printing. Proper printer resolution is required for practicality.

Working models are the records required for the delivery of specific patient treat-
ment. 3D printed working models could be utilized for a multitude of treatments, 
including indirect restorative procedures (Fig.  11) (inlays, onlays, crowns) and 
prosthodontics (bridges, implant dentistry).

3.3.2  Removable Appliances

Removable appliance has seen a tremendous increase in the application of 3D print-
ing, especially clear aligners [15]. Advances in software and the predictability of 3D 
printing, namely cost and convenience, have resulted in a surge in 3D printed clear 
aligners [15]. Occlusal splints (Fig. 12) have also gained 3D printing popularity, due 
to the workflow and the regulatory approval of materials. Mouth guards may also 
follow the same trend.

Fig. 10 3D printed 
diagnostic models
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3.3.3  Guides

There has been a significant surge in guided surgery in implant dentistry, due to 
advances in imaging and 3D planning software [16]. The guide assists the surgeon 
with the location of drilling, as is the case with endodontic guides (for endodontic 
access), bone reduction guides (for the predictable removal of bone pre-surgically), 
and implant guides (for the position of the osteotomy). The implant guide (Fig. 13) 
may also determine the position of implant placement [16]. Once patient imaging 
and treatment planning has occurred, 3D printing of the guide may be completed in 
a suitable material for the implant surgery (Fig. 14).

3.3.4  Dentures

The workflow for 3D printed dentures offers an accurate and efficient alternative 
pathway. It is the opinion of the author that 3D printing will have a significant 
impact on this prosthodontic workflow. Appropriately, a detailed case presented has 
been presented to outline the workflow.

Fig. 11 3D printed working models: (L) segment and (R) tooth preparation

Fig. 12 3D printed 
maxillary occlusal 
appliance
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Removable complete dentures are an important form of patient rehabilitation 
that increases the patient’s oral health quality of life [17]. Complete dentures are 
typically rendered through several (5–6) clinical and laboratory appointments [18]. 
The clinical appointments can prove frustrating and time-consuming for both the 
clinician and patient. The laboratory component relies on flasking and processing, 
which may create problems through material distortion and possible technical 
errors. Dentca provides a novel hybrid workflow, utilizing modified patients records 
and 3D printed dentures [19]. This approach has been illustrated in the following 
clinical case.

3.3.4.1 Case Study

A 45-year-old male with a non-contributory medical history presented at an out-
reach clinic session (Fig. 15, L). His chief complaint(s) included pain and difficulty 
in chewing. A complete dental examination was completed with the appropriate 
radiographs (Fig. 15, R). Diagnoses included multiple caries and generalized severe 
periodontal disease. The patient also had poor oral hygiene with generalized heavy 
plaque and calculus. Treatment options were presented to the patient with an appro-
priate informed consent. The patient decided upon extraction of the remaining den-
tition with rehabilitation with complete dentures. 3D printed dentures were decided 
as the modality, to evaluate the process and expedite the delivery.

Fig. 13 3D printed implant surgical stent (UL) with printed edentulous maxilla (UR). Model with 
simulated osteotomies (LL) and simulated implant placement (LR)
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3.3.4.2 Clinical Procedures

Oral Surgery

The maxillary and mandibular teeth were extracted, with an appropriate pre- 
prosthetic alveoplasty. Six months were provided to allow for resorption and heal-
ing. An examination was performed to confirm healing and denture suitability 
(Fig. 16).

Fig. 14 3D printed surgical stent for the placement of 4 dental implants in an edentulous maxilla. 
(Photos courtesy of Dr. Mahn)

Fig. 15 Pretreatment photo (L) and panoramic radiograph (R)
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Prosthodontics

After registering online with Dentca for the CAD/CAM dentures, the required clini-
cal products were delivered. These products were proprietary and required for the 
clinical procedures.

Appointment 1

Selection of suitable tray size was initially determined. Medium size rays were 
selected for both arches (Fig. 17). Impressions were completed by first using Aquasil 
Ultra polyvinyl siloxane (PVS) heavy body (Dentsply). While the material sets, 
border moulding was performed through muscle activation. Once set, the impres-
sion was completely dried. A light body PVS material (Kerr) was then applied to the 
impression as a thin wash layer. The impression was reinserted to capture fine detail. 
Once set, the impression was assessed for quality.

Modification of the impression was required for the second step. The impression 
was sectioned with an #12 scalpel at the defined location. The tray was separated 
into two pieces (Fig. 18), and the anterior portion was utilized as an intra-oral device 
to establish vertical dimension and centric relation.

Once modified, a supplied pin was inserted into the tray portion. Both tray por-
tions were then reinserted into the oral cavity. Vertical dimension was then assessed. 
Clinically, this was slightly difficult. The pin was completely down, yet the vertical 
dimension seemed excessive. The pin was modified with a hand piece bur and rein-
serted. An adequate vertical dimension was then determined.

Centric relation (CR) was then assessed. The tray portions and pin were rein-
serted intra-orally. The patient was guided into CR, and this was repeated. A hand 
piece bur was used to create a dimple on the upper tray portion, to register the pin 
position at CR. The depression provided a physical lock of the maxillo-mandibular 
relationship of CR. Quick Bite (Clinician’s Choice) was also utilized to register the 
position of the tray portions intra-orally (Fig. 19). All materials were removed and 
disinfected appropriately.

Incisal length determination was performed utilizing a unique method. A lip 
ruler was supplied to measure from the incisive papillae to the upper lip line. The 
patient’s measurement was 7  mm in length. Tooth selection was completed by 

Fig. 16 Post-surgical healing of maxillary and mandibular ridges
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assessing the intercanine distance. Tooth shade was then determined as the final 
clinical requirement. Clinical information was then inputted online for processing.

Appointment 2: Try-In

For the try-in appointment, Dentca provides white 3D printed dentures (Fig. 20). 
The try-in requires the confirmation of all previous clinical data. Any change needed 
may be executed on the try-in dentures.

During the try-in appointment, clinical evaluation seemed outstanding, except for 
a slight anterior open bite with a mildly excessive vertical dimension. The posterior 
teeth of the try-in dentures were reduced to eliminate the open bite. The vertical 
dimension was re-assessed. Fit, retention, esthetics, and phonetics were assessed. 
The patient was satisfied with the try-in. After adjustments were completed, Quick 
Bite was used to register the new relationship (Fig. 21). The try-in dentures were 
couriered to the lab for final fabrication.

Appointment 3: Delivery

3D printed dentures were fabricated by (1) printing the bases (Fig. 22) and the den-
ture teeth (Fig. 23) separately. The teeth were bonded to the bases (Fig. 24) and the 
dentures were post-processed for delivery (Figs. 25 and 26).

Fig. 17 Dentca impression 
trays

Fig. 18 Final maxillary and mandibular impressions sectioned
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Complete 3D printed dentures were delivered for final try-in and delivery. 
Appearance and finish were of very high quality (Figs. 25 and 26). During denture 
delivery, assessment of fit, extension, retention, occlusion, function, esthetics, and 
phonetics were performed. Very minor occlusal adjustments were required. The 
patient was very satisfied with the result. Post-delivery instructions were given to 
the patient and post-delivery appointments were booked. Post-delivery appoint-
ments were unremarkable.

Discussion

The Dentca hybrid 3D printed denture approach seems to provide an efficient and 
accurate method for clinical procedures and denture fabrication of complete den-
tures. Although the method requires the clinician to work with a new procedural 

Fig. 19 Complete denture records with bite registration

Fig. 20 3D printed 
denture try-in (analogous 
to compete try-in)
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approach, the fundamentals and principles of removable prosthodontics remain the 
same. The dentures appeared to be of high quality. The fit, retention, function, 
occlusion, esthetics, and phonetics were clinically acceptable. The patient seemed 
to exhibit complete satisfaction with the delivered prosthesis, in both form and 
function.

Conclusions

Dentca’s 3D printed dentures offer the clinician a hybrid alternative to the conven-
tional method for complete denture delivery. The clinician must commit to learning 
new techniques with new equipment. However, the clinical outcome may be very 
rewarding.

In dentistry, the delivery of efficient yet uncompromised quality of care is crucial 
for both the patient and clinician. Dentca’s 3D printed dentures offer a viable option 
for the efficient and accurate delivery of complete dentures. The timely rehabilita-
tion of edentulous patients has particular value, both for the clinician and patient.

Fig. 21 Try-in dentures 
adjusted and a new bite 
registration

Fig. 22 3D printed completed denture bases
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3D printed dentures may also be fabricated from several different workflows. 
Currently, a standard impression is required to compress the tissues. Digitally scan-
ning of the impression or cast typically follows. There are various software plat-
forms to digitally design the entire denture, including individual tooth position. 3D 
printing may follow several paths, from individual teeth, to arches. A standard 
accepted protocol has yet to be established.

Fig. 23 3D printed denture teeth

Fig. 24 Maxillary denture 
base with denture teeth

Fig. 25 3D printed post-processed maxillary complete denture
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3.3.5  Provisionals

Based on a digital workflow, the 3D printing of provisionals seems to be an increas-
ingly population procedure. Chairside luting of the provisionals with a variety of 
materials may provide an efficient and effective clinically acceptable restorative 
workflow [20]. The clinician must be aware of materials [21] that have been 
approved through their regulatory bodies.

3.3.6  Metal Prosthetic Frameworks

Casting and milling remain the industry standard for the fabrication of metal frame-
works [22]. However, the metal prostheses may be manufactured through a digital 
workflow [22] and 3D printing in metal (Fig. 27). The metal is typically chromium- 
cobalt. The frameworks are 3D printed and undergo the appropriate post- processing. 
Esthetic materials can then be layered onto the metal (Fig. 28). 3D printing metal 
frameworks offer many benefits to clinicians, yet the regulatory approval and accep-
tance by the dental community has been limited.

4  Developments

Advances in technologies, materials, and applications are continually expanding the 
3D printing space. Dentistry is slowly advancing, while medicine and industry con-
tinue to lead.

Fig. 26 3D printed post-processed mandibular complete denture
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4.1  Dental Research

As the conversion from casting and milling to 3D printing in metal commences, the 
applicability, utility, and physical performance of 3D printed components is crucial. 
Those questions provide an ample platform for research and innovation projects to 
asses and evaluate 3D printed products.

In implant dentistry, milling remains the platform for component fabrication. 
The subtractive manufacturing pathway has its disadvantages, and 3D printing in 
metal may be an alternative additive manufacturing platform.

The use of 3D printing in metal was utilized for a research investigation of an 
abutment. Specifically, a novel dental implant abutment (Fig.  29) was patented 
(U.S. Patent No.: 9, 642,686) for its design and technique. The abutment has been 
supported by publications to illustrate its advantages [23, 24]. The digital design of 
the abutment and the 3D printing in metal were performed at the ADEISS Centre [24] 
(London, Canada). The digital design was completed with Fusion 360 software 
(Autodesk, San Rafael, California, USA). The digital file was then 3D printed in 
dental grade titanium Ti64 (titanium 6-aluminum 4-vanadium) with an industrial 
Renishaw AM 400 Laser Melting System (Renishaw PLS, Gloucestershire, United 
Kingdom), which used Selective Laser Melting (SLM) technology. The process 
melts and fuses layers of metallic powders, with an average diameter 30–50 μm, with 
a 400 W laser [25], to 3D print the final component. The metal 3D process works by 

Fig. 27 3D printed metal full coverage crowns in chromium-cobalt without post-processing

Fig. 28 3D printed metal three-unit bridge in chromium-cobalt with layered porcelain
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adding a single layer of the part’s geometry, then the build plate becomes lowered, 
powder is then reintroduced, and another layer of metal is added until the 3D printing 
of the component is completed. The Renishaw printer uses a beam diameter of 70 μm 
and a build volume of 250 mm × 250 mm × 250 mm. Components may be 3D printed 
in titanium, cobalt-chrome, aluminum, stainless steel, and nickel [25].

Indirect prostheses (inlays, onlays, and crowns) are typically fabricated from 
esthetic materials (lithium disilicate, zirconia) [26]. Unfortunately, the cost of mate-
rials may be a barrier for a patient, especially marginalized populations, to consider 
the treatment option. An investigation (in progress) by the author is investigating 3D 
metal printed indirect restorations. The digital workflow has resulted in the success-
ful 3D printing and the cementation of the prostheses (Fig. 30). An evaluation of the 
results will be published in the near future. 3D printing in metal will provide 
increased accessibility to treatment options by patients with limited resources for 
this treatment modality.

Dental research continues to push the advancement of 3D printing, including 
material advancements (printing ceramics), novel processes (bioprinting), and col-
laborative technologies (3D printing coupled with smart devices). In addition, 4D 
printing has started to gain momentum.

Fig. 29 3D printed novel dental implant abutment in titanium alloy. Final hybrid manufacturing 
abutment (L) and proportion to Canadian nickel for scale (R)

Fig. 30 3D printed chromium-cobalt onlay restoration. Occlusal surface (L), intaglio surface (C), 
and onlay cemented onto extracted tooth (R)
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4.2  Industry

3D printing results in high accuracy and precision. It may be the only fabrication 
pathway available for research, based on complex geometries, or very unique struc-
tures [27]. Such is the case of the brake caliper for the Bugatti Chiron. Currently, 3D 
printing in metal is utilized for its fabrication [28]. The caliper is responsible for 
braking, that is, stopping the vehicle. The Chiron remains one of the fastest, most 
powerful super sport cars in the world [29]. That 3D metal printing is utilized for the 
fabrication of the caliper exemplifies the customization and reliability. In addition to 
complex geometries, the performance of 3D printed components has been excep-
tional. This may be inferred from the Chiron’s caliper, as it is required to slow the 
world’s fastest production car, or the many other applications of 3D printing in 
performance motorsports. BMW currently utilizes 3D printing in metal for the fab-
rication of their motorcycle frame [30].

3D printing also provides an alternative pathway for the mass production of com-
ponents [31], such as a novel dental implant abutment (Fig. 31). Production would 
require a high degree of precision, ensuring that each component is identical to each 
other in quality. The application of 3D printing remains low, on a global scale [32], 
but increased research and data may support further applications.

4.3  Medicine

Medicine continues to utilize 3D orienting on many platforms. 3D printed patient 
models (Fig. 32) are employed for complex surgeries [33]. These models are typi-
cally composed of different colors and materials to provide a true to life representa-
tion of the patient. 3D printed models may require tens to hundreds of man-hours 
with highly specialized 3D printers. The models are essential for communication, 
both between the surgeon and the patient and the surgeon and the team, and are 
essential for the simulated procedure.

3D printing for patient-specific applications continues to expand [33]. Patients 
have received various 3D printed anatomical replacements, namely rib cages [34] 
and a bone implant in the finger [35]. As the regulatory process improves, patient 
applications will increase.

3D printing is largely associated with the fabrication of a structure. However, 
there are advances in 3D printed structures that perform functions. It has been esti-
mated that a bioprinted pancreas will be transplanted within the next 5 years [36]. 
The opportunity for 3D printing to play a role in the patient-specific improvement 
of health and quality of life is exciting as it is hopeful.
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Fig. 31 3D printing in metal for the mass production of dental implant components. Pre-processed 
abutments directly from the build plate (top) and dental abutments after post-processing (bottom)

Fig. 32 Detailed patient-specific 3D printed model of a child’s mandible
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5  Conclusions

3D printing, and the associated digital workflow, will continue to evolve, advance, 
and have an impact on dentistry. Similar to the conversion of film cameras to digital 
cameras, 3D printing will continue to disrupt the dental industry. But with any tech-
nology, the clinician should weigh the pros and cons to make an informed decision 
whether or not to adopt the technology. 3D printing, and any other form of technol-
ogy, is just another tool in the hypothetical toolbox of the clinician. The tool should 
provide a benefit in our quest to improve the oral health of our patients. The tool 
cannot take the place of fundamentals or principles. Moreover, the implementation 
of new technology should benefit the patient and/or the clinician without a compro-
mise in quality of care.
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Maxillofacial Reconstruction: 
From Autogenous Bone Grafts to Bone 
Tissue Engineering

Abstract Maxillofacial reconstruction (using autogenous bone grafts, biomaterials, 
growth factors, distraction osteogenesis, dental implants, and bone tissue engineer-
ing) is complex and poses significant challenges to surgeons. The use of these tech-
niques has profoundly improved patients’ function, form, and quality of life. Several 
techniques are currently being used to treat bone defects of the jaws (ranging from 
minor to major defects), including autogenous bone grafting, guided bone regenera-
tion, the use of growth factors with biomaterials, and distraction osteogenesis. Dental 
implants have become a routine treatment for the final and total rehabilitation of 
patients. Bioengineering of autologous bone is an exciting minimally invasive alterna-
tive to bone harvesting techniques to replace missing bone of any part of the skeleton. 
Advances in the field of bone tissue engineering over the past few decades offer prom-
ising new treatment alternatives using biocompatible scaffold materials, autologous 
mesenchymal stem cells, and growth factors. The purpose of this chapter is to provide 
a variety of different current evidence-based treatment options, as well as novel tissue 
engineering technologies for the reconstruction of minor and major jaw defects.
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1  Introduction

Management of clinical cases in the field of maxillofacial reconstructive surgery is 
complex and poses significant challenges to surgeons. The use of techniques such as 
autogenous bone grafting, guided bone regeneration, growth factors, distraction 
osteogenesis (DO), dental implants, and bone tissue engineering (BTE) has pro-
foundly improved patients’ function, form, and quality of life. Maxillofacial defects 
can result from, but not limited to, congenital abnormalities, post-trauma, tumor 
resection, periodontal disease, severe ridge atrophy following tooth extraction, and 
infections [1–3].

The primary goal of reconstructive surgeries is to provide form and function. 
Autogenous bone, harvested from a variety of donor sites, is considered the gold 
standard. Donor site morbidity remains significant [4–6]. Resorption of grafted 
autogenous bone is a common and unwanted complication, and may compromise 
the long-term stability [3, 7].

Guided bone regeneration (GBR) [8, 9], the use of different growth factors such 
as platelet rich plasma (PRP), platelet rich fibrin (PRF), and bone morphogenetic 
protein (BMP) have shown promising preclinical and clinical results to promote and 
improve wound healing and bone regeneration [10–15]. Emerging technologies 
such as tissue engineering (TE) may represent a minimally invasive alternative to 
autogenous bone graft procedures. Tissue engineering would also provide patient- 
specific treatments [15–17]. The purpose of this chapter is to provide a variety of 
evidence-based treatment options, as well as novel TE technologies.

2  Maxillofacial Reconstruction

2.1  Autogenous Bone Grafts

Autogenous bone is still considered the “gold standard” [18]. Autogenous cortico- 
cancellous bone blocks from both membranous or endochondral origin can be har-
vested from jaws or distant sites. The choice of the donor site depends on aspects 
such as patient-specific conditions, donor site morbidity, and amount of bone 
required for reconstruction [3, 19–21]. In addition, the decision will also be driven 
by the size of the defect that needs to be reconstructed (i.e., alveolar regeneration 
versus reconstruction of major bone defects with bone discontinuity).

Intraoral autologous bone blocks can be safely harvested from the lateral zygo-
matic buttress, retromolar area, and the mandibular ramus [19, 20], and bone chips 
can be obtained using a bone scraper [22]. They are used for minor alveolar ridge 
reconstruction.

Severe alveolar ridge defects as well as bone discontinuity defects require larger 
bone quantity and, therefore, harvesting from distant sites. [iliac crest (anterior/
posterior), calvaria, fibula, ribs, vascularized and non-vascularized]. However, this 
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treatment is more costly with more patient morbidity [4, 5, 23, 24]. Implant place-
ment following grafting with autologous bone blocks usually is performed after a 
healing period of 3–5 months, which allows revascularization of the graft [19, 20]. 
Vascularized free grafts (for large bone defects) allow for immediate implants. 
Evidence from retrospective cohort studies demonstrates that implants placed in 
areas reconstructed with autogenous bone blocks have survival rates consistent with 
implants placed in native bone [19, 20, 25]. Despite the higher success rate of autog-
enous bone reconstruction, significant donor site morbidity is a major consideration 
[4, 5, 19, 20, 23, 25]. Graft resorption is also expected with grafts; therefore, many 
recommend overcorrection of defects to compensate this [26]. In some situations, in 
which there is insufficient implant coverage due to graft resorption or inadequate 
primary augmentation, secondary grafting may be required [19, 20].

2.2  Guided Bone Regeneration (GBR)

Guided bone regeneration (GBR) has been successfully reported for over 20 years 
and represents a safe and reliable option for alveolar regeneration for dental implant 
placement [22, 27, 28]. Guided bone regeneration (GBR) consists of preventing the 
migration of undesired cells to the site that is intended to be reconstructed by plac-
ing a barrier membrane in conjunction with particulate grafts biomaterials. This 
technique restricts the entry of soft tissue into the defect, avoids nonosteogenic cell 
migration, and allows accumulation of growth factors, ultimately providing stability 
to bone grafts [22, 28].

Membranes used in GBR should possess some desirable characteristics, such as 
biocompatibility, cell-occlusion properties, clinical manageability, and be able to 
maintain proper physical and mechanical properties [8]. Non-resorbable mem-
branes are commonly referred as the “gold-standard” material for GBR, and some 
examples include those composed of polytetrafluorethylene (PTFE), and titanium- 
reinforced expanded PTFE [8]. These require a second surgical procedure for 
removal. Second generation of membranes that are resorbable such as poly(lactic 
acid) (PLA), poly(glycolic acid) (PGA), poly(ε-caprolactone) (PCL), inorganic 
compounds (i.e. calcium sulfate, calcium phosphate), and xenografic membrane 
(derived from bovine or porcine tissues) have been developed [8]. The GBR tech-
nique of choice depends on specific needs [22, 29].

Complications include soft tissue dehiscence, exposure of membranes, and 
infection [8, 30]. Exposure of resorbable membranes can occur and rapid degrada-
tion of the material may allow a spontaneous healing [8]. Major disadvantages of 
resorbable membranes include lack of rigidity (i.e., PLA, PGA, and PCL) and lack 
of plasticity (i.e., calcium sulfate, calcium phosphate) [8].

Enhancement of GBR outcomes by using growth factors such as BMP-2 and 
platelet-derived growth factor (PDGF) has been described. This can be obtained by 
soaking the membranes in a solution containing the growth factors, followed by 
lyophilization. Depending on additional reagents (i.e., heparin, cross-linkers), and 

Maxillofacial Reconstruction: From Autogenous Bone Grafts to Bone Tissue Engineering



356

growth factors concentration, a faster release of factor usually occurs within the first 
day, followed by a phase characterized by a slower release. Blood-derived products, 
such as PRP or PRF membranes, have also been described as adjuncts to enhance 
the regenerated bone obtained by GBR [31]. Biological basis may be due to the 
availability of growth factors [32].

2.3  Bone Morphogenetic Proteins (BMPs)

Bone morphogenetic proteins were first described by Urist in 1965. BMPs are pres-
ent in bone matrix, and there are about 30 proteins belonging to the human BMP 
family. Most of them constitute subfamilies in the transforming growth factor beta 
(TGF-β) superfamily [33].

It appears that BMP-2, BMP-6, and BMP-9 may be the most potent agents to 
induce osteoblast lineage-specific differentiation of MSCs [34]. BMP activates a sig-
naling system called Smad. Smads are an important group of molecules that translo-
cate and transmit signals from BMP-activated receptors into the cell nucleus [35, 36].

Despite the evidence showing the positive effects on bone formation, there are 
concerns regarding side effects of BMPs in vivo. Major side effects of BMP include 
edema, inflammation, and ectopic bone formation. Carcinogenic effects have been 
suggested [37].

Recombinant human bone morphogenetic protein-2 (rhBMP-2) is placed on an 
absorbable collagen sponge (ACS). It has been shown that this combination can 
induce and support bone formation [38–40]. Bone-forming cells migrate to the area 
of the rhBMP-2/ACS, and infiltrate into the ACS. Mesenchymal stem cells around 
the rhBMP-2/ACS also increase in number. Binding of rhBMP-2 to specific recep-
tors on the surface of the MSC causes them to differentiate into bone-forming cells 
(osteoblasts). As the sponge degrades or dissolves trabecular bone and/or cartilage 
is formed, with angiogenesis occurring at the same time. The bone formation pro-
cess develops from outer surface of the sponge towards the center until the entire 
area is replaced by trabecular bone [39].

A clinical study examined the efficacy of two doses of rhBMP-2/ACS in 80 in 
post-extraction sockets [41]. Recombinant BMP at concentrations of 0.75 and 
1.5 mg/cc was comparted to controls. The results demonstrated that the 1.5 mg/cc 
rhBMP-2/ACS treated sites had about two times the amount of bone compared to 
the empty control group, preserving ridge height, and significantly increased width 
at 75%, 50%, and 25% of the extraction socket length. In addition, histological 
analysis showed no differences between the rhBMP-2-induced bone and native bone.

Bone morphogenetic proteins (i.e., rhBMP2) have been used for alveolar recon-
struction, sinus augmentation, and tooth extraction socket healing [38–40]. However, 
despite several preclinical studies and clinical trials, a lack of consensus continues to 
exist concerning the clinical efficacy of rhBMP2 for larger defects in the maxillofacial 
region [42].
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2.4  Platelet Rich Plasma (PRP) and Platelet Rich Fibrin (PRF)

Platelets contain high amounts of key growth factors [such as platelet-derived growth 
factor (PDGF), transforming growth factor β (TGF-β), vascular endothelial growth 
factor (VEGF), epidermal growth factor (EGF), insulin-like growth factor (IGF), 
and fibroblast growth factor (FGF)] which can stimulate cell proliferation, matrix 
remodeling, and angiogenesis and this stimulated its use in implantology [43, 44].

First-generation products such as PRP and plasma rich in growth factors (PRGF) 
are obtained by collecting peripheral blood and adding anticoagulants [45]. Second 
generation concentrates (such as PRF) were developed without the need of antico-
agulants. The collected blood is immediately centrifuged to obtain a clot rich in 
platelets, fibrin, and leucocytes [43]. The presence of a fibrin network represents a 
potential innovation for regenerative purposes, since it acts as a scaffold for cell 
proliferation. Additionally, leucocytes release vascular endothelial growth factor 
(VEGF) and transforming growth factor (TGF), which improve chemotaxis and 
angiogenesis [45] that are fundamental for bone formation.

Platelet rich fibrin (PRF) was also suggested as sole graft material during simul-
taneous sinus floor elevation and implant placement [46]. The concomitant use of 
PRF and bone allografts significantly reduced bone resorption and accelerated bone 
healing during the initial stage of post-extraction alveolar healing [47]. However, a 
recent systematic review concluded that it remains unclear whether PRF can 
improve soft tissue healing [44]. Most commonly, PRP and PRF are used in con-
junction or as adjuvant therapy for the treatment of alveolar defects.

2.5  Distraction Osteogenesis (DO)

Historically, distraction osteogenesis (DO) was initially performed using transcal-
caneal metal pins as a method of correcting malformations caused by femoral frac-
tures by Codivilla in 1905. It had not progressed until the revolutionary principles 
and devices proposed by Ilizarov in 1951. The principle is called the “Ilizarov 
effect” and involves stimulating tissue growth by applying tension to it [48, 49].

As a basic concept, undifferentiated mesenchymal cells in the bone fracture line 
are stimulated by pulling and elongating the young callus with an external force, 
which stimulates differentiation into osteogenic cells. In the maxillofacial region, 
Perrott et al. [50] applied it to produce widening of the mandible and soft tissue 
expansion in a syndromic patient and McCarthy [51] applied it to correct mandibu-
lar hypoplasia. In 1996, Chin and Toth used the technique for correction of trau-
matic bone defects. Distraction osteogenesis (DO) is considered an appropriate 
technique for correcting large soft and hard tissue defects [51, 52], eliminating the 
need of multiple bone grafts.

Distraction osteogenesis (DO) devices can be broadly divided into transcutaneous, 
implantable (bone borne), horizontal, and vertical. The current hurdle in DO is 
device size.
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Treatment with DO devices consists in three parts. The first one (after implanta-
tion of the device) is commonly referred as the “latency period,” ranges from 0 to 
7 days, and no distraction force is applied to the tissues [53]. The second one, the 
rhythm of distraction in increments of 0.5–1 mm/day. After the desired bone distrac-
tion has being achieved, a fixation period in which the device is kept in place without 
activation is also recommended, and this varies between 8 and 12 weeks [54]. Efforts 
to reduce the latency period have been reported [55–58]. In addition, stable results 
in which no latency period was required before activation of the DO device have 
been demonstrated [59].

The greatest advantage of DO is that no bone harvesting is required, and soft tis-
sue can be expanded and maintained with an adequate blood supply, since the peri-
osteum of the distracted bone is maintained attached. Disadvantages of DO include 
patient discomfort to activate the device and inability to wear dentures [60]. Another 
problem is how to control the direction of the bone segment being distracted (trans-
port disk) [61]. This can be done by slants and lingual ramps [59].

2.6  Bone Tissue Engineering (BTE)

Bioengineering of autologous bone is an exciting minimally invasive alternative to 
bone harvesting techniques [62–65]. Tissue engineering of bone requires the com-
bination of three main elements: biocompatible scaffolds, growth factors, and osteo-
progenitor stem cells [62–66]. This approach combined with recent advances in 
three-dimensional (3D) printing technologies may soon allow the generation of 
large, bioartificial bone grafts with custom, patient-specific architecture [62, 66, 67].

The use of scaffolds plays a key role in BTE [68]. Different methods for produc-
ing porous scaffolds have been used, including solvent-casting, particulate- leaching, 
electrospinning, gas foaming, and phase separation [64]. However, several draw-
backs are associated with the use of organic solvents, long fabrication periods, 
labor-intensive process, poor repeatability, irregularly shaped pores, insufficient 
interconnectivity of pores, and thin structures [64]. Many of these issues have been 
addressed with rapid prototyping technologies such as 3D printing. For these rea-
sons, 3D-printed scaffolds made with functional biomaterials and appropriate struc-
tures have been widely developed for dental tissue regeneration [64, 68–70].

Three-dimensional printed scaffolds can be produced using rapid prototyping 
(RP) techniques, using data from medical images such as magnetic resonance imag-
ing (MRI) and computed tomography (CT) of patients [71–73]. Briefly, the process 
from image acquisition to obtention of the final scaffold is as follows: patient with 
a bone defect will undergo a CT scan [obtention of digital imaging and communica-
tion in medicine (DICOM) files]; DICOM files will be imported into a medical 
image processing software; CT images will be segmented, and 3D virtual models 
generated; selection of the 3D printing technique and the selection of the materials; 
obtention of the 3D-printed bone scaffold; post processing and sterilization [73].
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Different synthetic polymers have been widely used to fabricate bone scaffolds 
such as polylactic acid (PLA), polyglycolic acid (PGA), copolymers of PLA and 
PGA [poly(dl-lactic-co-glycolic acid) (PLGA)], and polycaprolactone (PCL). 
Synthetic calcium phosphates’ (CP) chemical similarity to the natural bone mineral 
content allows to apply it successfully as bone substitutes among a variety of other 
materials (ceramics, bioglasses, polymers, and their combinations) [74–76]. 
Furthermore, composite scaffolds such as those made with PCL and β-TCP com-
bine advantages of polymers and ceramics and have been used successfully to repair 
mandibular defects in vivo [63, 67, 77, 78]; synthetic biomaterials are not affected 
by the immunologic reactions that can be problematic for natural scaffolds [76].

The osteoprogenitor cells can be bone marrow stem cells (BMSCs), adipose 
stem cells (ASCs), dental pulp stem cells (DPSCs), or other stem cells that can initi-
ate osteoblastic differentiation [66, 67, 79, 80]. These stem cells will then be seeded 
within scaffolds. The stem cell growth can be regulated by direct stimuli (i.e., 
growth factors) or environmental control (i.e., bioreactors) [62, 66, 67, 79, 80].

For a clinically relevant application, autologous bioengineered constructs should 
display deep cell penetration and angiogenesis. Vascularization is the key challenge 
in TE of bone [66, 81, 82]. This early process of angiogenesis is critical to sustain 
the grafted cells’ viability. To achieve early angiogenesis, the implanted construct 
must contain proangiogenic factors (such as vascular endothelial growth factor 
secreted by osteoblastic cells) that will induce new vessel formation from the sur-
rounding connective tissue envelope [66, 81, 82]. In addition, the construct must 
physically allow for such vessels to reach the interior of the scaffold before exten-
sive extracellular matrix deposition has occurred [67, 83].

New bioactive synthetic biomaterials, in combination with the establishment of 
rigorous protocols for the translation of mesenchymal stem cells therapies and the 
use of growth factors that can guide cellular and molecular pathways to improve the 
healing mechanisms that will assist the maxillofacial restoration. Mimicking the 
complex 3D architecture and functional dynamics of maxillofacial bone tissue is a 
challenging proposal that generates the need for a customized and on-demand tissue 
replacement strategy to make patient specificity that could not be achieved to date.

3  Final Considerations

Maxillofacial reconstruction and rehabilitation pose significant challenges for the sur-
geons [66, 84]. As the technology advances and with the development of new 
approaches, the ability to develop and create detailed bioactive tissues will become 
more sophisticated [80]. Tissue engineering is a well-established field of research in 
the preclinical setting and a highly active field to develop products and devices fol-
lowing all principles of regenerative medicine [64, 65, 81, 85]. Surgeons should be 
aware of these advances, should be able to select appropriate techniques and materials 
based on current scientific knowledge, and should have the necessary skills for the 
reconstruction of maxillofacial bone defects.
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Use of Three-Dimensional Dental 
Impressions in Maxillofacial Surgeries

Abstract The construction process of 3D solid structures was first introduced by 
Charles Hull in the year 1983. His technique involved printing three-dimensional 
structures by using the technique of stereolithography. Today this technique has 
evolved a lot and took a very important place in modern dentistry. There exist many 
user-friendly 3D scanners which can be used in dental clinics. The prime objective 
of the 3D impression-taking process in oral surgeries is obtaining a high-quality 
copy of one or several implants. This requires structures, healthy adjacent and 
antagonist’s teeth and other maxillofacial regions, establishing a proper interocclu-
sal relationship and then converting this information into accurate replicas of the 
missing or abnormal implanted structures. This chapter addresses the technical 
aspects and applications of digital impressions in maxillofacial surgeries.

Keywords CAD/CAM · Bucco-maxillofacial surgeries · Maxillofacial pathology · 
Reconstruction · Orthognathic surgery · Maxillofacial prosthetics · 3D imaging 
technique

1  Introduction

Dental Imaging has advanced a lot since W.C. Roentgen has discovered X-rays in 
early 1896. Many landmark improvements have been in the dental imaging system 
over a century. It was until the 1990s when the development of digital radiography 
for dental use was commercialized by the Trophy company who released the RVGui 
system [1, 2]. Many other companies such as Kodak, Gendex, Schick, Planmeca, 
Sirona, and Dexis were also involved in design and technology pioneers of digital 
radiography which exist today in the dental imaging market.

The use of digital technology in dentistry in its various forms, maybe it is with 
radiography, crown preparation, or robotic surgeries, has been slow but steady and 
it seems to have been growing with a steep rise every year and have governed partly 
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by involvement of multidisciplinary professionals involved with dental innovations 
and technological research involved in this area. Clinical adoption of new technolo-
gies has not only saved our time in clinical practice but it has also increased the 
durability, perfection, and 100% esthetic accuracy in dental prosthesis made using 
digital dentistry [3].

There are many reasons to adopt digital radiography in daily clinical practice:

• It practically eliminates environmental burdens by removing toxic chemicals 
along with silver and iodide bromide.

• Accuracy in image processing is increased.
• Increased efficiency of patient treatment by decreasing image capture and visu-

alization process.
• Reduced radiation dose to the patient and operator.
• Improved ability to involve the patient in the diagnosis and treatment planning 

process with co-diagnosis and patient education.
• Reduced image distortion and improved the final result in patient treatment.

Today computers interface with every facet of dentistry in clinical practice. In the 
early 1990s, computers were used only in dental clinical accounting and patient 
record maintenance, but today computers make part of almost all the dental treat-
ments, starting from imaging to milling they are everywhere. These computers have 
not only increased efficiency and reliability in the financial side of clinical practices 
but they have also given durability to the dental prosthesis, hence advantage to both 
patient and dental practitioners [3]. Today one can have virtual patient for diagnosis 
at anywhere and anytime (Fig. 1), gone were those days where patient has to make 
various visits to the dental clinic to get his prosthesis done. Today with just two to 
three visits the dental protocols are ready and delivered to the patients. The digitiza-
tion of three-dimensional imaging (Fig.  2) has improved communication among 
fellow and distance practitioners and has enhanced team-based approaches to 

Fig. 1 Biomodel of class II orthognathic surgery for pre-bending plates. (Image courtesy: Dr. 
Otacilio Chagas Junior & 3D technology laboratory of Prof. Fernanda Faot at FOUFPEL, 
UFPel, Brazil)
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surgical planning, surgical simulations, and telesurgery that can be performed 
remotely using robotics.

Among all the benefits brought by three-dimensional dental technology, the role 
within oral and maxillofacial surgeries involving facial reconstructions is rapidly 
progressing with a promising future for the patient and dental surgeon. The effica-
cies of these new technologies were assessed and found to be far better than the 
conventional and traditional methods used in the past, the drawback was found only 
with the increased cost equipment installation, but which can be overcome with 
optimum surgical results, less treatment time, and minimum or no radiation expo-
sure to the patient.

2  CAD/CAM Bucco-Maxillofacial Surgeries

In certain circumstances, facial prosthesis will be better than reconstructions with 
surgery, for example, in cases with high recurrence, patients undergoing radiation 
therapy, elderly patients that should undergo multiple reconstructive surgeries, and 
patients requiring a temporary prosthesis; sometimes the prosthesis is the only 
option for the suffering patient whose physical condition is not appropriate for 
reconstruction surgical procedure.

Types of CAD/CAM techniques in dentistry:

• Stereolithography
• Fused deposition modeling
• Selective laser sintering
• Laminated object manufacturing
• Multi-jet modeling inkjet technology
• Three-dimensional printing (3D printing)
• Solid ground curing

With the help of CAD/CAM technology, we can construct or fabricate custom-
ized tools to be used during the maxillofacial surgery in an efficient and accurate 
manner [4–6].

Fig. 2 Intermediate splint Project on 3D image, (a) frontal view and (b, c) lateral views. (Image 
courtesy: Prof. Dr. Otacilio Chagas Junior & 3D Technology Laboratory of Prof. Dr. Fernanda 
Faot at FOUFPEL, UFPel, Brazil)
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These surgical tools include various forms:

• Customized anatomical replicas.
• Cutting guides for osteotomy design.
• Implant placement guides.
• Anatomical replicas used in the preoperative bending of reconstruction plates.
• Customized bone appliances design.
• Fabrication of customized implants.

All surgical custom designs start with imaging process, where digital images are 
converted into a 3D format known as STL file format (Stereolithography file for-
mat) which is native to the stereolithography CAD software created by 3D Systems. 
STL has several backronyms such as “Standard Triangle Language” and “Standard 
Tessellation Language.” STL files describe only the surface geometry of a three- 
dimensional object without any representation of color, texture, or other common 
CAD model attributes [7].

3  CAD/CAM Maxillofacial Pathology and Reconstruction

Preplanned osteotomies and segment positioning using CAD/CAM have made 
maxillofacial surgeries more efficient and with promising postoperative success 
(Fig. 3). The use of microvascular surgeries and advanced techniques in this field 
has become more widespread in maxillofacial pathology reconstruction with the 

Fig. 3 (a) Pre- and (b) postoperative images of orthognathic surgery. (Image courtesy: Prof. Dr. 
Otacilio Chagas Junior & 3D Technology Laboratory of Prof. Dr. Fernanda Faot at FOUFPEL, 
UFPel, Brazil)
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help of CAD/CAM [8], and has helped to recover large and complex buccofacial 
defects in a short intraoperative time.

3.1  The Principal Aim of Using CAD/CAM in Maxillofacial 
Pathology Reconstruction

The Principal Aim is the reduction of intraoperative time and ischemic time to the 
flap following ligation of the vascular pedicle, accurate superpositioning of the flap 
and anticipated reconstructed segment contouring [6].

Surgical steps/procedure are:

• First, planned resection virtual surgery is performed after uploading the imag-
ing data.

• Margins are drawn which is followed by the interval of bone removal, and an 
image of the bone used for reconstruction is adjusted to the defect using virtual 
osteotomies.

• The collected data from the surgical plan is then used for the fabrication of cut-
ting guides.

• The guides are designed with predetermined angled slots that allow the entry of 
surgical cutting blades for osteotomy of the boné.

• The guide’s holes allow them to be secured to the bone during instrumentation.
• In instances where postoperative radiation is not anticipated, guides may also be 

used for the simultaneous placement of implants.

It is to be noted that before transection of the pedicle it can be performed the 
osteotomies, implant placement, and attachment of the reconstruction plate to the 
bone flap.

4  CAD/CAM Correction of Temporomandibular 
Joint Disorders

It was only possible with CAD/CAM technology the development of customized 
TMJ prostheses and it is evolving in reconstruction improvement day by day. Today 
long-term success in TMJ prostheses is seen due to minimal bony re-contouring 
process which is required to fit the unit in position. Also the reduction of operative 
time by decreasing the surgery table adjustments and special preparations for the 
surgery, all these advantages have reduced or completely eliminated multiple surgi-
cal procedures and the creation of complex anatomy in the surgery region (postop-
eratively) [6, 9]. The improved stability created by CAD/CAM can improve the 
long-time success and durability of the prosthesis.
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5  CAD/CAM Orthognathic Surgery

Treatment planning, intraoperative process, and postsurgical analysis and evalua-
tion have been highly influenced by three-dimensional imaging and CAD/CAM 
technologies which have greatly impacted the approach to orthognathic surgery 
(Fig. 4).

A considerable amount of data is collected during the presurgical evaluation. 
This includes the following:

• Clinical examination
• Dento-facial measurements
• Profile and intraoral photographs
• Dental impressions
• Bite registrations
• Cone-beam CT scan
• Virtual facebow

Following are the surgical data collection steps/procedures:

 1. Acrylic resin jig with attached fiducial markers is used for the initial bite 
registration.

 2. The bite jig is attached to a gyroscope and a virtual facebow is performed, which 
provides a numerical value for pitch.

 3. The CT scan is performed with the bite jig in place. Using the data obtained from 
the gyroscope, the CT image can be reoriented to the patient’s natural resting 
head position.

 4. Next, the dental casts are sent for processing.
 5. For better accuracy, digital imaging of the dentition is performed via a laser sur-

face scan of the dental casts.

Fig. 4 Post 3D printing splint trial in the patient mouth, (a) superior splint and (b) inferior splint. 
(Image courtesy: Prof. Dr. Otacilio Chagas Junior & 3D Technology Laboratory of Prof. Dr. 
Fernanda Faot at FOUFPEL, UFPel, Brazil)
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 6. This data is then integrated with the CT scan. The DICOM files from the CT scan 
may be used for both 3D and 2D assessment.

 7. Cephalometric analysis is performed using traditional landmarks in order to 
quantify the dental and skeletal relationships.

The three-dimensional analysis will help in identifying and quantifying facial asym-
metries during the treatment plan. Cast surgery is performed after data collection 
and cephalometric analysis. This can be a time-consuming process and the accuracy 
of planning for complex movements can be challenging particularly for patients 
with asymmetries.

The real-time dental-skeletal relationship obtained by the 3D image assessment 
by performing various virtual surgical movements. In addition, this allows for the 
identification of various skeletal interferences that may arise, especially with man-
dibular setbacks. Repositioning of maxilla and mandible is done after confirmation 
of the surgical plan and with the help of CAD/CAM, the occlusal splints are fabri-
cated. Finally, 3D imaging allows for an enhanced understanding of the postsurgical 
change during recall. Using stable skeletal landmarks in regions that were not 
changed by surgery, the pre- and postoperative CT images can be superimposed to 
demonstrate the final outcome.

6  CAD/CAM Esthetic Facial Surgery

Today CAD/CAM technology plays a very crucial role in custom facial implants 
fabrication. Many facial deficiencies and anomalies can be corrected by excellent 
facial contouring with custom implants made by CAD/CAM.  Modified stock 
implants can fulfill the void of immediate implant procedures which requires little 
or no modifications prior to placement in the facial region in order to minimize 
contouring irregularities or surgical space fillings. Sometimes during this contour-
ing or while surgery, implant correction procedures may prolong operative time and 
minor visible irregularities may persist after surgery.

Assessment of the operative region before the surgery using 3D CT scan imaging 
technology allows the surgeon to take better decision regarding the surgical approach 
and techniques used in correcting the hypoplastic regions. On the other hand, the 
CAD/CAM technology allows for the fabrication of a precision custom implant 
with increased predictable improvements of enhancement also which directly helps 
in better adaptation to the underlying skeletal structures giving an ideal anatomical 
contouring.

Gone those days where the patient required to take facial impressions and cus-
tom implants made without digital technologies which required lots of required 
patient compliance and most of the time impressions did not accurately capture the 
underlying skeletal structures making inaccurate impressions and quiet messy 
procedure.
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There are a variety of ways to produce custom implants; most of them follow the 
same following methodology:

• Creation of a stereolithographic model and a modeling putty is provided.
• The área of interest is molded and adapted with modeling material.
• This is then sent to a manufacturer for the fabrication of the final implant.
• In this process, virtual planning is available as well which has the advantage of 

allowing for mirroring of the digital image which aids in the correction of facial 
asymmetries in unilateral defects.

7  CAD/CAM Maxillofacial Prosthetics

To esthetically correct the maxillofacial defects it is better served with a prosthetic 
implant approach along with microvascular surgery for excellent results in some 
cases. Retention is the prime problem in some of these cases. Various options are 
available to overcome these problems like including tissue adhesives, carriers such 
as eyeglasses, and osseointegrated implants and many more. Three-dimensional 
digital technologies have changed the treatment planning for the implant-associated 
maxillofacial prosthesis to a great extent. The accurate placement of intraoral and 
extraoral implants is only possible with advanced 3D digital impression technology; 
the no functionality created by improper spacing, depth, and angulation which was 
faced in the past is now overcome by the advantages of using 3D technology in 
dentistry. Apart from creating accurate implants, the three-dimensional imaging 
helps in the assessment of residual bone available and identification of the distances 
from vital anatomical structures [3, 5].

When it comes to interdisciplinary work the digitization of data images allows 
for enhanced collaborative communication among the surgery team members. The 
superimposition of soft tissue reformat with the help of 3D imaging over the skele-
tal structure helps us to overcome the problem of variability of over lying soft tissue 
thickness which otherwise poses another challenge to extraoral implant-retained 
prostheses.

Sometimes the trial pattern has marginal deficiencies while fabricating which 
needs to be adjusted; this is because some software cannot be used for superimpos-
ing or they do not superimpose accurately. The other way to overcome this problem 
is to take the digital data of a patient defect using photographs or scans, next super-
impose the patient’s data with data from the data bank. By doing this the margin and 
shape of the prosthesis can be adjusted according to the area of the defect. Hence the 
software selection is very important during the reconstruction process.

One of the areas that has developed most significantly has been the construction 
of metallic structures for prosthodontics. More recently, the additive technique of 
selective laser melting (SLM) was developed for construction of RPD infrastruc-
ture. SLM produces three-dimensional metal structures directly from a CAD model, 
with layers of powder materials which have been melted and layered over each 
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other using a laser. It allows for the creation of complex geometries with concave 
and thin zones at the base of the metal structure which are very difficult to achieve 
using subtractive methods [3, 4].

8  CAD/CAM Oral and Maxillofacial Surgery

Template guided approaches and surgical navigations obtained via CAD/CAM are 
part of digital surgeries in modern dentistry. Data obtained from the 3D imaging 
technique is used for navigation to provide directional and spatial assistance to sur-
geons during the surgery.

The use of CAD/CAM techniques in maxillofacial surgeries has several advan-
tages over manual procedures such as clinicians have digital data that can be used 
repeatedly for the purpose of making a trial pattern or facial prosthesis. Trial pattern 
made with CAD/CAM technique can be adjusted for its thickness so that the final 
facial prosthesis can be made as light as possible while maintaining its shape and 
texture [10], apart from this it creates shorter fabrication time, requiring less excel-
lent clinical skills but high software and technological knowledge.

It is very important to note that the image guidance is provided in real time and 
the imaging is obtained prior to surgical navigation. To overcome volumetric defor-
mations associated with MRI data, CT scans are most commonly used which are 
precise images [10]. Image slices around 1  mm assure the accuracy of imaging 
techniques. The data obtained is then uploaded to the computer module. Anatomical 
landmarks are registered on the patient and interrelated with the same regions on the 
uploaded imaging.

The landmarks vary from the surface landmarks, screws placed and secured to 
bony prominences, or using landmarks attached to a mask secured to the patient. 
The landmark registration is performed using a stylus, which is recognized by a 
camera linked to the imaging display module. Each landmark is confirmed between 
the display image and the patient. The camera links to the registered stylus using 
either infrared, electromagnetic, or ultrasound data transfer [11].

During surgery, it is important to verify the previously registered landmarks. In 
some cases, the error may be introduced from any kind of surface tissue movement 
or following surgical manipulation. According to the literature, the accuracy of ana-
tomical localization is near about 1 mm.

The main aim of this technology is to reduce morbidity and invasiveness and 
assist with image-guided localization of surgical landmarks. Access to the operation 
site is a common challenge of most surgeries, and also restricted visualization by 
anatomical structures and cosmetic demands. Deep orbital regions are sometimes 
difficult to reach and particularly challenging, in such cases the digital image guid-
ance is helpful to avoid accidents with vital structures here such as the optic nerve. 
Normative values reference is used to determine safe dissection distances from the 
intraorbital rim to each structure situated nearby. These reference values become 
immaterial if there is extensive comminution of the rim which also complicates 
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proper reduction and subsequent esthetic outcome of traumatic bony defects. 
Verification of reduction is lost with the loss of bony landmarks. As a result, the 
accuracy in the projection of the involved bone is challenged and results in compro-
mised facial esthetic.

Mirroring technique is used:

• To correct the unilateral facial defect the surgical navigation software can help 
restore facial symmetry through the use of mirroring.

• The image of the uninjured side is replicated, a mirror image is created and 
superimposed to the injured side.

• The malpositioned bone is then repositioned in its right anatomical position 
three-dimensionally until a desired projection is obtained and verified using the 
navigation module [12]. Fixation is then applied.

In some situations where the bilateral destruction is very vast that the mirroring 
techniques are not possible in such situations, the surgeon can go for the patient’s 
siblings or children’s facial impressions where the facial appearance and contours 
are more likely to match the reconstruction process.

9  CAD/CAM Robotic Maxillofacial Surgery

Minimally invasive surgery has evolved to include robotic or computer-assisted sur-
gery. Robotic surgeries using smaller incisions and endoscopy technology have 
reduced manpower in the surgery hall; it has even benefited the postoperative patient 
care process by reducing blood loss, suture dimensions, decreased pain, and 
decreased use of analgesics postoperatively and all these have directly contributed 
to faster patient recovery.

The robotic surgeries have been around for many years but their use was limited 
to medical surgeries like cardiac, urological procedures and obstetrics, but in recent 
years it has been used in T1/T2 tumors treatment involving head and neck region. 
This technology is known as TORS (Transoral Robotic Surgery), which has elimi-
nated the aggressive mandibulotomy procedures in many complex cases of oropha-
ryngeal tumors and reduced surgical unnecessary mutilations of buccofacial region.

Following are the basic concepts of robotic surgeries:

• All the delicate and complex surgical movements are controlled by robotic arms 
distantly from a console.

• Direct instrument manipulation is eliminated completely.
• Most of the time the surgical procedure is performed from remote locations.
• Visualization is improved with high-end laparoscopic instruments and the deli-

cate high precision robotic arm movements allow for more degree of surgical 
movements.
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• Basic components involved include the surgeon’s console, robotic arms with 
attached instruments, and a hi-definition camera, which transmits images to the 
console.

• Scaled-down micro-movements of the remote robotic arms are transmitted from 
the surgeon’s finger movements from the console.

The initial setup of the Robotic unit may cost very high, but public funded units 
and government hospitals can install one of this surgical equipment which will 
decrease inpatient time and reduce other postoperative costs for government and 
patient, the drawbacks which involved also include the time and investment required 
to train the surgery staff and preoperative setup duration (Fig. 5).

10  The CAD/CAM Implant Manufacturing Procedure

There are two types of implant manufacturing procedures:

• Subtractive manufacturing
• Additive manufacturing
• Subtractive manufacturing: which cuts off a piece of material to form the 

final shape.
• Additive manufacturing: which builds up the material by stacking.

Subtractive manufacturing, the traditional machining technique, has the disad-
vantage in which it is difficult to make complicated shapes by computer numerical 
control (CNC) milling and there is a lot of material waste. Additive manufacturing, 
known as rapid prototyping or 3D printing, has the advantage of being very sophis-
ticated, with less material waste, faster production times, and the ability to produce 
complex structures (Fig. 6)

Fig. 5 Finalizing mandible printing at 3D printer set, printed mandible biomodel. (a) Mandible 
printing at 3D printer set, (b) Posterior view, (c) superior view, and (d) inferior view

Use of Three-Dimensional Dental Impressions in Maxillofacial Surgeries
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Types of additive manufacturing processes:

• Binder jetting (BJG)
• Direct metal laser sintering (DMLS)
• Electron beam melting (EBM)
• Laser engineered net shaping (LENS)
• Fused deposition modeling (FDM)

11  Conclusion

Technological developments are not intended to replace physical examinations or 
human to human health care assessment and service providing but to help as adjunct 
to investigation and care to provide, the outcome of the surgery exclusively depends 
on the surgeon’s decision based on diagnosis and patient history gained by physical 
examination; hence physical examination along with the help of technology will 
continue to transform the health care industry.

The drawbacks of these modern technologies are their high costs and sophisti-
cated digital tool and techniques expertise which keep us away from advantages of 
using these technologies in our day-to-day clinical practice, but some of our fellow 
professionals have used their creativity to breakthrough these difficulties. Gamarra 
et  al. used a camera phone and free software to convert two-dimensional photo-
graphs into three dimensions to obtain digital data in the fabrication of facial pros-
thesis. This statement does not encourage to make use of free software to treat 
patients but it serves as the humanitarian use of scientific advancement removing 
the cost factor and making technology affordable to bring prosperity to the human 

FDM BJG
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Additive
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Fig. 6 Manufacturing process of CAD/CAM implants. (Art by Dr. Mohammed Irfan)
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race; it is very important to remove the financial barriers which deprive human race 
from basic rights of health.

Always the patient should be given information about the treatment plan along 
with the limitations of the prosthesis. This is very important because of the patient’s 
very high expectation of his new prosthesis. Many health research on the quality of 
life of patients with cancer in the head and neck areas show high levels of emotional 
stress, physical limitations, facial or body shape changes, and poor social relation-
ships. Our face is a prime identity in society; hence we as buccofacial surgeons 
should make the treatment process as transparent as possible to our patients.

CAD/CAM technology has made surgeries much easier than before but we can-
not lose sight of traditional methods such as imaging that may allow for a closed or 
limited access approach during surgery; there can be situations where the surgeon 
has to perform open approach as a result of equipment failure or complications dur-
ing surgeries. These technologies have helped us treatment and evaluation predic-
tions even before surgeries and made our understanding much refined regarding 
complex anatomical structures which are difficult to access in some situations. 
Today we have better understanding of anatomical limitations which are uniques to 
each patient apart from facilitating surgical procedures. The technology has also 
enhanced our learning by using these technologies as educational tools to our future 
buccofacial and dental surgeons.

Today the modern digital dentistry has made reconstruction intentions more 
quantized and applied more accurately offering more tailored end products with less 
intraoperative effort. Esthetic was never before much accurate than now and this 
was only possible by virtual surgical decisions before performing the surgery, pre-
dicting the soft tissue response to skeletal manipulation that has both functional and 
esthetic implications.

Digital workflows cannot be used for emergency situations due to their time- 
consuming process which can delay emergency post-traumatic surgery implants. It 
takes few days to weeks to construct the PSI in laboratory establishment outside the 
hospital or clinic; however, this can be overcome by 3D printers which are relatively 
inexpensive and modern researches have made them more accurate, making it pos-
sible to manufacture anatomical structures within the operating premisses reducing 
the time and risk of transport.

References

 1. Mouyen F, Benz C, Sonnabend E, Lodter JP.  Presentation and physical evaluation of 
RadioVisioGraphy. Oral Surg Oral Med Oral Pathol. 1989;68(2):238–42.

 2. Benz C, Mouyen F. RadioVisioGraphie—system for film-free intraoral radiographs [Article in 
German]. Dtsch Zahnarztl Z. 1989;44(3):177–9.

 3. Mendes TA, Marques D, Lopes LP, Caramês J. Total digital workflow in the fabrication of a 
partial removable dental prostheses: a case report. J SAGE Open Med Case Rep. 2019;7:1–5.

 4. Koutsoukis T, Zinelis S, Eliades G, et al. Selective laser melting technique of Co-Cr dental 
alloys: a review of structure and properties and comparative analysis with other available tech-
niques. J Prosthodont. 2015;24(4):303–12.

Use of Three-Dimensional Dental Impressions in Maxillofacial Surgeries



378

 5. Yeung M, Abdulmajeed A, Carrico CK, Deeb GR, Bencharit S. Accuracy and precision of 
3D-printed implant surgical guides with different implant systems: an in vitro study. J Prosthet 
Dent. 2020;123:821–8. https://doi.org/10.1016/j.prosdent.2019.05.027.

 6. Takano M, Sugahara K, Koyachi M, Odaka K, Matsunaga S, Homma S, Abe S, Katakura 
A, Shibahara T.  Maxillary reconstruction using tunneling flap technique with 3D custom- 
made titanium mesh plate and particulate cancellous bone and marrow graft: a case report. 
Maxillofac Plast Reconstr Surg. 2019;41(1):43.

 7. Orentlicher G, Horowitz A, Abboud M. Computer-guided implant surgery: indications and 
guidelines for use. Compend Contin Educ Dent. 2012;33(10):720–32.

 8. Zheng J, He H, Kuang W, Yuan W.  Presurgical nasoalveolar molding with 3D printing 
for a patient with unilateral cleft lip, alveolus, and palate. Am J Orthod Dentofac Orthop. 
2019;156(3):412–9.

 9. Chen S, He Y, An JG, Zhang Y. Application of computer-aided virtual mandibular position in 
the simultaneous treatment of children with temporomandibular joint ankylosis and jaw defor-
mity [Article was translated from Chinese]. Beijing Da Xue Xue Bao. 2019;51(5):954–8.

 10. Wubulihasimu Z, Tuerhong M, Zhang Z, Li H, Kadir N, Xie M, Abulaiti M, Abulaiti A, 
Tulamaiti N, Maimaitiming B, Aili W, Ni Y.  Clinical analysis and CT 3D-mediated pre-
cise internal fixation in maxillofacial fracture. Ear Nose Throat J. 2019; https://doi.
org/10.1177/0145561319882114.

 11. Kaduk WM, Podmelle F, Louis PJ. Surgical navigation in reconstruction. Oral Maxillofac Surg 
Clin North Am. 2013;25(2):313–33.

 12. Bui TG, Bell RB, Dierks EJ. Technological advances in the treatment of facial trauma. Atlas 
Oral Maxillofac Surg Clin North Am. 2012;20(1):81–94.

I. Mohammed

https://doi.org/10.1016/j.prosdent.2019.05.027
https://doi.org/10.1177/0145561319882114
https://doi.org/10.1177/0145561319882114


379© Springer Nature Switzerland AG 2021
R. S. Chaughule, R. Dashaputra (eds.), Advances in Dental Implantology  
using Nanomaterials and Allied Technology Applications, 
https://doi.org/10.1007/978-3-030-52207-0_16

Use of Zygomatic Implant on the Severe 
Atrophic Maxilla

Abstract Osseointegrated implants are the most effective tool for rehabilitation of 
total or partial edentulous patients; however, the presence of bone atrophy is an 
obstacle for the use of implants. On severely resorbed maxilla the limitations for the 
installation of conventional implants requires alveolar reconstructive procedures 
with the use of autogenous bone grafts harvested from iliac intraoral donor sites or 
autologous bone graft, increasing morbidity and cost of the treatment.

As an alternative to the use of large bone reconstruction, Brånemark in 1984 pro-
posed that the zygoma bone can be used as anchorage for long implants supporting 
prosthetic rehabilitation. Actually, zygomatic implants are the most effective option to 
bone grafts on the rehabilitation of edentulous patients with severe resorbed maxilla.

Despite the high rate of success of zygomatic implants for edentulous patients, 
their indication on partial edentulous has been restricted to hemimaxillectomized 
patients. In this chapter we will discuss the importance of virtual planning to cor-
rectly disseminate the masticatory forces on these implants and the importance in 
technology as a fundamental factor of treatment success.
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1  Introduction

Dental implants have revolutionized the rehabilitation of the masticatory function in 
edentulous patients, providing a predictable, functional, and esthetic alternative to 
conventional dentures. However, long-term edentulism, with severe bone loss and 
sinus pneumatization, leads to significant reduction in bone anchorage [1, 2]. 
Trauma, craniofacial deformities, or ablative surgery sequelae may reduce the 
amount of bone available, resulting in bone discontinuity and compromise the qual-
ity and quantity of the remaining soft tissue available for graft coverage [3–6]. The 
insufficient height and width of the alveolar ridge at the implant site in the severely 
atrophied maxilla constitutes a therapeutic challenge for surgeons, requiring 
advanced reconstructive alveolar surgery, increasing costs and morbidity [4, 7–9].

The original purpose of zygomatic implants (ZI) was the rehabilitation of patients 
with congenital deformities who underwent ablative surgery like maxillectomy tumor 
resection [10]. The severely atrophic maxilla shows less or no alveolar bone for implant 
anchorage, poor vascularization, and insufficient soft tissue for the coverage of grafts. 
The challenges faced by the surgeons in the rehabilitation of these patients are similar 
to those of maxillectomy patients [4, 9, 11]. Brånemark expanded the indications for 
zygomatic implants (ZI) and introduced ZI as an alternative system to overcome the 
problems associated with the rehabilitation of the atrophic maxilla [1, 10, 12].

Although the planning and execution of ZIs is more complex than that of conven-
tional implants, the functional and esthetic results are very gratifying, with a success 
rate of 96–98% and a low rate of complications, making ZIs a reliable alternative for 
the rehabilitation of the complex severely atrophic maxilla [13–17].

2  Indications

The success of any bone graft is dependent on the quality of the soft tissue cover, 
graft stability, the osteogenic potential of the recipient bed, and the grafted material. 
A favorable flap placement and graft stabilization is achievable in the maxilla 
because it is fixed bone and has excellent vascularization. However local inflamma-
tory factors such as chronic periodontitis, recurrent infections, traumatic surgeries, 
and previous graft failures may compromise flap mobility and dramatically reduce 
maxillary vascularization, compromising the success of reconstructive bone graft-
ing procedures [5, 13, 15, 18]. The Schneider membrane is highly vascular and has 
high osteogenic potential, being one of the best graft receptor beds in the face, and 
one of the factors for the high success rate of sinus lift procedures. However factors 
such as age, systemic or sinus diseases, smoking, and others reduce this capacity of 
the sinus membrane, leading to extensive resorption of the sinus grafts [2, 9]. The 
primary indication for ZIs is cases where the prognosis of the grafts is poor or where 
contraindications to conventional reconstructive surgery exist [4, 14, 19].

ZIs may also be an alternative to grafting procedures by facilitating immediate 
loading, reducing the rehabilitation time, necessitating a less invasive surgery com-
pared with autogenous bone graftings by eliminating the donor bed, reducing the 
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total cost of treatment as it can be performed in a single procedure, and eliminating 
bio-material or extraoral graft removal costs [6, 7, 14, 20, 21].

ZIs indicated in elderly patients not only for the poor prognosis of grafts in this 
age group but also due to the use of artificial gums as a tool to correct the high bone 
loss, resulting in a more acceptable prosthesis [6, 16, 17, 22]. The palatinized head 
position of the ZIs at the first protocols resulted in the adoption of ZIs as a last resort 
in patients with advanced atrophy of the maxilla. However, the high success rate and 
the polarization of the position of the implant head over the intrasinus insertion of 
the implant body according to the concept of prosthetic reverse planning [23, 24] 
have led more and more surgeons and patients to choose ZI modality over maxillary 
grafting for fixed prosthetic rehabilitation (Fig. 1).

2.1  Contraindications

ZIs are contraindicated in patients with chronic maxillary sinus diseases, malar 
bone defects or malformations, patients with irradiated head and neck (with doses 
over 70  Gy), patients on immunosuppressants, immunodeficient patients, and 
patients with psychiatric problems and uncontrolled diabetics.

The relative contraindications for ZIs are young patients, presence of oroantral 
communications, partial edentulism, pregnancy or lactation, and severe uncon-
trolled periodontal disease.

3  Biomechanics of Zygomatic Implants

Although ZIs have long screws, only one-third of the implant body is in contact with 
bone, so proper selection and placement of the implant is essential for successful 

Fig. 1 ZIs are long 
implants that have a strong 
anchor in the zygoma, a 
dense bone of the face. 
Due to the high torque and 
proximity with alveolar 
bone, they can provide an 
excellent alternative to the 
rehabilitation of atrophic 
maxillae without the need 
of reconstructive surgeries, 
reducing time, morbidity, 
and cost of the treatment

Use of Zygomatic Implant on the Severe Atrophic Maxilla



382

rehabilitation [25]. The zygomatic bone is a pyramidal structure with a square base, 
with an average length of 14.1 ± 4.7 mm on the transverse axis of the zygoma body, 
allowing for an excellent area for insertion of implants and a high-quality dense 
bone. The jugal point which is the point of bone insertion of ZIs shows a wide and 
dense cortical bone on histologic analysis permitting an excellent anchorage point 
for the implants [26–28].

The surgical technique influences the bone-implant contact with the extramaxil-
lary exhibiting higher bone-implant contact area compared with the intra sinus 
approach [29, 30]. Axial loads are favorable for conventional implants with limita-
tions to the lateral and rotational (momentum) loads [26, 31]. ZI shows a unique 
load distribution, because it is an inclined implant and the occlusal stresses are not 
borne significantly by the alveolar crest. Mathematical models demonstrate that the 
vertical and axial loads are lesser in ZIs because the load is transmitted in several 
directions due to the three-dimensional angulation of the implants [26].

The occlusal load is distributed through the infrazygomatic crest and divided into 
the frontal and temporal processes of zygomatic bone, with a stress concentration 
along zygomatic-maxillary suture, similar to the stress load distribution in the eden-
tulous jaw. Stress under lateral loads, is generated at the connection of fixture and 
abutment, showing possible marginal bone loss around the head of the implant and 
components failures. To prevent rotational loads the ZIs must be connected to con-
ventional (or zygomatic) implants as anterior as possible and a contralateral zygo-
matic (or conventional) implant nullifying twist and reducing load under the 
fixture-abutment joint [25, 32].

3.1  Finite Element Analyses (FEA)

FEA shows that stresses due to occlusal forces are mainly withstood by zygomatic 
bone, being transferred through the infrazygomatic crest and divided into the frontal 
and temporal processes of zygomatic bone in two directions. Since Stress under the 
zygomatic-maxillary suture was also reported, it is reasonable to conclude that 
height stress also occurs in vivo. The stress in the implant model is generated at the 
center of the implants and into the joint of the fixture-abutment connection. Vertical 
and lateral loads are not favorable from a biomechanical perspective because though 
the angulation and three- dimensional space distribution of the zygomatic and con-
ventional implants theoretically prevent rotational loads by load-stress dissipation 
in several directions, they cannot avoid fixture-abutment stress under lateral load 
[25, 31].

Despite the versatility and reproducibility of FEA for the evaluation of forces on 
biological models, the majority of FEA studies on ZIs use homogenous models. 
When pre-load stress is considered, the forces under the fixture-abutment connec-
tion are reduced, showing that more detailed models are needed for a better simula-
tion as this is a critical point for force concentrations and failures [33].
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FEA of the bridge (Fig.  2) shows that the magnitude of stress support is not 
increased by the presence of bone at the alveolar ridge, regardless of the direction of 
the load, being more than two times of occlusal forces, when no alveolar bone is 
present on the head of the implant. Thus, it shows that although the presence of 
alveolar bone anchorage is beneficial for force distribution, the crestal position of 
the head is more important for the bridge force dissipation than the palatal position 
[34] because stress is more gradually redistributed over the maxillary sinus and 
cranial structures by the extra-sinus approach [25].

In FEA studies anterior conventional implants reduce the stress generated on the 
body of the ZIs. ZI shows superior results in FEA when compared to all-on-4 tech-
niques. There is no stress load in the alveolar processes of anterior implants when 
associated with ZIs. All-on-4 fixed dentures have no bone safety margin with sig-
nificant reduction of stress values in posterior alveolar bone, but increase in stress 
on anterior alveolar bone. The stress value for ZIs is around 30% [11, 33, 35].
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Fig. 2 The Von Missel scale shows the stress on the framework and distribution of load on the bar. 
This simulation demonstrates the importance or proper implant position and the use of metallic 
bars for abutment connection
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4  Surgical Technique

The technique of ZIs has evolved since it was introduced by Brånemark in 1998. 
Several modifications were introduced in order to improve implant head position, 
increase bone anchorage, reduce morbidity, or consider anatomical variations in the 
atrophic maxilla. We will describe the most significant modifications of the original 
technique.

4.1  The Zygoma Implant Set

The zygoma set is very similar to the conventional 4.1 mm implant set, with similar 
drill sequences, implant driver, cover screw and healing screw drivers, measure-
ments of deeper gauge, zygoma retractor, lip commissure protector, assembler 
piece, adapter for drills, and a handpiece for manual implant insertion. Some implant 
sets also provide a very useful drill with lateral diamond cut surface for the opening 
of the antrostomy slot, resulting in a faster and safer procedure. All drills and instru-
ments are adapted to the size and anatomy of zygoma.

The length of the drills and the angulation required to reach the zygoma have to 
be considered at the clinical evaluation, as the presence of mandibular teeth or pros-
thesis, mouth opening restrictions, etc. are the factors that may influence on the ease 
of the drilling process.

Although most sets are very basic, few sets offer an option of shorter and longer 
length of drills and options that can be useful for the adjustment of the implant posi-
tion and variations according to jaw size. Based on this, some customization of the 
set may be helpful. Working with multiple sets will provide more than one standard 
drill size; the drills and deeper measurements gauge can offer more versatility on the 
first drilling and allows measurements on initial perforations.

Retractors are essential for proper surgical field visualization. The mouth opener 
used by orthodontists for appliance installation can provide an excellent general 
mouth view which can be improved by the utilization of a reverse Langenbeck 
retractor usually used for Le Fort I osteotomy, or a laster retractor, developed for the 
visualization of maxillary third molars. This will provide an excellent visualization 
of all the anatomic landmarks necessary for ZI installation (Fig. 3).

4.2  Classical Zygomatic Approach

The classical approach consists of a molar-to-molar palatal incision. A flap is 
reflected exposing the palatal and crestal bone. The detachment of the mucosal flap 
involves the exposure of the piriform rim with detachment of the nasal mucosa, the 
exposure of the anterior wall of the maxilla, the pterygoid buttress towards the 
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B

D E

C

Fig. 3 Instruments for ZI surgery retractors, detachers for oral and sinus mucosa, set for irrigation 
and suture (a), components of the ZI set; drill sequence, lip retractors, measurements gauges, insert 
handpieces (b), Laster’s retractor for visualization of zygoma base osteotomy point and implant 
top reference (c), perforation drill (2.8 mm) osteotomy at the base of zygoma showing entry point 
(d) and the symmetry between both sides (e)
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zygomatic bone, with the infraorbital nerve and the zygomatic body and arch into 
the zygomatic malar suture, providing a complete exposure of the anterior maxillary 
and zygomatic structures. Using a round bur a large window is opened in the ante-
rior wall of the maxilla in order to access the sinus. The Schneiderian membrane is 
reflected creating an accessory cavity inside the maxillary sinus for implant drilling. 
The zygoma base is drilled while protecting the membrane and the implant body is 
inserted into the maxillary sinus [1, 7, 10] (Fig. 4).

4.3  Sinus Slot Approach

The sinus slot technique was proposed by Stella and Warner and consists of a molar- 
to- molar crestal incision with a bilateral posterior vertical releasing incision. The 
palatal mucosa is exposed just enough to expose the crest and bur position. The flap 
is reflected from the base of piriform rim up to the inferior aspect of the infraorbital 
nerve and zygomatic buttress and half of the body of zygoma.

A perforation through an alveolar bone in the direction of the zygoma body is 
made with a fissure or a Lindemann bur, on the position planned for the implants 
head after a depth gauge is placed on the hole. The path of the implant is simulated 
and the superior point is marked. A second bur is then used to prepare a small win-
dow (slot) connecting the alveolar ridge (or the implant head), through the sinus, 
with the base of zygoma. The slot produces a small antrostomy that allows the 

Fig. 4 Classical approach 
with the sinus membrane 
detachment and the intra 
sinusal path of ZI into the 
base of zygoma (a). Crestal 
incision and antrostomy 
reduction in order to 
preserve the alveolar 
ridge (b)
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reflection of Schneiderian membrane, allowing safe drilling for the implant and 
proper irrigation on the top of the drill [23, 24] (Fig. 5).

4.4  Extramaxillary Approach

The extramaxillary approach consisted of a supra crestal incision similar to the one 
described by Stella, allowing the visualization of the maxillary anatomical struc-
tures and zygoma bases. A spherical or a Lindemann bur is used to perforate the 
alveolar crest, emerging on the vestibular face of alveolar ridge, drilling until the 
base of the zygoma body. The drilling osteotomy is progressively widened accord-
ing to the zygomatic implant protocol. No antrostomy is performed on the extra-
maxillary approach [30] (Fig. 6).

Fig. 5 (a) 3D 
stereolithographic model 
for surgical and prosthetic 
planning. Surgical guide 
was fabricated for 
determination of implant 
head position and as a path 
to avoid drilling angulation 
error. (b) Slot and 
membrane deflection for 
drill irrigation and implant 
insertion in the base of 
zygoma. (c) Implants 
installed according to the 
prosthetic planning

Use of Zygomatic Implant on the Severe Atrophic Maxilla
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In majority of cases, the decision of a slot or extramaxillary technique is related 
to the anatomy of maxilla and zygoma, because severe atrophy results in the palatal 
dislocation intensifying the zygomatic buttress curvature. An extramaxillary 
approach is preferred in such cases to obtain a better implant head position. On the 
other hand, in the cases with smooth maxillary zygomatic curvature, the implant 
path may require a slot for membrane protection, drilling visualization and irrigation.

4.5  Minimally Invasive Approach

Several authors refer to the use of guided surgery as minimally invasive surgery. 
However, the incision, reflection, and drilling are exactly the same as the conven-
tional approach, the only one difference being the use of a guide cast in order to 
orient the drill direction. The concept of minimally invasive procedure relies on the 
significant reduction in the surgical manipulation of the tissues, improving the effi-
ciency of the surgical technique. Arthroscopy is a good example of minimal invasive 
procedure for the manipulation of soft tissues around a joint, improving the effi-
ciency of the procedure and reducing morbidity. Because the extramaxillary tech-
nique does not prioritize the need for palatal anchorage, the visualization of the 
alveolar crest is not essential for ZI insertion and its success. Hence the incision can 
be shortened and displaced to the vestibular mucosa without compromising the 
final result.

In the minimally invasive approach, a small incision (2–4 cm) is made on the 
jugal mucosa close to the buccal fornix, the maxillary fossa, and zygomatic buttress, 
and a tunnel is prepared from the alveolar crest to the inferior half of the zygoma 
body. After the flap reflection, a spherical or a Lindemann bur is used trans- 
mucosally, from the planned implant head position, towards the base of the zygoma 
through the alveolar bone. If necessary, a slot is opened; however, if the drill path 
passes outside of the sinus, no antrostomy is necessary, resulting in an extramaxil-
lary implant (Fig. 7).

Fig. 6 The extramaxillary 
approach does not require 
antrostomy; the ZI passes 
external to the sinus lateral 
wall directly to the zygoma 
bases. This approach 
provides a more lateral 
position of the implant 
head, compensating for the 
lateral alveolar resorption 
that usually occurs in 
severely atrophic maxilla
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A

B

C

D

Fig. 7 Minimally invasive 
approach provided through 
a tunneling technique, a 
surgical field very similar 
to the open classical 
approach, allowing for the 
slot osteotomy and 
membrane detachment (a). 
An access to the zygoma 
base for the installation of 
ZI (b). The minimally 
invasive approach can 
reproduce the advantages 
of the flapless technique, 
providing a better soft 
tissue response and 
protecting keratinized gum 
around abutments (c). If 
necessary, the incision can 
be easily extended for the 
installation of a 
second ZI (d)
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After the determination of the implant entry point on the zygoma base, the 
implant site is prepared by a widening drill sequence and the implant is inserted 
through the trans mucosal approach into the drilled path. Despite the excellent visu-
alization provided by the classic approach, it requires an excessive denudation of 
maxillary bone, with reflection of the vestibular sinusal and palatal mucosa which 
may compromise the bone vascularization, leading to bone resorption, infection, 
increasing surgery time, and swelling.

All of the other approaches provide proper visualization of the surgical field. 
However, the minimally invasive approach allows minimal reflection preserving 
soft tissues and vascularization. Despite the advantages of soft tissue preservation, 
namely reduction of pain and swelling, the major advantage of the minimally inva-
sive approach is the preservation of the keratinized gingiva essential for the long- 
term survival of conventional implants due to the protection of attached gingiva and 
reduction of peri-implantitis. This factor contributes to the success of ZIs by reduc-
ing bleeding and discomfort, and possibly reducing sinus infection, frequent com-
plaints related to ZIs.

Although there are advantages of the minimally invasive approach, it requires a 
large learning curve for the technique, and demands a profound knowledge of anat-
omy. Hence it is recommended only for experienced surgeons [36].

4.6  Implant Head Position

Brånemark originally proposed that ZIs should be placed from a palatal alveolar 
bone position into the zygomatic bone via the maxillary sinus. The palatal approach 
was supposed to increase implant stability since the implants would be anchored on 
four bone cortices. Although bone anchorage is crucial for implant survival, other 
factors must also be considered. The palatinization of ZIs produces a huge volume 
of the prosthesis, making maintenance of oral hygiene harder, an important factor 
for the increase of peri-implantitis around ZIs [20, 30, 34]. This results in tongue 
obstruction, interfering with deglutition and speech. The palatal volume is also an 
obstruction for the tongue interfering with the speech of some patients. This can be 
critical in patients with cleft and cancer deformities who already have speech 
problems.

Stella et al. [24] compared the prostheses in ZIs with the head positioned on the 
alveolar ridge and on palatal bone, and concluded that the results were superior in 
the implants positioned on the alveolar ridge. Based on their results, the authors 
proposed a modification of the original technique, consisting of the insertion of the 
implants based on the best prosthetic position resulting in an extramaxillary path for 
the zygomatic insertion of the implant instead of depending on the palatal 
bone anchor.

The extra sinus technique shows the advantages of improvement in the implant 
path visualizations and reduction in the frequency of sinus invasion by antrostomy, 
with a significant reduction in the sinus infection [30, 36, 37].
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4.7  Drill Sequence

There are several sets for ZI technique; however, all ZI sets basically follow the 
instrumentation for the conventional 4.1 mm implants. Obviously, the length of the 
drills and measurement gauges are adjusted to the alveolar crest/zygoma distances, 
being longer than conventional implant drills. The first drilling is performed with a 
perforation drill which is spherical in shape. The perforation drill (a Lindemann or 
similar can also be used) is used to cross alveolar bone and mark the entry point for 
the sequential drilling on zygoma.

If the antrostomy drill is available, the blind top is inserted in the zygomatic 
perforations and a slot is opened with the lateral cutting surface on the maxillary 
lateral wall. If the set does not provide a specific drill, a spherical or egg drill can be 
used in order to create the antrostomy and reflect the sinus membrane. After the 
protection of the sinus membrane (in the intra sinus approach), the drill sequences 
(drills of 2.3, 2.8 mm, pilot and 3.5 mm) are used in order to widen the implant path 
perforation.

A crucial challenge of the ZI drilling is irrigation because automatic irrigation is 
not enough. The cisterns are designed to irrigate the top of the conventional drills 
but are unable to reach the longer zygomatic drills. In order to achieve proper irriga-
tion, two systems are needed: the conventional mechanical irrigation provided by 
the drilling system for the crestal area and a manual (with a 20 ml syringe and saline 
solution) irrigation for the top of the drill.

ZIs can be easily installed with the use of the driller. Due to the high torque pro-
vided by the dense zygomatic bone, we recommend the hand approach, at least for 
the final screwing of the implant. The length of the implants range from 30 to 55 mm 
(may vary according to the manufacturer). The most common implant lengths are 
35 to 45 mm for posterior position and 45 to 47.5 mm in the case of all-on-4 for 
anterior position [32].

The size selection will vary according to several factors, like ethnic characteris-
tics, patient’s size, severity of the atrophy, implant emergence position, and tech-
nique adopted (intra or extra sinusal path).

4.8  Postoperative Care

ZIs should preferably receive immediate loading. Patients operated in primary care 
settings may have to wait for dehospitalization for casting; however, they can be 
immediately rehabilitated with the provisional fixed acrylic prosthesis. However, 
metal frameworks (titanium or zirconia) with acrylic teeth may need an extra day 
for their fabrication in the laboratory but provide a much superior load distribution, 
reducing bending and twisting forces. After 3–6 months ceramic teeth can be deliv-
ered [32].
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Immediate loading does not mean immediate stomatognathic functional rehabili-
tation. Consumption of hard food, speech, muscle and articular proprioception will 
time for adjust and adapt to the new oral situation. Several factors like atrophy, 
presurgical prosthesis quality, previous temporomandibular joint or muscle prob-
lems, and surgical techniques exclude important factors and use will influence on 
time needed for the prosthetic reestablishment, physiotherapy, and speech therapy 
in some patients.

Teeth extraction or alveolar ridge incisions are followed by soft tissue changes in 
the osseointegration period, causing air escape or food retention, and will require 
adjustments of the prosthesis. On the other hand, the minimally invasive approach 
will reduce the soft tissue accommodation, as the incision and reflection is not in the 
prosthetic area, reducing the postoperative revisions.

ZIs can be placed by a variety of approaches, all with similar success rates rang-
ing from 95% to 100%. A systematic review of 68 studies found a 12 year implant- 
level cumulative survival rate of 95.21%, which is close to that of conventional 
implants [4, 7, 17, 21].

5  Complex Cases

ZIs are a valid alternative rehabilitation of edentulous patients with an atrophic 
maxilla, showing good and predictable results. These results and the experience 
with maxillectomized patients encourage us in the use of ZIs for complex cases with 
similar problems or partial edentulism.

5.1  Orosinusal Communications and Zygomatic Implants

Orosinusal communications are surgical sequelae that can occur as a result of abla-
tive procedures or iatrogenic complications. Posterior teeth extraction is the most 
common cause of orosinusal fistulas. However sinus lift procedures and sinus 
implant intrusions are recently emerging as orosinusal fistula causes.

Orosinusal fistulas may cause inflammation and infections of the craniomaxil-
lary sinus via oral contamination with the formation of granulation tissue and pol-
yps of the sinus membranes. Fistulas smaller than 5 mm may close spontaneously, 
but fistulas larger than 5 mm require surgical procedures in order to close the orosi-
nusal communication. These are complex cases for rehabilitation as the bone defect 
caused by the fistula, and loss of the Schneiderian membrane makes bone graft a 
very unpredictable procedure. Since the use of ZI is well documented for the reha-
bilitation of maxillectomized patients [22, 38], with predictable long-term results, it 
is a valid alternative for the rehabilitation of complex partial maxillary edentulism, 
sometimes with sequelae to those of ablative surgery, but without the comorbidities 
of the patients with cancer (Fig. 8).
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The surgical approach for the ZI must be individualized. In cases where there is 
no alveolar bone, the presence of fibrous tissues due to previous procedures and the 
need for flap closures with proper vascularization hinder the zygomatic approach 
and visualization. The minimally invasive approach with a short incision and dissec-
tion through the soft tissue into the base of zygomatic bone is the best option for 
reducing the risk of creating a new fistula. Reinforcement of the flap with Bichat fat 
pad and the protection of the soft tissue with platelets rich plasma are recommended 
in such cases.

Fig. 8 Orosinusal fistula 
due to sinus intrusion of 
implant. The surgeon 
opened a ridge window 
while attempting to remove 
the implant causing an 
orosinusal fistula (a). The 
implant was removed by a 
Caldwell Lluc approach 
and a double flap was 
performed for the fistula 
closure with installation of 
two ZIs (b). After 
3 months the patient 
received mandibular 
implants and a fixed 
bi-maxillary arch 
prosthesis (c)
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5.2  Orthognathic Surgery and Zygoma Implants

Although excellent results are reported for ZIsin hypoplastic maxillae, this approach 
is not able to correct the maxillary skeletal discrepancy and the relationship of the 
upper and lower arches remains unfavorable to bite force distributions. The rehabili-
tation of these patients requires prosthetic compensation, generating an anterior 
cantilever that can lead to failure of the implant or framework [39].

The Le Fort I osteotomy procedure is routinely used to correct maxillomandibu-
lar discrepancies. Chiapasco [3] described the use of Le Fort I osteotomies and bone 
graft to correct maxillary hypoplasia in edentulous patients encouraging several sur-
geons to perform Le fort I osteotomies with bone grafts for the advancement of the 
atrophic maxilla.

In order to improve the prognosis and reduce morbidity in the rehabilitation of 
the severe atrophied maxilla, we adopted the strategy of Le Fort I maxillary reposi-
tion with simultaneous ZIs. We planned immediate loading of the ZIs [17] with a 
rehabilitation period of 3–4 days.

The operation was performed under general anesthesia with nasal endotracheal 
intubation and local infiltration with xylocaine with epinephrine. The incision was 
made from the right to the left second bicuspid, and a mucoperiosteal flap was ele-
vated to expose the maxilla and malar prominence. A Le Fort I osteotomy was per-
formed using the piezo surgery device, and the nasal septum and pterygopalatine 
plate were osteotomized with the septum and curve chisel, respectively. After the 
osteotomies, the down fracture was gently performed and the maxilla was fixed on 
the multifunctional guide by screws, and repositioned according to the surgical plan-
ning. The anterior plates (Lindorf plates) were fixed on the piriform buttress. With 
the anterior maxilla properly fixed by miniplates, the intermaxillary fixation was 
released and the ZIs were installed on the right and left sides. The intermaxillary 
fixations were done again and the posterior plates, when necessary, were positioned 
on the zygomatic buttress. The surgical guide is used for reference in the maxillary 
advancement as well as the guide for the positioning of the implant casting.

The anterior implants (conventional or zygomatic) were installed, and minipil-
lars (abutments) were screwed on the implants for casting. The intermaxillary fixa-
tion was released and the surgical wounds sutured by polyglactin 4-0. On the day 
after the surgery, (add impressions were taken and) the implants were cast at the 
dental office for prosthodontic finalization. After 24–36 hours the prosthesis was 
installed (Fig. 9).

6  Conclusion

ZIs require a long learning curve; however, their results, predictability and versatil-
ity for ordinary as well as complex maxillary atrophy cases, makes an important 
tool in the techniques available to the surgeon.
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