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With great pleasure, I pen down the foreword for the book titled “Dental 
Implants and Oral Microbiome Dysbiosis: An Interdisciplinary Perspective”, 
which gives a comprehensive outlook of engineering and microbiological 
aspects of implant dentistry. Several experts from different parts of the world 
have contributed to this masterpiece, making it a unique contribution to 
implant dentistry. The book covers a broad spectrum from the basics of dental 
implants, microbial principles to the recent cutting-edge technology of 3D 
printing. I congratulate the editors and the authors of the chapters for putting 
together a timely monograph that is relevant from translational research and 
clinical perspective. I am sure that the readers will gain a broader perspective 
of understanding implant dentistry through the eyes of a material scientist 
and microbiologist. I wish this venture every success.

K. S. Rajan
School of Chemical and Biotechnology

SASTRA Deemed University 
Thanjavur, Tamil Nadu, India
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Dear readers, we humbly thank you for choosing to read this monograph. 
Why another text on dental implants?—you may ask. This book is unique in 
that it integrates basic principles and factors that influence its success and 
failure from the microbiological standpoint and introduces several futuristic 
approaches where biomedical sciences must be integrated with engineering 
disciplines to offer the best for our patients. While there is nothing as good as 
the natural tooth, its replacement by artificial prosthesis is sometimes inevi-
table. While dental implants or implants in the broader context have revolu-
tionized medical treatments, they still suffer from key issues that cause 
treatment failure. This book is a collaborative venture between basic scien-
tists and clinician scientists who are globally reputed in the fields of implan-
tology, microbiology, host–microbiome interactions, and materials science to 
bring to you a cutting-edge text that is of equal interest to students and clini-
cians alike. We are certain that this text will serve as an excellent resource 
material for undergraduates, masters, and research students spreading across 
the realms of biomedical engineering, dentistry, and microbiology.

This book is systematically organized into six chapters covering the fun-
damental aspects of dental implant materials to the latest 3D printing technol-
ogy. The first three chapters cover the three elements of the infection triangle: 
environment (dental implants), infectious agent (microbiome), and host 
responses. The opening chapter provides a birds-eye view of various current 
designs and materials. The shift then changes cogently to how dysbiotic 
microbiome causes implant failures. To further strengthen the understanding 
of how the host reacts to such artificial prosthesis and the infections, the third 
chapter highlights the host responses to dental implants. With this sold back-
ground in the understanding of how infections and host immune responses 
influence implant success, the next chapter dissects the various research mod-
els that have been used to study implant infections both in vitro and in vivo. 
Naturally, the next section is both current and futuristic. “What can we do to 
make our implant treatments last longer by preventing infections?” is the 
question we ask, as we describe state-of-the-art and innovative therapies that 
may be applied to implant surfaces to beneficially modulate the microbiome. 
Finally, we conclude with a wave that is revolutionizing the medical and den-
tal fields: bespoke prosthetic engineering which can be made possible by 3D 
printing.

We are incredibly grateful to all the contributors who have offered the best 
possible scientific content and insights and bringing this book to its current 
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form. We extend our heartfelt gratitude to the leadership at both SASTRA 
Deemed to be University and the University of Hong Kong for providing the 
best resources to its scientists. We thank Prof. S. Vaidhyasubramaniam, Vice- 
Chancellor, SASTRA Deemed to be University, Prof. S. Swaminathan, Dean 
of Planning and Development, and Prof. K. S. Rajan, Dean of the School of 
Chemical and Biotechnology, for their constant motivation and support. We 
owe sincere thanks to the Dean, Professor Thomas Flemmig, Professor Jukka 
Matinlinna, and the entire scientific community at the University of Hong 
Kong, specifically the Faculty of Dentistry, which motivates its academics to 
achieve the best. The authors of the chapters are pioneers and emerging sci-
entists in the field. We are extremely grateful to all the authors who have 
shared their expertise through these chapters. We thank the editorial team and 
Springer Nature for their support throughout the process. We acknowledge 
the SPARC Division of the Ministry of Human Resource and Development, 
Government of India, which supported this collaboration. Despite all the 
glory and satisfaction, being an academic scientist is not without its hidden 
roadblocks. There are sleepless nights, endless thoughts, constant refocusing 
of attention to balance life—and all this with the quest to provide the best 
scientific outputs to ultimately benefit the end user—the patients, who are 
also taxpayers that support all the research, and this requires unwavering 
dedication. The editors sincerely thank our families and friends that have 
always stood by our sides and supported us to continue our goals as educators 
and scientists. We sincerely hope that this book will be an excellent compan-
ion to young minds and researchers in understanding the significant aspects 
of designing robust implants both for dentistry and beyond.

Hong Kong, Hong Kong Prasanna Neelakantan  
Thanjavur, Tamil Nadu, India  Adline Princy Solomon   
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1Dental Implants: An Overview

Vinay Sivaswamy and Sahana Vasudevan

1.1  Medical Implants: 
An Introduction

An implant is an artificial device that can repair 
the functions of biologic tissues and organs or 
provide a support structure for compromised tis-
sue or replace an entire biologic structure that is 
missing or damaged beyond repair [1]. Since it is 
an artificial structure, an implant needs to possess 
the property of biocompatibility, which in turn 
refers to the ability of materials to remain passive 
and non-reactive in human biologic tissue. An 
ideal biocompatible material can even induce the 
formation of reparative tissue around it and result 
in a harmonious union of function and form. A 
material that is not biocompatible results in a for-
eign body reaction with the implant material rec-
ognised as an invader and being rejected in the 
form of bone resorption or tissue necrosis, corre-
sponding to the tissue housing the implant pros-
theses [2].

Implants can be used for a variety of applica-
tions, the totality of which can be categorised into 
two broad modalities—Therapeutic and 
Cosmetic. Therapeutic uses of implants can fur-
ther be categorised according to the primary pur-
pose of the implant. (1) Support—surgical 
meshes which could be metallic (titanium) and 
used for supporting hard tissue following trauma 
or it could be synthetic (polypropylene, polyeth-
ylene terephthalate, polytetrafluoroethylene and 
the newer polyvinylidene fluoride, a type of 
nanofibrous mesh that is resistant to hydrolytic 
degradation and induces neo-angiogenesis). (2) 
Replacement—artificial heart, artificial heart 
valve, coronary stent and dental implant. (3) 
Repair— intraocular lens, intracorneal ring seg-
ment, myringotomy tube, cochlear implant, 
neurostimulation devices, pacemaker, electric 
implant, intrauterine devices and diaphragm 
pacers.

Cosmetic uses of implants are, as the name 
suggests, related to the improvement of appear-
ance for each individual and are performed solely 
based on everyone’s subjective requirement. The 
various cosmetic uses can be injectable fillers, 
which could be transplanted fat or synthetic poly-
mers such as calcium hydroxide, polymethyl-
methacrylate, polycaprolactone, nasal implants, 
ocular implants, mammary implants and penile 
implants. The list of prostheses categorised above 
are some of the most common usage scenarios 

V. Sivaswamy (*) 
Department of Prosthodontics and Implantology, 
Saveetha Dental College and Hospitals, Saveetha 
Institute of Medical and Technical Sciences, Saveetha 
University, Chennai, Tamil Nadu, India
e-mail: vinay.sdc@saveetha.com 

S. Vasudevan 
Quorum Sensing Laboratory, Centre for Research in 
Infectious Diseases (CRID), School of Chemical and 
Biotechnology, SASTRA Deemed to be University, 
Thanjavur, Tamil Nadu, India

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-99014-5_1&domain=pdf
https://doi.org/10.1007/978-3-030-99014-5_1
mailto:vinay.sdc@saveetha.com


2

and is not intended as a definitive list of commer-
cially available implantation modalities.

A newer application for implants involves the 
transhumanism approach wherein electronic 
devices are implanted into an individual’s bio-
logic tissue to surpass human limitations. This 
approach has been termed ‘Body Hacking’ and a 
few individuals have succeeded in implanting 
small electronic devices such as RFID chips into 
their biologic systems. The most notable exam-
ples of this application include the electrode 
array implanted by British scientist Kevin 
Warwick in the year 2002 and the antenna implant 
utilised by British artist Neil Harbisson in the 
year 2005 [3]. Kevin Warwick succeeded in plac-
ing a 100-electrode array into his nervous sys-
tem. The same procedure was implemented in his 
wife, which in turn enabled the first direct com-
munication between two nervous systems. The 
antenna implant utilised by Neil Harbisson is 
claimed to expand his range of colour sensitivity. 
It should be noted, however, that this application 
cannot be adequately supported by valid scien-
tific documentation or evidence and is not recom-
mended as a routine treatment modality by any 
medical professional.

Implants are currently manufactured using 
metals and polymers in conjunction with various 
surface treatments to enable their intended 
effects. The most common metals used for 
implants are commercially pure titanium (CpTi), 
titanium alloy, zirconia, titanium–zirconium 
alloy, tantalum, stainless steel and cobalt–chrome 
alloy. The most common polymers used for 
implants are polypropylene, polyamide, poly-
methylmethacrylate, polyethylene terephthalate, 
polytetrafluoroethylene, polyhydroxyalkanoates 
and polyvinylidene fluoride [4, 5]. A comprehen-
sive dissection on materials used for implantol-
ogy will be expounded further in the following 
sections of this chapter.

1.2  Dental Implantology

Till the advent of dental implantology, the most 
common treatment options for replacing missing 
teeth involved the detrimental reduction of tooth 

structure for a fixed prosthesis or the provision of 
extensive acrylic or metal frameworks for a 
removable prosthesis. The fixed option involved 
reduction of multiple teeth for replacing a single 
tooth and necessitates endodontic therapy in case 
of unfavourable abutment positions. The remov-
able option involved routine removal of the pros-
theses for hygiene maintenance and the 
adjustment of the patient towards the optimal 
protocol of using a removable appliance [6].

The introduction of dental implants by Per 
Ingvar Branemark marked the commencement of 
a revolution in the therapeutic approach for the 
provision of fixed restorations [7]. The concept of 
a root analogue for anchorage to the underlying 
bony tissue marked a paradigm shift in the provi-
sion of both fixed and removable prostheses for 
the replacement of missing teeth. This newer 
concept eliminated the need for the reduction of 
adjacent teeth for support and provided the 
advantage of maintaining alveolar bone height 
wherever the implants are located. Cumulative 
evidence from scientific literature show that 
implants are effective as a definitive restoration 
modality with success rates ranging from 92 to 
95%, depending on the span of the restoration [8, 
9]. Other advantages of implants include the 
elimination of incidence of secondary caries, 
improved bite force and proprioception. It has 
been observed that patients develop a sense of 
proprioception and tactility following implant 
therapy. Many theories have been proposed to 
explain this occurrence, with current evidence 
leaning towards the Bonte theory that hypothe-
sises that re-innervation may occur from stimula-
tion by functional loading [10]. The re-established 
tactile sense also enables the improvement of bite 
force magnitude in patients [11]. It should be 
noted, however, that the tactility and propriocep-
tion gained around implants do not reach the 
same magnitude or intensity of natural teeth, with 
the active tactile threshold value of implants mea-
sured three times higher than that of natural teeth 
[12].

Success rate is a parameter indicating the 
treatment outcome following a particular therapy, 
which could be positive or negative. This param-
eter has been used as a prognostic indicator with 
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multitudes of studies analysing the success rates 
for various treatment modalities and suggesting a 
decision tree for corresponding modalities of 
therapy. Many studies have reported a 92–95% 
success rate for dental implant therapy in differ-
ent scenarios. It has been observed that the suc-
cess rate is inclusive of implants, whose patients 
have been subject to confounding factors, such as 
implants placed after the commencement of a 
study, which are factors to be excluded from the 
final analysis. The parameter Cumulative Survival 
Rate (CSR) is a more appropriate indicator since 
it would remove confounding factors when ana-
lysing failure rates. CSRs usually denote a lower 
value than success rates but are a far more reli-
able prognostic indicator. Very few studies have 
analysed the CSR of dental implants and data 
remains scarce on these values [13].

Even with the data currently available and the 
plethora of techniques and equipment, accurate 
prediction of the treatment outcome for every 
single case is not yet achievable. Factors such as 
environment, habit, stress and everyone’s bio-
logic response render the treatment modality a 
measure of probability rather than certainty. It 
may not be feasible to gain control of each of 
these factors, yet the implant itself could be ren-
dered conducive to functional adaptation to these 
conditions. Therefore, most studies attempt to 
identify favourable characteristics of dental 
implants to achieve universal acceptability. This 
task is made doubly difficult due to the existence 
of hundreds of implant manufacturers as well as 
the variability in methods that are employed to 
fabricate implants [14]. Despite the heterogene-
ity, there are several factors in scientific literature 
demonstrating the ideal features necessary for a 
dental implant. A dissection of the constituent 
portions of an implant is, hereafter, necessary for 
the identification of ideal features for each 
portion.

1.2.1  Design Aspects of the Dental 
Implant: The Current Trend

The term ‘Dental Implant’ refers only to the fix-
ture that is anchored to the bone. The superstruc-

ture that supports the crown, or any prostheses, is 
termed an abutment. A typical endosseous dental 
implant can be divided into coronal, middle and 
apical thirds for the sake of description.

Implants were initially manufactured in a 
cylindrical shape with the same diameter from 
the coronal to apical aspect. The fixtures cur-
rently available commercially are tapered in a 
sequentially incremental manner in the apical 
third to simulate the tapered anatomy of a natural 
root. The taper also allows easier placement into 
the prepared osteotomy site whereas a parallel- 
sided fixture would require more force for com-
plete placement and would, in turn, generate 
greater torque on the alveolar wall. There were 
concerns, initially, that the taper would reduce 
the amount of surface area contacting the bone 
and would thus, result in poorer osseointegration. 
These concerns were assuaged when scientific 
literature displayed that there were no significant 
differences between cylindrical and tapered 
implants even in poor density bone, denoting that 
tapered implants could be used in all conditions.

Implants have transitioned from a smooth, 
non-threaded surface to a roughened threaded 
surface since the threads serve a dual purpose of 
increasing the functional surface area as well as 
aid in favourable force distribution into the sup-
porting bone. The term favourable force distribu-
tion is intentionally used here to highlight the fact 
that bone is strongest against loads of a compres-
sive manner and weaker against oblique loads. 
The threads in an implant change the direction of 
force imparted longitudinally along the axis of 
the fixture into a transverse direction, which is 
compressive on the bone [6]. Fixtures with vari-
ous thread geometries have been implemented by 
commercial manufacturers across the world with 
each entity claiming superior osseointegration 
and clinical longevity due to their thread designs. 
The thread shapes that have been used till date 
are square (power thread), fixture (V-thread), 
acme, buttress thread, reverse buttress, vertical 
slot, rounded power and spiralock designs [15]. 
Studies on stress concentrations have shown that 
there is no difference between various designs, 
and this has been directly observed in clinical 
practice as well [16–18].

1 Dental Implants: An Overview
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A direct correlation between the quality of 
osseointegration in different bone densities and 
thread size has been observed in scientific litera-
ture. Larger threads (increased thread depth and 
thread pitch) have been found to be advantageous 
when used in the field of penurious bone density, 
such as in the posterior maxilla or in cases of 
immediate implant placement after extraction 
and smaller threads with reduced depth and pitch 
perform well in cases of moderate to highly dense 
bone structures [19].

Microthreads in the coronal portion of the fix-
ture have been observed to retain the marginal 
bone around an implant after loading. Loading of 
bone is highest at the crestal region since it is the 
most superior point of contact of the fixture with 
bone. The crestal region is thus subjected to the 
highest magnitude of forces around the implant. 
Consequently, marginal bone catastrophe is 
expected to occur till the first thread of the 
implant. Implementation of microthreads serves 
to transfer these high-intensity loads into trans-
verse compressive stresses, which the anchoring 
bone can resist in a more efficient manner. 
Clinical studies have also shown that the pres-
ence of microthreads results in reduced crestal 
bone loss when compared to implants with a non- 
threaded smooth surface [20–22].

In addition to microthreads, the method known 
as platform switching can be used for reducing 
crestal bone. Platform switching was incidentally 
observed when a narrower abutment was secured 
to a wider implant platform and resulted in 
reduced crestal bone loss [23]. Most implants 
currently implement platform switching by wid-
ening the implant platform diameter and employ-
ing an abutment with the same diameter as the 
implant body. The implant platform is, therefore, 
wider than the implant body and the overlying 
abutment and provides the effect of platform 
switching. Current evidence suggests that plat-
form switching is an effective method of reduc-
ing crestal bone loss [24–27].

Implant diameter and length have been estab-
lished as directly correlative to the main stability 
of the implant fixture. Implant with wider diam-
eters increases the functional surface area by 
200% with every 0.25 mm increase in width [6, 

28]. Conversely, implants with a width greater 
than 6  mm result in a phenomenon known as 
stress shielding [29]. Stress shielding results 
from the higher elastic modulus of the implant 
fixture relative to biologic hard tissue. This mis-
match results in viscoelastic flexure of bone 
under loading conditions whereas the stiffer fix-
ture remains resolute and can cause weakening of 
the bone–implant interface. There is no evidence, 
however, to establish the incidence of this shield-
ing phenomenon in routine clinical practice [29]. 
The lack of evidence could be hypothesised to 
the fact that implants wider than 6  mm are 
required to a negligible extent since the alveolar 
bone is very rarely wide enough to accommodate 
such diameters. Longer implants engage deeper 
into the anchoring bone and increase the inser-
tion torque values [30, 31]. Areas of minimal 
bone, such as the posterior maxilla, may not be 
able to house implants of increased dimensions. 
In such cases, a shorter implant with roughened 
surfaces has been observed to provide an accept-
able treatment outcome [32, 33].

It is common knowledge that successful 
osseointegration occurs once bone remodelling is 
complete along the implant–bone interface [34]. 
Remodelling usually requires a duration of 
3–6  months depending on the bone density, 
induction of formative strain and presence or 
absence of contributing factors, such as infection, 
diabetes, smoking, bisphosphonate therapy, 
radiotherapy and so forth [25, 35–37]. It has been 
observed in scientific literature that modifying 
the surface area of implants by roughening serves 
to hasten the rate of remodelling and augments 
the anchorage of bone to implant. This observa-
tion has resulted in a vast swath of laboratory and 
clinical studies focussed on discovering and/or 
establishing an optimal method to induce surface 
roughness and the analysis of optimal intensity of 
surface roughness that promotes maximal bone 
integration around the implants [18, 38].

An attempt to identify and categorise the opti-
mal roughness level that hastens bone integration 
was undertaken by Wennerberg et  al., who pro-
pounded that a roughness level of 1–2 μm was the 
most advantageous in improving osseointegration 
[39]. The research group analysed the surface 
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microtopography of implants and arrived at the 
conclusion that Sa values of 1–2 μm are the opti-
mal height parameter for a dental implant. They 
categorised implant surface roughness as mild for 
Sa values less than 1 μm, moderate for Sa values 
between 1 and 2 μm and maximal roughness for 
Sa values greater than 2 μm [14]. These findings 
are at the micrometre level and it is currently 
observed that certain surface treatments produce 
alterations at the nanometre level as well, which 
further influences the remodelling process.

Surface treatments for implants include addi-
tive and subtractive methods, sometimes even a 
combination of both [40]. The subtractive methods 
include acid etching, sandblasting/grit- blasting 
and laser etching. Additive methods are titanium 
plasma spraying, hydroxyapatite plasma spraying, 
anodic oxidation and sol-gel deposition. To 
increase the effectiveness, a combination of sub-
tractive and additive methods such as sandblasting 
and acid etching, sandblasting, acid etching and 
ion beam assisted deposition are followed.

Most implant manufacturers employ a combi-
nation of surface treatment methodologies rather 
than rely on any single mechanism. The earliest 
instances of surface modification were titanium 
plasma spraying and hydroxyapatite plasma spray-
ing. While titanium plasma spray resulted in rough 
surfaces (Ra values of 4–5 μm), it resulted in a high 
incidence of complications and marginal bone loss. 
The hydroxyapatite plasma spray resulted in high 
initial stability with eventual coat flaking and 
delamination which resulted in a foreign body 
reaction and macrophage induced resorption [38]. 
Thus, these two methods were discontinued, and 
the other methods listed above were optimised for 
dental implant surfaces [18, 41]. Table 1.1 briefs 
different methods that have resulted in enhanced 
bone apposition on the implant surfaces when com-
pared with untreated surfaces.

With such an emphasis on implant microge-
ometry and surface alterations, it is logical to 
assume that the primary stability of an implant 
would correlate directly with successful treat-
ment outcomes [20, 42]. Primary stability is a 
measure of the amount of rigid anchorage 
attained during implant placement. It is measured 
through insertion torque using manual torque 

wrenches, implant stability quotient values using 
resonance frequency analysis [43], and recently, 
by value of micromotion as advocated by Trisi’s 
research [44, 45]. While primary stability is a 
good indicator of a successful outcome following 
stage 1 implant surgery, studies have found that 
there is no correlation between insertion torque 
values and implants under loading conditions 
[46, 47].

These criteria for endosseous dental implants 
have been sequestered and compiled from strin-
gently curated scientific literature and have 
proven to be solid indicators for a successful 
therapeutic outcome. However, the presence of 
these factors alone may not guarantee a reliable 
prognosis since the operator’s skill in treatment 
planning, clinical acumen, presence, or absence 
of endodontic and/or periodontal infections, sys-
temic factors, play a significant contributory part 
to the successful outcome of an implant 
restoration.

1.2.2  Biomaterials in Implant 
Dentistry: A Historical 
Outlook

Dental implant materials have a long history 
from using gold in early 2500  BC to advanced 

Table 1.1 Different surface treatment methods of dental 
implants currently in use

Surface treatment 
modality

Brand name 
for implant Manufacturer

Acid etching and 
anodic oxidation

TiUnite Nobel 
Biocare

Grit-blasting, dual acid 
etching and sol–gel 
method

NanoTite 
Prevail

Biomet 3i

Sandblasting (alumina) 
and acid etching

SLA Straumann

Sandblasting (zirconia) 
and acid etching

ZLA Straumann

Sandblasting, acid 
etching and ion beam 
assisted deposition

NanoTite Bicon

Sandblasting with 
resorbable blast media

Ossean Intralock

Sandblasting (titanium) 
and acid etching

Osseospeed Astratech

1 Dental Implants: An Overview
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functional “smart” materials in the current gen-
eration [48]. The successful osseointegration of 
the dental implant lies in the design and the mate-
rial which is chosen for the purpose. Several 
materials such as metals, ceramics, alloys, poly-
mers and glasses were tried and tested for the 
dental implant application. In addition to osseo-
integration, biocompatibility and bio functional-
ity are the factors considered important for the 
dental implant material [49]. Branemark’s monu-
mental discovery of “osseointegration” of 
 titanium to the rabbit bone is considered the 
benchmark till today. From there, the exploration 
of different materials for the dental implants 
began with researchers finding biocompatible 
materials and modifying the materials having a 
functional role is in steady progress.

Oral environment is one of the dynamic envi-
ronments with ever-changing temperature, pH, 
chemical and physical reactions, making it a 
challenge for the implant to sustain in such con-
ditions. Thus, an “ideal” implant is required to 
possess biocompatibility, corrosion resistance, 
modulus elasticity like bone, wear resistance and 
strength. These properties of the dental materials 
are classified as bulk and surface properties [49]. 
While bulk properties deal with strength and sta-
bility of the material, surface properties are cru-
cial for effective osseointegration and increased 
lifetime. Both the bulk and surface properties 
define the biocompatibility of the material cho-
sen. Bulk properties of the implant material 
include modulus of elasticity that should be com-
parable to bone (10–20 Gpa), high tensile strength 
for functional stability, improved yield strength 
to prevent fracture and increased hardness and 
toughness. Surface properties such as surface 
tension, energy and topography play an impor-
tant role in successful host–implant contact [50].

Another important factor is the bio- tribological 
properties that analyse implant performance 
based on mechanical wear and electrochemical 
corrosion [51]. Such tribological tests are impor-
tant to understand the degradation of the material 
in the oral environments, which directly trans-
lates to the success of the implant. In the case of 
metals and alloys, crack generation, degradation 
product and ions releases should be accounted to 

ensure safe clinical outcome of the implant. 
Hence the success of the dental implant depends 
on the different aspects of the material ranging 
from bulk properties to tribological properties 
[52].

Dental implant materials can be widely classi-
fied as metallic and non-metallic materials. 
Metallic implant materials include metals and its 
alloys, which are reliable for implant purposes 
for a long time.

1.2.2.1  Metal and Its Alloy
Titanium possesses a low density and high 
strength-to-weight ratio in addition to being bio-
compatible making it a preferred candidate in the 
field of dental implants since its introduction in 
1981. The integrity of the titanium and the ability 
to osseointegrate is adequate with a survival rate 
greater than 90% in the long run. The two most 
widely used titanium alloys are cpTi and 
Ti-6A1-4V (titanium–aluminium–vanadium 
alloy) and they both can readily osseointegrate. 
The cytotoxicity of Ti-6A1-4V is comparable to 
that of cpTi despite having vanadium and alu-
minium. The major alloy used is cpTi, which pre-
dictably interacts with air or tissue fluids to form 
a titanium oxide layer and maintains it without 
corrosion or breakdown in physiological condi-
tions. Interestingly, this oxide layer directs the 
implant-tissue interaction such as adhesion of 
osteoblasts and is a key player in determining the 
success of osseointegration. Given the major 
roles played by the implant surfaces in promoting 
biocompatibility, surface modification remains 
one of the obvious approaches that influences the 
outcome of the process. Myriad methods are 
available for modifying the surface with almost 
all of them aimed at enhancing the roughness of 
the surface as it would eventually favour the 
deposition of proteins promoting soft tissue and 
osseointegration [53].

Zirconium, like titanium, is a transition metal 
with excellent biophysical properties. However, 
with respect to survival and success rates its 
potential in dental implantology is low when 
compared to titanium [54]. In the case of fine 
implants that experience high stress, an alloy of 
titanium and zirconium (TiZr1317) is employed 
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due to the possession of better mechanical prop-
erties such as improved elongation and strength 
when compared to cpTi [55].

The cobalt–chromium (Co–Cr) alloys contain 
almost 60% of cobalt and carbon is often added 
to increase the strength of the alloy. Like tita-
nium, chromium forms the chromium oxide layer 
on its surface that can resist corrosion. The major 
advantages of Co–Cr alloys are affordability and 
mechanical properties such as high elastic modu-
lus and strength thereby allowing the production 
of fine implants with reduced dimensions. Given 
that chromium and cobalt are allergens, their 
application cannot be extended to fixed prosth-
odontics. They are increasingly used in European 
countries and it is seen as an alternative to nickel–
cobalt alloy in the United States [56, 57].

1.2.2.2  Ceramics
Although metal and its alloys have proven to be 
durable in the oral environment, especially tita-
nium having strong osseointegration characteris-
tics, the limitations of metal-based implants are 
many—due to the ever-fluctuating pH of the oral 
environment, they tend to leach and release the 
metallic ions into the oral environment, which 
might trigger an allergic response in some indi-
viduals [58]. Previous studies show that on aver-
age 0.6% of the population tested show an allergic 
response to the metallic ions [59]. Furthermore, 
titanium implants have a lower aesthetic likable-
ness as their distinct metallic colour is often vis-
ible through the mucosal tissue [60]. Reports of 
discolouration of the soft tissue around the region 
of the implant during the use of titanium implant 
have also been studied [61]. Thus, the need for 
novel breakthroughs in material science has pro-
vided an alternative to the metal-based 
approach—ceramics. One of the first ceramics 
that was used in oral implants was Alumina, but 
its weak mechanical properties have created a 
strong need for further research in the ceramic of 
dental implants [62].

The recent developments have shown zirconia 
to be a very suitable ceramic-based dental implant 
approach. Zirconia has excellent osseointegra-
tion and mechanical properties to titanium [55] 
and hence has already been adopted into the 

implant industry. Zirconia has additionally a 
lower plaque and bacterial adhesion as compared 
to titanium, which implies lower fouling tenden-
cies of the implant [63]. It does not have the 
mucosa decolourisation, host immune reaction 
that is commonly found with titanium implants.

Hydroxyapatite is a calcium phosphate-based 
bio ceramic material that has garnered a lot of 
attention from the Dental Restorative Sciences. 
Hydroxyapatite is the same material that is 
known to make up natural teeth and bone. Hence, 
it has excellent biocompatibility and strong 
osseointegration characteristics. The major use 
case of hydroxyapatite in dental implantology 
has been in the form of coating over pre-existing 
implant materials [64]. This allows the implant to 
have a biocompatible surface characteristic while 
retaining the core mechanical structural integrity 
of the stronger materials. Since it is made up of 
the same material as the teeth, it is also subject to 
the demineralisation–remineralisation dynamics 
of natural teeth. A much more suitable alternative 
to hydroxyapatite would be fluorapatite, which is 
much more resistant to the demineralisation 
effects of low pH oral micro-environment [65].

1.2.2.3  Polymers
The discovery of synthetic polymers was one of 
the key innovative concepts of the twentieth cen-
tury that has revolutionised the way of life in the 
twenty-first century. Although many polymers 
have been discovered to date, not all of them have 
strong relevance in the medical industry due to 
various factors like biocompatibility. Specifically, 
for dental implants, osseointegration is also a key 
criterion for choosing the material among many 
others, and with titanium having well-studied 
favourable osseointegration characteristics, it has 
continued to be the material of choice [66]. But 
the discolouration and allergic reactions still pose 
a challenge to be overcome. Among many poly-
mers tried for dental implants, including PTFE, 
PSU, PMMA, one of the most promising poly-
mers in the dental implant industry is 
PolyEtherEtherKetone (PEEK) [66, 67].

PEEK has many favourable characteristics 
and is already used in the medical industry in 
orthopaedic and vertebral surgery [68]. One of 
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the most common problems with titanium 
implants is the overloading of the bone via the 
implant through “stress shielding” [69]. The 
main cause of stress shielding is the difference in 
the moduli of elasticity of the materials at the 
implant junction. PEEK does not have the prob-
lem of stress shielding as the mechanical proper-
ties of PEEK are similar to bone, thereby reducing 
the risk of damage to the bone [70]. PEEK by 
itself has poor osseointegration as compared to 
titanium [71] but can be used to form composites 
or be used as a substrate for surface coating [72]. 
Through this, PEEK-composites and coated- 
PEEK implants seem to be strong contenders for 
the future of the implant industry [73]. Hybrid 
ceramic material with the dual certain-polymer 
network has been marketed by VITA (VITA 
Zahnfabrik, Germany) under the ENAMIC brand 
name. Such hybrid materials with properties 
from the best of both materials are the need of the 
hour.

1.2.2.4  Smart Biomaterials
The long-term understanding and the use of den-
tal implants being “passive” is replaced with the 
concept of “active” biomaterials. In general, such 
“active”/“smart” materials are known to respond 
to stimuli in a controlled, reproducible and 
reversible manner [74]. The application of such 
smart materials ranges from household supplies 
to automotive components to biomedical 
applications.

The concept of “Smart” materials is itself 
inspired from the natural biological systems. It is 
well known that simple and complex biological 
pathways function in response to the stimulus 
from their environment [75]. The same principle 
is applied in the design and development of smart 
materials. Depending on the kind of external 
stimulus which can be physical (light, electric 
and magnetic fields, temperature, etc.), chemical 
(analyte concentrations, change in pH, biological 
fluids, etc.) and mechanical including stress and 
strain, the “smart” response is determined. The 
ability to reverse back to its original state is an 
important property of such smart materials.

The introduction of smart materials in den-
tistry was nickel–titanium alloys used for orth-

odontic wires. The properties of super elasticity 
and shape memory were utilised in root canal 
treatment. Furthermore, pH responsive compos-
ites are well explored as filler composites, which 
are self-healing in nature with enriched clinical 
performance. Smart ceramics mainly zirconia are 
well explored for their application as dental 
crowns [76].

With respect to dental implants, the smart 
response is often associated with surface func-
tionalisation of the dental implants [77]. The pri-
mary aspect of such functionalisation is the 
ability to release antimicrobial compounds such 
as fluorides and antibiotics to prevent infection in 
the oral cavity. Nanotechnology is the first choice 
for such functionalisation purposes owing to its 
versatile properties. Nanoparticle based surface 
functionalisation proves advantageous in several 
aspects in terms of drug stability, minimal cyto-
toxicity, sustained drug release, improved heal-
ing and enhanced osseointegration. Researchers 
have developed active implant coatings with 
hydroxyapatite having antibiotics [78]. A sus-
tained release of the antibiotics namely ciproflox-
acin and gentamicin were observed. Recently, pH 
responsive titania nanotube arrays (TNT) which 
release silver nanoparticles was reported [79]. 
The TNTs were designed to release silver 
nanoparticles when the oral environment pH 
becomes acidic. It is well known that acidogenic-
ity and aciduricity are one of the key virulence 
drivers which promote peri-implantitis. These 
properties are practically useful in preventing the 
biofilm formation on the surface of the dental 
implants. Even though stimuli responsive dental 
implants are still in the nascent stage of develop-
ment, it is to be noted that such implants will 
prove to be useful on a longer run. While design-
ing a “smart” dental implant, infection manage-
ment, osseointegration and longevity should be 
the focus.

1.3  Conclusion

Dental implants are the one-stop solution to the 
missing tooth. Implant material and design form 
the basis for successful tooth replacement. This 
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chapter gives a brief outlook on the design and 
material aspects of the dental implants. The cur-
rent approach to the dental implants holds the 
promise to restore the function of the missing 
tooth. But, with an improved understanding of 
the dynamic oral environment and oral microbi-
ome, there is huge scope for the development of 
“smart” dental implants.
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2Microbial Principles 
of Peri- Implant Infections

Daniel Manoil and Georgios N. Belibasakis

2.1  Introduction

The advent of osseointegrated dental implants 
has revolutionized treatment planning in recon-
structive dentistry owing to their unparalleled 
ability to restore masticatory, occlusal and 
esthetic functions, compared to other conven-
tional treatments. Dental implants are screw-like 
devices that are surgically inserted into the alveo-
lar bone to replace one or more missing teeth. In 
order to be functionally loaded with a prosthetic 
element, dental implants display a transmucosal 
interface that mediates the transition from the 
endosseous part to the peri-implant submucosa 
and the intraoral environment [1]. As such, dental 
implants exhibit the unique feature, amid other 
types of endosseous implants, of being partially 
exposed to a microbial-rich environment, the oral 
cavity, which naturally renders them prone to 
biofilm colonization. Not unexpectedly, the 
increasing number of implants inserted world-
wide has coincided with an overall increase in 
peri-implant infections [2].

Because dental implants are expected to func-
tionally substitute to natural teeth, there is also a 
tendency to perceive diseases of ailing implants 
as pathologies analogous to gingivitis and peri-

odontitis [3]. However, as further described in 
this chapter, the etiopathological basis of these 
two groups of oral diseases is not entirely the 
same. Increasing evidence indicates that the peri- 
implant ecosystem differs from the natural one 
established in the gingival crevice around the 
periodontal tissues, reflecting compositionally 
distinct microbiota [4]. Yet, compositional shifts 
within this microbiota may set off a vicious cycle 
between microbial dysbiosis, ecological altera-
tions, and inflammation that eventually leads to 
the destruction of the implant-supporting tissues. 
Within this chapter, we describe the microbial 
and ecological triggers of peri-implant affections, 
with a particular focus laid on the microbial 
community- based aspects.

2.2  Epidemiological Aspects 
of Peri-Implant Infections

Peri-implant infections are categorized according 
to the extent of the biofilm-induced inflammation 
within tissues surrounding the implant. If the 
inflammation remains limited to the peri-implant 
mucosal tissues, the condition is termed peri- 
implant mucositis, whereas if the inflammation 
extends to the underlying bone causing peri- 
implant osteolysis, the condition is referred to as 
peri-implantitis [5]. Diagnosis of peri-implant 
infections primarily relies on the clinical and 
radiographical signs of the induced inflammatory 
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changes. Accordingly, diagnostic criteria for 
peri-implant mucositis include bleeding on prob-
ing (BOP), yet without radiographic signs of 
crestal bone loss beyond the initial remodeling 
[6]. In contrast, radiographic evidence of osteoly-
sis, typically appearing as a symmetrical “saucer- 
shaped” crestal defect around the implant, is 
central to the diagnosis of peri-implantitis. 
Clinically, an increased probing pocket depth 
(PPD), as compared to previous examinations is 
also indicative of peri-implantitis; however, the 
angulation, insertion depth, and threads of some 
implants may render probing challenging [6]. 
BOP-positive peri-implant sites run a higher 
probability to be diagnosed with peri-implantitis 
[7], whereas suppuration appears to be very much 
limited to peri-implantitis cases [8], and its pres-
ence is a good discriminant between health or 
peri-implant mucositis and actual peri- implantitis 
[9]. The prevalence of peri-implantitis has been 
earlier reported at 28–56% of implant-baring 
patients, or 12–43% of the total number of 
implants [10], with a weighed mean prevalence 
later estimated at 22% [11]. Principal reasons 
accounting for variations in these epidemiologi-
cal observations are the differences in study peri-
ods, case definitions, sampling strategies, and the 
study protocols used. Overall, about one-third of 
all patients and one-fifth of all implants will be 
affected by peri-implantitis [12]. Major risk fac-
tors associated with these epidemiological obser-
vations include past history of periodontitis, 
smoking, and diabetes, particularly in the absence 
of adequate oral hygiene [13–17]. Ill-fitting or ill- 
designed fixed and cement-retained restorations 
are also evident factors of local plaque accumula-
tion [12].

2.3  Biogeography of the Oral 
Environment

The oral environment represents a unique ecosys-
tem, which is both spatially and ecologically 
diverse. It is bathed in a constant salivary flow 
produced by three pairs of major salivary glands 
along with a plethora of minor glands, each of 
which secretes saliva that differs in protein and 

mucin content [18, 19]. Most of the cavity is 
coated by shedding epithelia, forming a keratin-
ized mucosa onto the hard palate and gingiva, 
whereas nonkeratinized epithelium is covering 
cheeks, alveolar mucosa, and the underside of the 
tongue. A specialized mucosa, coarser and pre-
senting densely packed papilla is found on the 
dorsum of the tongue [20]. In contrast to shed-
ding epithelial surfaces, teeth offer non-shedding 
hard tissues anchored to the alveolar bone socket 
by strong connective tissues. The interface 
between teeth and the gingiva creates a crevice, 
termed the gingival sulcus, which physiologi-
cally contains a nutrient-rich, serum-derived 
transudate [21]. This spatial diversity generates 
ecological gradients characterized by varying 
levels of temperature, redox potential, or pH, as 
well as local sinks of nutrients with different 
access to saliva or crevicular fluid. These locally 
differing conditions represent ecological niches, 
that is, microenvironments that differently sup-
port the growth of the residing microbiota [22].

The oral microbiota, that is, the entire collec-
tion of microorganisms that thrives within this 
ecosystem, is one of the richest of the human 
body. The domain bacteria vastly dominates the 
oral microbiota even though archaea, fungi, 
viruses, and protozoa can also be detected as con-
stituents [23, 24]. Thus far, the Human Oral 
Microbiome Database (HOMD) has cataloged 16 
different bacterial phyla further subdivided into 
687 species-level taxa [25]. Within this taxo-
nomic diversity, different phylotypes require dif-
ferent ecological conditions to meet their 
physiological needs of nutrients, pH, temperature 
or O2/CO2 concentrations [22]. Naturally then, 
spatial gradients of these conditions determine 
the biogeographical distribution of microbial 
communities among the various niches of the 
oral cavity [26]. In essence, “biogeography” 
implies that distinct sites are selective for compo-
sitionally different microbial communities than 
those of neighboring sites associated with vary-
ing ecological conditions [27]. As such, oral 
microbial communities behave as “site- 
specialists” that are found in the highest relative 
abundance in a preferred (primary) ecological 
niche [28]. Furthermore, the microbiota 
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 established in an ecological niche may display a 
reciprocal relationship with its immediate envi-
ronment. Via their proteolytic or oxygen- 
quenching activities, for instance, microbial 
communities may actively influence pH levels, 
redox potential, or nutrient sources over short 
spatial scales [29]. This remodeling of their clos-
est environment may alter the ecosystem enough 
to now foster and promote the establishment of 
other species, thereby shifting the composition of 
the microbial community [30].

2.4  The Biofilm Lifestyle: 
Importance of Microbial 
Co-Aggregation

To resist the constant salivary flow and be able to 
thrive in their preferred ecological niche, oral 
communities must adhere onto surfaces and form 
biofilms [31]. Non-shedding surfaces are ideal 
for that purpose, as they are readily coated with 
proteins and glycoproteins of salivary origin that 
form a thin layer termed the “acquired enamel 
pellicle” (AEP) [32]. Components of the AEP, 
such as sialylated mucins, statherins, histatins, 
cystatins, or proline-rich proteins, provide bind-
ing motifs that enable the selective attachment of 
early colonizing bacterial species that express 
cognate surface adhesins [31, 33]. Commensal 
species (i.e., health-associated ones) such as 
Streptococcus salivarius, S. mitis, S. gordonii, S. 
oralis, or S. sanguinis are typical early colonizers 
that recognize motifs present in the AEP [34]. 
Just hours following initial bacterial adhesion, 
so-called bridging species that include 
Fusobacterium nucleatum or Prevotella loes-
cheii, adhere to these early colonizers, in turn 
providing the surface receptors for the incremen-
tal co-aggregation of late colonizers [35, 36]. 
These successive intergeneric co-aggregations 
represent a reproducible process regulated by 
affinity-depend interactions between species [37, 
38]. In addition to anchoring bacteria to a sur-
face, intermicrobial co-aggregation results in an 
organized juxtaposition of cells that colocates 
bacteria in proximity to ecologically relevant 
partner species, thereby enabling gene transfer, 

facilitating interspecies signaling and promoting 
mutually beneficial networking (“syntrophy”) 
[39]. Typical examples of syntrophic interactions 
include obligate anaerobes that co-aggregate 
with oxygen-consuming species to survive in 
aerobic environments, or bacteria that benefit 
from the proteolytic activity of other species for 
amino acid supplies [40, 41]. Cell–cell contact 
also promotes the synthesis of an extracellular 
polymeric substance (EPS) that enhances adhe-
sion to surfaces and creates a protective barrier 
against environmental stresses [39, 42]. In the 
oral cavity, co-aggregated bacteria enmeshed in 
their self-produced extracellular matrix define 
the “dental plaque,” which microbiologically 
holds the full properties of a biofilm.

2.5  “Quorum Sensing”—
Intergeneric Bacterial 
Communication

Bacteria can communicate without the need of 
direct cell–cell signaling. This intermicrobial 
communication system, termed “quorum sens-
ing,” relies on the accumulation of secreted sig-
naling molecules in the vicinity of bacterial 
populations that reach a certain density threshold 
(quorum). Binding of these molecules to their 
cognate receptors induces a series of signal trans-
ductions that coordinate gene expression in the 
microbial community [43]. In doing so, quorum 
sensing endows microbial communities with the 
ability to synchronize their phenotype in order to 
establish mutually beneficial interactions 
between their independent constituent microor-
ganisms and to better respond to environmental 
cues [44]. In gram-negative bacteria, most quo-
rum signaling molecules were shown to belong to 
the class of N-acyl homoserine lactones, short 
acyl chains that easily diffuse across outer mem-
branes [45]. In contrast, small soluble peptides 
called autoinducers (AI) that bind to membrane- 
bound receptors are more commonly involved in 
gram-positive signaling.

In oral microbiology, particular focus was laid 
on autoinducer-2 (AI-2), as it was shown to act as 
an intergeneric signaling molecule, and thus to be 
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crucial for the formation of multispecies biofilms 
as always encountered in the oral ecosystem. It 
has been observed, for instance, that several oral 
commensals such as S. oralis or Actinomyces 
naeslundii require a mutual induction by AI-2 to 
efficiently form biofilms together [46]. Local gra-
dients of AI-2 are also an integral element of the 
pathogenicity of oral communities. Whereas 
commensals produce and respond to low amounts 
of AI-2, further aggregation of late colonizers, 
such as F. nucleatum, is associated with increas-
ing AI-2 levels [31, 47]. F. nucleatum is indeed an 
important producer of AI-2, becomes the pre-
dominant gram-negative species in oral biofilms 
shortly after its adhesion, and further co- 
aggregates with known periodontal pathogens 
such as Porphyromonas gingivalis, Tannerella 
forsythia, or Treponema denticola [34, 48]. 
Therefore, increasing local concentrations of 
AI-2 may encourage further development of 
asaccharolytic/proteolytic species that induce a 
transition toward more pathogenic communities.

2.6  Histological Characteristics 
of Osseointegrated Dental 
Implants

To better apprehend the microbial triggers of 
peri-implant diseases, there is merit at this stage 
to identify the fundamental histological differ-
ences between dental implants and natural teeth. 
Most dental implants are manufactured out of 
titanium alloys, and consist of an orally exposed 
transmucosal smooth-surfaced section, and an 
endosseous rough-surfaced section [1]. The latter 
is designed to promote osseointegration, a pro-
cess during which the implant develops a direct 
interface with the surrounding bone [49]. 
Consequently, osseointegrated implants lack the 
periodontal ligament (PDL), as opposed to natu-
ral teeth that are socketed into the alveolus via 
fibers of the PDL and supracrestal collagen inser-
tions (dento-gingival and -periosteal fibers) [50]. 
Instead, supracrestal fibers are circumferentially 
organized around implants to form a fibrous “col-
lar.” Figure 2.1 schematically represents the prin-
cipal histological differences between implants 
and natural teeth (Fig.  2.1a, b). The resulting 

peri-implant crevice is deeper than the natural 
gingival sulcus, a configuration that weakens the 
physical barrier against bacterial invasion of the 
peri-implant submucosa, compared to gingival 
tissues around natural teeth. Furthermore, the 
absence of PDL reduces the blood supply to 
supra-periosteal vessels, and consequently limits 
the availability of immune cells that may extrava-
sate to tackle early stages of a potential infection 
[51]. Together, these factors may render dental 
implants more susceptible to endogenous oral 
infections [3, 49, 52].

2.7  The Peri-Implant Ecosystem: 
From Symbiosis to Dysbiosis 
and Inflammation

Upon insertion, dental implants offer a pristine, 
non-shedding surface onto which a salivary pel-
licle rapidly adsorbs, just like with natural teeth. 
Yet, the composition of pellicles adsorbed onto 
titanium or enamel surfaces display molecular 
differences [53]. Whereas titanium-formed pelli-
cles comprise common elements with enamel- 
acquired pellicles, such as proline-rich proteins, 
secretory IgA, α-amylase, and high molecular 
weight mucins, they appear to lack low molecular 
weight mucins and cystatins [53]. It remains 
unclear to what extent these differences may 
affect the bacterial recognition of the pellicle. 
Although it has been observed that the dynamics 
of bacterial colonization on implant surfaces are 
initially slower than on natural teeth [54], the 
sequence and composition of early colonizing 
communities appear unaffected [55, 56].

Early colonizers adhere to implant surfaces 
within 30 min following implant insertion [57] and 
evolve toward the formation of organized biofilm 
communities in the next 2 weeks [54]. The compo-
sition of the microbial communities that have col-
onized the peri-implant niche at this stage 
resembles those of healthy neighboring gingival 
sulci [58], with nonetheless lower taxonomic 
diversity [59]. This microbiota may coexist in 
symbiosis with the host and be compatible with 
peri-implant health. However, factors that promote 
biofilm growth, such as poor oral hygiene, induce 
inflammatory changes within the peri-implant sul-
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cus that challenge the equilibrium of this ecosys-
tem. If uncontrolled, inflammation rapidly triggers 
ecological shifts that lead to dysbiotic transitions 

in microbial communities. Inflammation increases 
the exudation of peri-implant crevicular fluid, 
which creates a protein-rich environment that fos-

a b

c d

Fig. 2.1 Schematic representation comparing periodon-
tal and peri-implant tissues. A healthy periodontal and 
peri-implant situation is depicted in (a) and (b) respec-
tively. The absence of periodontal ligament and direct 
contact between the bone and the implant surface is 
shown. The effect of biofilm accumulation (marked green) 
onto the implant surface is depicted in (c) and (d). In peri- 

implant mucositis, the inflammation is restricted to the 
peri-implant submucosa, without evidence of bone 
destruction (c). During the progression to peri-implantitis, 
the extent of inflammation results in the destruction of the 
implant-supporting bone (d). (Source: Belibasakis et  al. 
[52]. Reproduced with permission from Springer Nature 
under the license number 4984180931936)
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ters the establishment of proteolytic species [3]. 
Evidence shows that a 3-weeks interruption of oral 
hygiene procedures around the implant is suffi-
cient to shift peri-implant communities toward 
higher abundances of periodontal pathogens such 
as species of Porphyromonas, Tannerella, 
Prevotella, Fretibacterium, or Treponema [60]. 
Through the expression of various proteases and 
hydrolases, these species further alter the nutrient 
conditions of their ecological niche (i.e., the peri- 
implant crevice), induce tissue breakdown, subvert 
the complement system, and impair host immunity 
[61, 62]. Increased abundance of these pathogenic 
species in the peri-implant crevice, in turn, corre-
lates with increased secretion of pro- inflammatory 
cytokines [60]. These microbial- induced altera-
tions collectively set off a self-feeding vicious 
cycle that enhances and maintains peri-implant 
inflammation. Whereas this inflammation initially 
remains limited to the peri-implant submucosa 
(peri-implant mucositis), its persistence leads to 
the destruction of underlying connective and bone 
structures, ultimately jeopardizing implant func-
tionality (peri- implantitis) (Fig. 2.1c, d) [5].

Although the propensity to develop peri- 
implant inflammation, and its degree, are influ-
enced by the host’s genetic background and 
systemic condition, the peri-implant microbiota 
remains the etiological trigger  factor and one 
upon which intervention is conceivable [15]. 
Therefore, a comprehensive understanding of its 
composition and shifts that lead to peri-implant 
disease is paramount to improve early diagnosis, 
prevention, and treatment approaches. All the 
more so that inflammatory tissue breakdown is 
faster and more extensive in peri-implantitis than 
in periodontitis [3, 63].

2.8  Early Work on Peri-Implant 
Microbial Communities

Initial attempts to characterize the microbial 
communities associated with peri-implant infec-
tions relied on anaerobic culture-based tech-
niques and phase-contrast microscopy [64, 65]. 
These early reports identified mainly gram- 
positive cocci, nonmotile bacilli, and few gram- 

negative anaerobic species in the healthy 
peri-implant submucosa [66, 67]. The microbial 
transition toward peri-implant mucositis was 
characterized by an increased abundance of cocci 
and the emergence of motile bacilli and spiro-
chetes [68]. Gram-negative, black-pigmented, 
motile, and anaerobic species emerged during 
further progression to peri-implantitis, certainly 
fostered by the lower oxygen conditions in deep-
ened peri-implant pockets [69].

Microbial culture, isolation, and biochemical 
identification are painstaking approaches to char-
acterize the complex peri-implant communities 
and are massively limited by our inability to cul-
ture “as-yet-uncultivated” taxa, that is, more than 
one-third of oral species to date [25]. Closed- 
ended molecular methods have provided 
researchers with faster ways of evaluating the 
complexity of microbial communities based on 
the detection of species-specific genes. Typically, 
PCR analyses of peri-implant samples frequently 
detected Aggregatibacter actinomycetemcomi-
tans [70], P. gingivalis [70, 71], Prevotella inter-
media [70, 72], and species of Fusobacterium 
[72]. Checkerboard DNA–DNA hybridization 
analysis allowed the simultaneous evaluation of a 
bigger set of bacterial taxa; the DNA from up to 
40 selected taxa could be arrayed on a nylon 
membrane. To evaluate the presence of these 
selected species in a given sample, DNA was 
extracted and hybridized with the membrane [73, 
74]. Such DNA-checkerboard methods identified 
members of the “red complex” cluster, that com-
prises P. gingivalis, T. forsythia and T. denticola, 
to thrive in cases of peri-implantitis. Other stud-
ies relying on fluorescence in situ hybridization 
(FISH) also reported species from Treponema 
groups I–III and Synergistetes cluster A to be 
typically associated with peri- implantitis com-
munities [75]. Figure 2.2 displays representative 
FISH observations of oral Spirochaetes and 
Synergistetes in peri- implantitis- associated sub-
mucosal biofilms (Fig. 2.2a–d).

Taken together, closed-ended molecular 
approaches mostly pointed out microbial simi-
larities between peri-implant infections and 
 gingivitis or periodontitis. The only microbio-
logical differences that seemed to emerge, came 
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from reports showing that peri-implant infections 
may occasionally be dominated by pathogens 
most commonly isolated from implanted medical 
devices, these included Peptostreptococcus spp. 
or Staphylococcus epidermidis and S. aureus [57, 
76–78]. Although these approaches permitted a 
faster and taxonomically more accurate identifi-
cation of peri-implant communities than culture 
methods, they are also undermined by inherent 
limitations. The requirement of preselecting sets 
of primers and probes may skew microbial iden-
tification toward pre-targeted species, often 
derived from previous knowledge of periodontal 
communities. In this regard, closed-ended 
approaches may introduce a “selection” bias, 
which technically precludes the detection of less 
studied or ‘unexpected’ microbiota.

2.9  Profiling of Microbial 
Communities by Sequencing 
the 16s rRNA Gene

In contrast to closed-ended methods, sequencing 
of housekeeping genes, such as the 16S ribosomal 
RNA (rRNA) gene, enables microbial identifica-
tion without the need of preselecting target species 
[79]. The 16S rRNA gene exhibits several charac-
teristics that render it advantageous for bacterial 
identification and taxonomic  classification. 
Ubiquitous in bacteria, the gene bears a series of 
slow-evolving over time regions (i.e., “con-
served”), which sequence may be employed to 
recognize virtually all bacteria in a sample, inter-
calated with nine fast-evolving regions (variable), 
which sequence is taxa-specific and enables infer-

a b

c d

Fig. 2.2 Photomicrographs of peri-implantitis- associated 
submucosal biofilms. Phase-contrast observation of the 
sample is shown in (a). The sample was processed for 
observation by fluorescence in situ hybridization (FISH) 
using 16S rRNA-oligonucleotide probes labeled Cy3 for 
oral Spirochaetes and 6-FAM (6-fluorescein amidite) for 

oral Synergistetes. Epifluorescence observations show 
Spirochaetes in (b), Synergistetes in c and merged signals 
in (d). (Source: Belibasakis et al. [52]. Reproduced with 
permission from Springer Nature under the license num-
ber 4984180931936)
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ence of taxonomic identity [80]. In other words, as 
these regions evolve at different rates, comparison 
of their sequences with reference databases 
enables to define the taxonomy of both ancient lin-
eages, such as Phyla or Classes, and more recent 
lineages, such as Genera or Species [81].

In the late 1980s, Pace and co-workers were 
among the first to apply Sanger sequencing to the 
16S rRNA gene to identify bacterial members from 
mixed consortium communities [82]. Intrinsic lim-
itations of Sanger sequencing, however, rapidly 
limited the taxonomic resolution of this approach. 
It is costly, time-consuming, and above all, only 
permits a low coverage depth (low number of 
sequence reads) [83]. The resulting bacterial iden-
tification is therefore restricted to the predominant 
members of a community and omits a plethora of 
less represented taxa [84]. More recently, 16S 
based profiling of microbial communities is 
achieved by next-generation sequencing (NGS), 
that is, high-throughput DNA sequencing technol-
ogies. NGS technologies, such as formerly pyrose-
quencing now superseded by Illumina [85], 
generate thousands of sequencing reads (~5000–
50,000 per sample) and have thereby led to a step 
change improvement in the coverage depth of anal-
yses [86]. One particularity of the reads produced 
by Illumina technologies is their relatively short 
length (~400  bp paired-reads on MiSeq) so that 
only selected segments of the 16S can be analyzed. 
Typically, amplicons that span the variable regions 
V1–V2, V3–V4, or V4 alone are sequenced. 
Although short, clustering and alignment of these 
sequences on reference databases generates taxo-
nomic profiles that confidently reach the genus 
level [87]. NGS of the 16S has permitted a compre-
hensive, system-level view of complex microbial 
communities (community profiling) [88, 89].

2.10  Community Profiling Reveals 
a Distinct Microbiota 
in the Peri-Implant Niche

The advent of NGS-based community profiling 
has unveiled an extensive bacterial diversity in 
the peri-implant niche and has spurred efforts to 
characterize peri-implant microbial communi-
ties. Compiled findings from these investiga-
tions, pioneered by Kumar and co-workers, 
reproducibly indicate that peri-implant sites 
harbor a differentially abundant microbiota and 
display lower microbial diversity than periodon-
tal sites, in both health and disease [90–94]. 
Specifically, significant compositional differ-
ences between subgingival and submucosal 
microbiota were detected between healthy peri-
implant and periodontal sites, as well as between 
peri-implantitis and periodontitis sites [90–92]. 
Worth mentioning here, these affections remain 
endogenous, polymicrobial opportunistic infec-
tions, and are therefore triggered by mixed bac-
terial consortia part of the “normal” oral 
microbiota that have undergone compositional 
shifts. As such, it is not the mere presence of 
specific bacterial taxa that distinguish peri-
implant and periodontal conditions, which 
would imply a causal relationship. Instead, 
microbiota differences are reflected in taxo-
nomic shifts toward enriched abundances of 
pathogenic taxa, which interplay causes the dis-
ease. That said, the presence of some allochtho-
nous species of staphylococci in the peri-implant 
microbiota may constitute an exception (see 
next section of this chapter). Figure 2.3 provides 
a comparative overview of the differentially 
abundant taxa detected in peri-implant health 
and disease or periodontitis. Core taxa that were 

Fig. 2.3 Schematic representation of the distinct and core 
microbiota associated with peri-implantitis. The Venn dia-
grams attempt a summative qualitative illustration of the 
bacterial taxa identified in the microbiota from healthy 
peri- implant, peri-implantitis, and periodontitis sites. Only 
taxa reportedly identified as significantly enriched in each 
condition are represented. Bacterial taxa are reported at the 
genus level or lower. The font size is commensurate with 
the frequency of identification among publications. (a) The 
microbiota from periodontitis and peri-implantitis sites are 

illustrated based on Kumar et  al. 2012, Dabdoub et  al. 
2013, Maruyama et al. 2014, and Yu et al. 2019. (b) The 
microbiota from healthy implants and peri-implantitis sites 
are illustrated based on Kumar et  al. 2012, Sanz-Martin 
et al. 2017, Tsigarida et al. 2015, Yu et al. 2019 and Zheng 
et al. 2015. Of note, bioinformatic analysis parameters, cri-
teria of taxonomic identification, and statistical significance 
may vary among studies. (Source: Belibasakis et  al. [4]. 
Adapted here in agreement with the terms of a Creative 
Commons CC-BY license with SAGE publishing)
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concomitant to these conditions are also 
displayed.

Overall, peri-implant sites were characterized 
by higher abundances of genera such as 
Eubacterium, Anaerofilum, Prevotella, 
Porphyromonas, Selenomonas, Streptococcus, 
Actinomyces, Leptotrichia, Propionibacterium, 
Peptococcus, Lactococcus, Rothia, and Treponema 
[90–94]. Furthermore, community profiling of 
adjacent peri-implant and periodontal sites 
strengthened the distinct nature of the peri- implant 
ecosystem [91]. Indeed, data stemming from 81 
patients showed that more than 50% of the bacte-
rial taxa detected were differentially abundant 
between neighboring peri-implant and periodontal 
sites. Even further, less than 8% of abundant spe-
cies were shared between pairs of adjacent peri-
implant and periodontal crevices [91]. 
Peri-implantitis associated communities appeared 
to harbor higher levels of genera such as Treponema, 
Filifactor, Porphyromonas, Prevotella, Tannerella, 
Campylobacter, or Staphylococcus spp., whereas 
Desulfomicrobium orale, Sphingomonas, 
Veillonella, Actinomyces spp., and non-mutans 
streptococci were enriched in periodontitis [91–
95]. Of note, these microbiota differences between 
the peri-implant and periodontal niches were also 
observed in individuals with a past history of 
chronic or aggressive periodontitis [93, 94].

Together, such observations come to nuance 
conclusions from early reports that suggested 
neighboring teeth, especially those periodontally 
affected, to act as reservoirs of periodontopatho-
gens for implants [96]. It remains clear that past 
periodontitis constitutes a risk factor for peri- 
implantitis and that known periodontopathogens 
of the genera Treponema, Tannerella, or 
Porphyromonas are detected in peri-implantitis 
pockets. Nonetheless, collective 16S-based com-
munity profiling strongly supports that peri- 
implant and periodontal sites behave as distinct 
ecosystems that differentially shape the composi-
tion of their residing microbiota [91–94, 97]. 
Taxonomic comparisons further indicate that 
colonization of the peri-implant niche is driven 
by local ecological features, rather than the prox-
imity of nearby niches, thus extending the con-

cept of “site-specialist” oral communities to the 
peri-implant ecosystem [91, 93, 94].

2.11  Microbial Shifts During 
the Transition from Peri- 
Implant Health to Disease

Community profiling of the healthy peri-implant 
microbiota revealed enriched abundances of 
Leptotrichia spp., streptococci (S. sanguinis, S. 
parasanguinis, S. gordonii), Neisseria spp., 
Veillonella dispar, V. parvula, Rothia aeria, and 
R. dentocariosa [98–100]. Most of these species 
are saccharolytic aerobes, aside from Leptotrichia 
spp. that preferentially thrives within anaerobic 
environments, but all are known commensals of 
the oral microbiota. Microbial shifts that underlie 
progression to disease were characterized by a 
gradual increase in microbial diversity from 
health to peri-implant mucositis and further to 
peri-implantitis [93, 98, 99]. Specifically, pro-
gression to peri-implant mucositis followed a pri-
mary ecological succession, during which newly 
acquired species combined with preexisting pio-
neer communities [98, 99]. This increased diver-
sity was taxonomically characterized by higher 
abundances of “classical” periodontopathogens 
including several Treponema species (T. socran-
skii, T. lecithinolyticum), Prevotella intermedia 
along with Porphyromonas gingivalis and 
Tannerella forsythia [98, 99]. Peri-implant muco-
sitis appears to exert a pivotal role in the progres-
sion of the infection, in that it allows the 
establishment of higher abundances of periodon-
tal pathogens that create a “high-at-risk-for-
harm” microbiota [99]. These stage-wise 
comparisons of the microbiota evolution from 
health to peri-implant mucositis and peri- 
implantitis show that most pathogenic microbiota 
shifts are observed during the transition to peri- 
implant mucositis. Further microbial alterations 
during the transition to peri-implantitis appeared 
more subtle [98, 99]. Figure  2.4 illustrates the 
increasing microbial diversity within submucosal 
communities during the typical course of peri- 
implant infections.
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Intriguingly, one study that investigated the 
effects of tobacco smoking on these transitions 
reported that microbial shifts followed divergent 
pathways in smokers [99]. At healthy peri- 
implant sites, smokers exhibited lower microbial 
diversity than nonsmokers and already presented 
an enrichment of known periodontopathogens. 
The transition to peri-implant mucositis in smok-
ers was accompanied by loss of commensals 
 species, resulting in decreased microbial diver-
sity, further contrasting with nonsmokers.

During the transition to peri-implantitis, the 
typical periodontopathogens established at the 
peri-implant mucositis stage were shown to per-
sist. Several other bacterial taxa were addition-
ally identified as enriched in peri-implantitis 
lesions. Typically, several other Treponema spe-
cies that include T. denticola, T. maltophilum [91, 
98–100], or the as-yet-uncultivated Treponema 

HMT-257 [92] were detected in higher abun-
dance in peri-implantitis sites and correlated in 
some cases with radiographic bone loss, PPD, 
and suppuration [92]. Taxonomic characteriza-
tion via 16S approaches also enabled the identifi-
cation of emerging putative pathogens such as 
Anaeroglobus geminatus, Filifactor alocis, 
Mogibacterium spp., Fretibacterium fastidiosum 
and Fretibacterium HMT 360, Desulfobulbus 
HMT 041, uncharacterized taxa of 
Peptostreptococcaceae and multiple species of 
Eubacterium [93, 98, 100].

Several NGS studies also confirmed the pres-
ence of Staphylococcus species in significantly 
higher abundances in peri-implantitis communi-
ties, these mostly included S. pettenkoferi, S. 
hominis, and S. aureus [91, 93, 99]. Although 
staphylococci have been isolated from infective 
para-oral conditions such as angular cheilitis or 

Fig. 2.4 Diversity of submucosal microbial communities 
during the course of peri-implant infections. The scheme 
illustrates the increase in microbial diversity observed 
during the transition from peri-implant health to peri- 
implant mucositis, and ultimately to peri-implantitis. 

(Source: the figure was initially designed using the web 
interface BioRender.com and published in Belibasakis 
et  al. [4]. Reproduced in agreement with the terms of a 
Creative Commons CC-BY license with SAGE 
publishing)
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parotitis, they are considered non-oral, allochtho-
nous species, which presence in the healthy oral 
cavity is likely transient and originates from food 
or contamination from epidermal surfaces [101, 
102]. However, their apparent ability to colonize 
artificial intra-oral surfaces, such as dentures or 
implants has been previously reported and 
attracted considerable interest [77, 103]. 
Staphylococci, S. aureus most particularly, are 
versatile human pathogens and leading causes of 
orthopedic implants infections and associated 
osteomyelitis. Typical virulence factors include 
their wide range of adhesins from the family of 
MSCRAMMs (Microbial Surface Components 
Recognizing Adhesive Matrix Molecules) [104]. 
These adhesins enable staphylococci to adhere to 
a variety of surfaces and initiate biofilm forma-
tion, which may owe an element of explanation 
to their increased abundances in peri-implantitis 
sites.

2.12  Beyond Microbial Taxonomy: 
Functional Profiling of Peri- 
Implant Communities

Whereas 16S-based approaches have undeniably 
led to a quantum leap in the taxonomic character-
ization of microbial communities associated with 
peri-implantitis, it is worth acknowledging some 
of their limitations. Most common NGS technol-
ogies to date, such as Illumina, rely on short reads 
that entail a selection of the variable regions to be 
sequenced as the entire length of the 16S cannot 
be considered. This feature has a twofold impact 
on further taxonomic assignment. First, because 
variable regions display unequal abilities to dis-
tinguish between bacterial taxa, the choice of 
specific regions may tend to over- or underesti-
mate certain phylotypes [80, 86]. Second, 
because taxonomy is inferred from partial 16S 
sequences, the resulting taxonomic resolution is 
limited to the genus level, and may sometimes be 
stretched to the species level in the oral microbi-
ome thanks to dedicated and well-characterized 
databases, such as HOMD [81, 105]. Although 
recent advances in long-read technologies are 
expected to optimize the yield of 16S approaches 

by enabling the full length sequencing of the 
gene [106, 107], more finite differences between 
peri-implant microbiota in health and disease 
likely reside at the strain level, which remains 
inaccessible by 16S analyses alone. More impor-
tantly, various strains of the same species may 
bear significantly different genomic characteris-
tics, that is, the accessory genome, endowing 
them with virulence traits unique to subsets of 
strains [108, 109]. This is relevant because peri- 
implant disease is ultimately caused by the patho-
genic activity of microbial communities, rather 
than by the mere presence of certain phylotypes.

Insights into strain-level differences may stem 
from shotgun metagenomic sequencing that has 
the potential to reassemble near-full-length 
metagenomes, and thereby to also inform on the 
functional potential (genes present transcribed or 
not) of these communities [110, 111]. The dif-
ferential expression of virulence factors that 
potentiate the pathogenicity of the entire commu-
nity may be assessed by metatranscriptomic 
approaches [112].

However, investigations aiming to elucidate 
functional aspects within peri-implant commu-
nities remain scarce and essentially stem from a 
single group and a single study cohort thus far. 
Specifically, Shiba et al. compared the functional 
profiles of peri-implantitis and periodontitis 
microbiota from a cohort of 12 subjects using a 
genome-wide metatranscriptome (RNA-seq) 
[113]. In this approach, total RNA is extracted 
from microbial communities and reverse- 
transcribed to a complementary DNA library to 
be sequenced. A near-full-length 16S rRNA 
sequence library was first reconstructed to simul-
taneously enable the taxonomic identification of 
bacterial communities. As this 16S library origi-
nates from transcribed RNA, it is representative 
of the transcriptionally active phyla, rather than 
of the sole presence of the gene as in traditional 
16S approaches relying solely on microbial 
DNA identification. Interestingly, the RNA-
based 16S library revealed a differentially abun-
dant “active” microbiota between peri-implantitis 
and periodontitis [113]. These observations 
somewhat support the idea that different micro-
bial functional profiles may underpin periodonti-
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tis and peri-implantitis diseases. Furthermore, 
species such as Eubacterium nodatum, 
Peptostreptococcus stomatis, and Prevotella 
denticola were shown to be significantly more 
active in peri-implantitis than periodontitis, as 
evidenced by RNA/DNA ratios, stemming from 
metatranscriptomic and metagenomic compari-
sons [114]. These findings are in line with previ-
ous 16S reports that also identified these taxa as 
significantly enriched in peri-implantitis and 
part of co-occurrence networks [90, 93, 100]. 
Further function-based assignment of mRNA 
sequences revealed distinct virulence profiles 
between healthy sites and peri- implantitis, 
although no specific virulence genes could be 
imputed to peri-implantitis. Also, mRNA-based 
interaction networks appeared more complex in 
peri-implantitis than in periodontitis, and were 
characterized by significant associations between 
species of the “red complex”; P. gingivalis, T. 
forsythia, and T. denticola [113].

Whereas these investigations were not devoid 
of limitations (small cohort size or comparisons 
made between meta-transcriptomic and -genomic 
data using different samples), these findings 
complement and extend previous taxonomic 
reports. Together, these metatranscriptomic and 
metagenomic data seem to illustrate that different 
functional profiles underlie the pathogenicity of 
communities found in peri-implantitis or peri-
odontitis. Hence, functional profiling appears 
particularly important for a deeper understanding 
of the pathogenicity of a microbial community, 
beyond its taxonomical composition.

2.13  Summary and Conclusion

The oral cavity represents a unique ecosystem 
that harbors a remarkably diverse microbiota. 
This ecosystem is characterized by a multiplicity 
of ecological niches and a constant salivary flow 
that coats all surfaces with a proteinic pellicle. To 
survive in this ecosystem, oral bacteria have 
evolved to recognize molecular patterns of the 
salivary pellicle, adhere onto surfaces and gener-
ate biofilms. Within biofilms, oral bacteria co- 
aggregate with ecologically relevant partners, 

exchange genetic material, communicate and 
establish mutually beneficial networks.

Upon insertion, dental implants offer a pris-
tine surface, rapidly coated with a pellicle and 
ready to serve as a substrate for bacterial colo-
nization and biofilm growth, similarly to natu-
ral teeth. Uncontrolled, biofilm growth will 
induce an inflammatory response in the peri-
implant submucosa, that will alter the ecologi-
cal conditions of peri-implant niche and that, in 
turn, will promote the proliferation of 
pathogenic/“inflammagenic” species. These 
events trigger a self-feeding vicious cycle that 
enhances peri-implant inflammation and may 
lead to the destruction of the implant-support-
ing tissues.

Early work that attempted to characterize the 
microbial communities that underpin the etiology 
of peri-implantitis mostly pointed to similarities 
with periodontitis and known periodontopatho-
gens. The advent of NGS technologies, notably 
applied to the 16S rRNA gene, has considerably 
expanded our appreciation of the peri-implant 
microbiota. Indeed, compiled findings from com-
munity profiling consistently support the concept 
of peri-implant sites as distinct ecological niches, 
characterized by lower diversity than periodontal 
sites and by a compositionally distinct microbi-
ota, both in health and disease. Microbial shifts 
during inflammatory peri-implant transitions 
were shown to follow a primary ecological suc-
cession characterized by the establishment of 
known periodontopathogens, such as representa-
tives of the “red complex,” as well as emerging 
putative pathogens that include Anaeroglobus 
geminatus, Filifactor alocis, Eubacterium noda-
tum, or Fretibacterium fastidiosum. Peri- 
implantitis- associated communities were also 
frequently shown to encompass allochthonous 
species of staphylococci.

Whereas current knowledge is somewhat lim-
ited to the taxonomic characterization of micro-
bial communities, it is expected that more finite 
specificities of the peri-implant microbiota may 
stem from the analysis of strain-level functional 
characteristics. Preliminary metagenomic and 
metatranscriptomic data suggest indeed that dif-
ferential functional profiles may underpin the eti-
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ology of peri-implantitis and periodontitis. 
Considering the lack of a unique therapeutic 
armament to tackle peri-implant infections, the 
identification of potential biomarker strains, or 
altered transcriptional profiles, may ultimately 
provide the basis for early detection and preven-
tion strategies or contribute to selecting specific 
antimicrobial approaches.
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3Host Immune Response to Dental 
Implants

Nagihan Bostanci, Angelika Silberiesen, Kai Bao, 
and Ali Gurkan

3.1  Host Defense in Dental 
Implant Environments

3.1.1  Osseointegration and Host 
Response

Biocompatibility and biostability are the key prop-
erties of dental implants in the “oral environment,” 
in order to optimize their performance before or 
after functional loading. Biomaterials involving 
dental implants should be able to directly interact 
with their oral environment and adapt to the needs 
of the living organ [1]. Clinical biocompatibility 
rather refers not to a generic property of a biomate-
rial, but of a biomaterial- host system [2]. 
Uneventful host defense to dental implant inser-
tion is not necessarily “not at all a response in the 
tissue”; however, it starts with more a favorable 
immune response that promotes wound healing 
around the jawbone and soft mucosal tissue.

Dental implants are placed in the jawbone 
through surgical procedures that create an 

“implant wound” in the bone and soft tissue 
(Fig. 3.1). Attempts to minimize wound area and 
surgical trauma to bone and soft tissues are crucial 
to ultimately reduce the response in peri- implant 
tissues, thus leading to a faster wound healing and 
a more favorable host-biomaterial interaction 
(Fig. 3.2). Soft tissue healing is indicated by the 
formation of a mucosal barrier (biological seal) at 
the soft tissue-transmucosal interface, while a 
direct structural and functional connection 
between the bone and the implant interface is 
defined as “osseointegration,” or has earlier been 
characterized as “functional ankylosis” [3].

Bone tissue healing around dental implants 
includes an initial homeostasis phase, a pro- 
inflammatory phase, a cell proliferation phase, 
and a final remodeling phase [4]. In experimental 
animal models, the inflammatory phase is initi-
ated as soon as 2 h following implant placement 
and is characterized by recruitment of leukocytes, 
which is followed by an increased number of 
fibroblasts and presence of osteoclasts in the 
recipient bone, starting from at 4 days to 1 week 
(i.e., proliferative phase) [5]. Polymorphonuclear 
granulocytes are the dominating leukocytes on all 
surfaces followed by monocytes. Stabilization of 
the blood clot to the implant surface and cell 
adhesion are important steps for successful inte-
gration and mediated through protein adsorption 
to the implant surface [6]. Interestingly, in 
humans, there is no obvious osteoclastic activity 
during the proliferative phase. The remodeling 
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phase begins at around 2 weeks by an increased 
number of osteoclasts and may extend to 
12 weeks until most of the woven bone is replaced 
by lamellar bone. Transition to the remodeling 
phase in humans shows more delayed onset at 
least 2 weeks, compared with beagle dogs [7].

Implant wound healing in the jawbone is coor-
dinated by structural and immune cells that inter-
act with each other via growth factors, cytokines, 
chemokines, and matrix proteins [5, 8, 9]. Gene 
expression analysis of peri-implant tissue at early 

stages of tissue healing indicates that the pro- 
inflammatory response associated pathways are 
upregulated during the early stages of osseointe-
gration around day 4. Thereafter, around day 14, 
these pathways are replaced with the upregula-
tion of genes associated with osteogenesis-related 
mechanisms [10, 11]. Tissue-resident macro-
phages are an integral part of the osseointegration 
and wound healing process and can release sev-
eral pro-inflammatory cytokines or growth fac-
tors in response to the injury caused by surgery 

a

c

b

Fig. 3.1 Bone wound healing around implants. 
Achievement and maintenance of osseointegration and 
mucosal seal formation depends on establishment of a 
long-term equilibrium between host cells and titanium. 
Early and late host immune reactions to dental implant 
procedures are immune-inflammatory response, angio-
genesis, and osteogenesis. Healing process that starts with 

the stabilization of the blood clot and respective occur-
rence of homeostasis, pro- inflammatory, cell prolifera-
tion, and finally remodeling phases eventually leads to 
osseointegration of the implants. (a) Insertion of four self-
tapping implants to osteotomy sites at edentulous lower 
jaw; (b) surgical site following disconnection of transfer 
pieces; (c) radiographic images at the first-stage surgery

a b c

Fig. 3.2 Peri-implant soft tissue healing around healing 
abutments. (a) Edentulous space of upper left lateral inci-
sor after 8 months of socket preservation and provisional-
ization; (b) healing abutment in place following placement 

of a dental implant via flapless guided surgery; (c) soft 
tissue healing around healing abutment over 3 days after 
immediate restoration with a temporary crown
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[12]. Multiple cytokine profiling of peri-implant 
crevicular fluid collected 2, 4, 8, 12, and 24 weeks 
following implant placement in humans showed 
that a vast array of cytokines peaked at week 2 
after implant insertion, before decreasing at week 
4 or week 8, then remaining steady at least until 
week 24, postoperatively [13, 14]. These findings 
highlighted that early weeks following implant 
insertion are crucial time points of successful 
wound healing around implants, and support the 
previously reported histological observations and 
gene expressions data.

This type of immune response during the 
early stages of osseointegration around implants 
can be considered as “sterile inflammation” that 
is resolved if there are no other complications. 
The immune response features of the bone-
implant interface may be affected by several fac-
tors including implant surface characteristics/
design, surgical procedure for implant bed prep-
aration, or implant-abutment interface configu-
ration [15]. Implant surface topography 
modifications may promote osteogenesis by 
osteoblasts, but much less is known about their 
potential effect on immune cell modulation and 
control of inflammation [16–19]. Hotchkiss and 
coworkers. [16] showed that macrophages cul-
tured in vitro on implants with high surface wet-
tability or implants with a combination of 
high-energy and altered surface chemistry pro-
duce an anti-inflammatory host response that 
reduces extended pro- inflammatory factor 
release. A better understanding of the effect of 
implant surface characteristics on a wound-heal-
ing microenvironment may enhance implant 
success and prevent early implant loss, which 
has also been postulated to be associated with a 
provoked foreign body reaction [20, 21]. Several 
other studies also reported foreign body or 
hypersensitivity reactions as a result of the 
implant material itself [22–26]. In healthy indi-
viduals with a maximum of 3 successfully 
restored titanium dental implants, blood levels of 
lactate dehydrogenase (LDH) and total protein 
levels were significantly higher 6  months after 
implant placement compared to baseline [22]. 
However, none of the levels were of clinical rel-

evance. In addition, blood lymphocytes and 
monocytes from healthy individuals, baring or 
not dental implants, were isolated and their cell 
activity and cytokine production capacity to tita-
nium were assessed in vitro [23]. T-cell prolif-
eration was similar in both groups, but IL-1β, 
IL-6, and tumor necrosis factor (TNF)-α produc-
tion was significantly lower in individuals with 
implants. Furthermore, several studies investi-
gated the in vitro effect of blood on titanium and/
or zirconia dental implants [24–26]. For this, 
unused implants were incubated in blood from a 
healthy donor and were harvested after 1, 8 , and 
24  h to assess gene expression of IL-8 to the 
implant material [24, 26]. IL-8 gene expressions 
and IL-1β plasma protein levels were signifi-
cantly increased, compared to baseline, irrespec-
tive of the implant type [24, 25].

On the other hand, dental implant coatings 
may wear off over time, leading to titanium cor-
rosion and titanium particle release [27]. Berbel 
et al. showed that limited access to oxygen in the 
peri-implant defect environment reduces the 
resistance of implants to corrosion [28]. Although 
it is not clear whether such particle release can 
lead to a hypersensitivity reaction, there is evi-
dence that titanium ions can induce inflamma-
some expression by macrophages and activate 
the release of pro-inflammatory cytokines [29]. 
This is in line with findings a greater number of 
macrophages containing titanium particles was 
found in the areas in close contact with the 
implant surface [30].

During wound healing following implant 
installation, bone modeling occurs that may 
result in some reduction of the marginal bone 
level coupled to immunological reactions. Early 
bone loss process can be a result of multifactorial 
factors, including intrinsic and extrinsic ones 
(Fig.  3.3). Among these, less traumatic osteot-
omy modalities for implant bed preparation may 
lead to the reduction of pro-inflammatory 
response at an early stage [31]. Piezoelectric sur-
gery, a minimally invasive technique to prepare 
the implant bed has been shown to modify and 
reduce bone-destructive inflammatory molecules 
during implant osseointegration [13, 14, 32].
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3.1.2  Peri-Implant Soft Tissue 
Integration and Host 
Response

The formation of a soft tissue barrier at implants 
is the result of a maturation process within the 
connective tissue and epithelial proliferation dur-
ing wound healing. Peri-implant soft tissue heal-
ing is described as a “gingival seal” formation 
[34] (Fig. 3.4). When assessed at the microscopic 
level, the healthy peri-implant mucosa in humans 
can reach up to 3.6 mm height and consists of a 
1.9  mm sulcular and junctional epithelium 
 (keratinized and nonkeratinized) and a 1.7  mm 
underlying connective tissue [35]. While the api-
cal part of peri-implant mucosa creates a connec-
tive tissue adhesion zone with limited 
vascularization, the coronal part consists of junc-
tional and sulcular epithelium with some vascu-
larity [12, 36]. Blood supply of peri-implant 
mucosa is provided solely by the supraperiosteal 
blood vessels [37]. Therefore, peri-implant 
mucosa may have an impaired immune response 
compared to gingiva around teeth [38].

Experiments in dogs and humans have docu-
mented the cellular events in the connective tissue 
interface portion of the peri-implant mucosa dur-
ing the early stages of healing [12, 34]. Two hours 
after implant installation, blood coagulum was 
observed in the spaces between the mucosa and 

the implant and between the mucosa and bone. 
Following surgery at 4 days, there was an influx of 
the neutrophil granulocytes into blood cloth that 
degraded the coagulum and created a leukocyte-
infiltrated fibrin network. It was demonstrated that 
macrophages were distributed in the connective 
tissue throughout the entire healing period. Acute 
inflammatory changes at week 1 were reflected as 
an increase in PICF volumes [38]. The PICF con-
tent showed higher expression of specific pro-
inflammatory mediators in implants compared to 
teeth during post-operative healing, revealing a 
more robust response to surgical trauma in peri-
implant compared to periodontal tissues [38, 39]. 
While T and B lymphocytes were densely packed 
in the connective tissue at 2 weeks of healing, then 
their numbers declined from 4 to 8 weeks of heal-
ing in parallel with reduced vascularity [12]. 
Furthermore, the first signs of epithelial prolifera-
tion were observed in specimens representing 
1–2 weeks of healing and a mature junctional epi-
thelium occurred after 6–8 weeks of healing. The 
collagen fibers of the mucosa were organized par-
allel to the implant surface after 4 or 6 weeks of 
healing without insertion into the implant surface. 
Collectively, the soft tissue attachment to implants 
is established after several weeks following sur-
gery and induction and resolution of inflammation 
appear to be a hallmark for the healing process of 
the peri-implant mucosa (Fig. 3.4).

a b c d

Fig. 3.3 Osseointegration and crestal bone levels around 
the implants. Early peri-implant crestal bone loss is a mul-
tifactorial phenomenon including several modifiable or 
avoidable factors related to patients, implant design, surgi-
cal and prosthetic interventions [31, 33]. Current strategies 
target achievement of minimal or no crestal bone loss 
around dental implants. (a) Healed lower molar extraction 

site; (b) healing abutment placed simultaneously immedi-
ately after guided flapless implant surgery; (c) implant was 
immediately restored with provisional crown and non-func-
tionally loaded; (d) osseointegrated implant with definitive 
prosthesis. Note absence of crestal bone loss and mainte-
nance of the successful osseointegration (Surgery Prof Ali 
Gurkan, Prosthetics Prof Bulent Gokce)
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3.1.3  Immune Responses to Biofilm 
Accumulation Around 
Implants

The nature of the peri-implant mucosa being 
exposed to the external and internal environment 
constitutes a challenge for the immune system to 
keep the homeostasis between oral microbial 
stimuli and an appropriate immune response. The 
lack of the periodontal ligament around implants 
creates a variety of biological disadvantages for 
the implant, compared to the periodontium of 
natural teeth including less physical barrier and 
reduced blood flow. Periodontal ligament pro-
vides the necessary biological niche for the pro-

duction of immune cells and supports alveolar 
bone regeneration possibly via the presence of 
stem-like cells and epithelial cell rests of 
Malassez [40, 41]. Earlier studies in animal mod-
els seem to substantiate this theory that increased 
bone loss and osteoclasts in ligature-induced 
peri-implantitis related to the absence of peri-
odontal ligament but not the cervical cementum 
in cynomolgus monkeys [42].

Biofilm formation in a newly exposed implant 
can happen as quick as 30 min from the existing 
species in the oral cavity [43]. Biofilm seems to 
be confined to the supra-mucosal area with the 
existence of a plaque and cell-free zone [12]. 
Similar to gingival tissue, peri-implant mucosa 

a d

e

b

c

Fig. 3.4 Peri-implant soft tissue integration and host 
response around implants. During an uneventful wound 
healing period around implants, formation of a mucosal 
seal is characterized with proliferation of epithelium and 
maturation of connective tissue. The soft tissue undergoes 
pivotal changes including shift of the provisional matrix 
to a collagen fiber-dominated one and alterations in vol-
ume, cellular content, organization, and dimension and 

reaches its final characteristics within 6–8 weeks. (a) 
Mid-crestal incision prepared for second-stage surgery in 
order to uncover 2 implants left for submerged healing; 
(b) connection of healing abutments and primary closure 
of the flap; (c) post-op 2 weeks of undisturbed early peri-
implant mucosal healing; (d) buccal view of the site at 
second-stage surgery; and (e) at post-op 2 weeks
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harbor various features that help controlling bio-
films including the flushing action of peri-implant 
crevicular fluid, the rapid epithelial turnover, an 
influx of innate immune response cells to the 
peri-implant tissue and the transmigration of neu-
trophils into the peri-implant sulcus [44, 45]. 
Stages of inflammatory events are described 
based on cellular and structural changes occur-
ring during peri-implant mucositis development 
and progression in experimental studies. A pro-
longed exposure of the implant site to dental bio-
films may induce both qualitative and quantitative 
changes of the inflammatory infiltrate around 
peri-implant mucosa, which is reversible upon 
reinstitution of plaque control similar to those in 
experimental gingivitis [46]. This response seems 
to be independent of implant type, at least based 
on experimental animal models [47]. The 
sequence of inflammatory events that take place 
in peri-implant mucositis is similar to those in 
experimental gingivitis, but potentially of inflam-
mation border extends faster toward the alveolar 
bone [48]. In humans, experimental peri-implant 
mucositis lesion at 3 weeks is characterized by 
the presence of an inflammatory cell infiltrate 
within the connective tissue underlying oral epi-
thelium [49]. The size of inflammatory lesion 

around the peri-implant mucosa can reach up to 
0.14 mm2, which is represented by increased pro-
portions of T- and B lymphocytes [50].

The host response patterns in human peri- 
implantitis are qualitatively similar, yet more 
extensive, compared to periodontitis, resulting in 
a faster progression of tissue destruction [51, 52]. 
The information available on host-immune char-
acteristics of peri-implantitis is derived from 
comparative studies using biopsy material from 
peri-implant mucosa and gingiva, as well as 
experimental studies in animal models. The 
switch to peri-implantitis from peri-implant 
mucositis is accompanied by a further influx of 
inflammatory cells into the affected area of the 
peri-implant mucosa, that now expands to reach 
the bone tissue [53, 54] (Fig.  3.5). Similar to 
advanced periodontitis lesion, apical migration of 
junctional epithelium, loss of collagen and a 
larger proportion of neutrophils, macrophages, T- 
and B-cells, osteoclasts as well as bone loss are 
the key features of peri-implantitis lesions. When 
quantified, the size of peri-implantitis lesion is 
double in size than periodontitis lesion (3.5 vs. 
1.5  mm2) [55]. Diseased tissue obtained from 
peri-implantitis sites is shown to exhibit higher 
expression of several mediators of inflammation, 

a b c

Fig. 3.5 Clinical and radiographic findings of a peri-
implantitis case. (a) Presence of visual inflammatory 
changes around the peri-implant soft tissue evident by 
redness, swelling, ulceration, and suppuration. (b) 

Presence of bleeding on probing, increased probing depth 
and pus around the implant‐supported prosthetic restora-
tion. (c) Radiographic evidence of bone loss beyond 
crestal bone level around the implant
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including pro-inflammatory cytokines interleu-
kin (IL)-6, IL-8, and TNF-α, compared to healthy 
or peri-implant mucositis sites [56, 57]. A global 
gene expression profiling of peri-implant and 
gingival mucosa biopsies indicates that both 
shared and distinct mRNA expression patterns 
between peri-implantitis and periodontitis. 
Another high-throughput gene expression study 
by Liu et al. showed that the cyclooxygenase-2 
pathway is the most upregulated biological pro-
cess in peri-implantitis as compared to periodon-
titis. Their data also suggested that osteoclast 
differentiation-related pathways are compara-
tively more active in peri-implantitis indicated by 
higher receptor activator of NF-κB (RANK) 
ligand (RANKL) and osteoprotegerin ratio [58, 
59].

Although limited animal models are available 
to compare peri-implantitis to periodontitis, it’s 
in parallel condition, ligature models in beagle 
dogs and murine are the most studied ones [60, 
61]. The placement of the ligature on the implants 
of experimental animals results in acute inflam-
matory reactions that involve tissue breakdown 
and bone loss, which resemble peri-implantitis in 
humans [62]. In general, ligatured-induced peri- 
implantitis presents with increased infiltration of 
T- and B-cells, neutrophils and macrophages and 
osteoclasts, while decreased the density of alveo-
lar bone without “self-limiting” process [42, 54, 
63–67]. In these models, after the removal of the 
ligatures, if plaque accumulation is allowed, pro-
gression of peri-implantitis occurs resembling 
natural history of periimplantitis in humans [68]. 
The lesions in ligatured-induced peri-implantitis 
appear earlier than they are in periodontitis. By 
placing ligatures in both tooth and implants of 
mice for 1 week, 1 month, or 3 months, Hiyari S 
et al. observed the more intensive bone loss les-
sons on peri-implantitis compared with periodon-
titis sites as early as 1 week, and this trend was 
intensified at later stages [64]. Interestingly, in 
murine ligature models, at 3  months, 20% of 
implants exfoliated due to peri-implantitis, but no 
natural teeth exfoliated in the case of periodonti-
tis [66]. Additionally, removal of ligature leads to 
bone apposition in periodontitis cases whereas 
this is not the case in the peri-implantitis group 

[69]. At the molecular level, increased matrix 
metalloproteinase-8 (MMP-8), and nuclear factor 
kappa-light-chain-enhancer of activated B cells 
(NF-κB) expression seem to follow histopatho-
logical observations [64]. Experimental models 
using knockout mice strains suggested that in 
toll-like receptor (TLR) 2 and TLR4 mediate 
bone loss around implants [65, 70]. Similar 
 models were also applied to evaluate the effect of 
implant type and implant surface characteristics 
in mediating immune response. The implants 
with doxycycline-treated surfaces resulted in sig-
nificantly higher bone levels than the control sur-
face in the peri-implantitis mice model, which 
showed this surface attenuated inflammatory 
response and progression [71]. In contrast, 
implant abutments with antibacterial coating or 
surface modification with a monolayer of multi- 
phosphonate molecules in beagle dogs do not 
seem to prevent biofilm formation on the implant 
surfaces and do not attenuate host response in the 
adjacent peri-implant mucosa [72, 73].

3.1.4  Biological Fluids 
as a Reservoir of Inflammatory 
Mediators for Peri-Implant 
Mucositis and Peri-Implantitis 
and Their Diagnostic Potential

Although histopathologically peri-implant 
lesions are quite well described, the molecular 
determinants of these processes are not yet fully 
described. As indicated by many clinical studies 
that periodontal indices are not reliable diagnos-
tic and prognostic tools for examining dental 
implants and determining treatment needs. 
Although probing clinical pocket depth, clinical 
attachment level and bleeding on probing 
(absence or presence) have been recognized as 
the dentist’s most important tools in diagnosing 
periodontal health and disease, but probing depth 
around the implants is not as meaningful a diag-
nostic tool as the tooth. Regular probing around 
healthy implants could potentially result in 
trauma to the peri-implant soft tissues with con-
sequent induced inflammation. Therefore, in cur-
rent practice, probing around dental implants 
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cannot be performed until osseointegration is 
complete which may take up to 6 months [74]. 
Moreover, probing accuracy is more questionable 
around peri-implant mucosa as penetration seems 
to be more advanced at implants than at teeth [63, 
75].

Presence bleeding in probing (BOP) around 
implants is also a poor indicator of progressive 
peri-implantitis, as BOP is constant both at sites 
with peri-mucositis and peri-implantitis or even 
stable peri-implantitis [76]. Ericsson et  al. also 
reported the presence of BOP for the majority of 
the healthy peri-implant sites [76] potentially 
indicating a state of subclinical chronic 
 inflammation in healthy peri-implant tissues. 
Therefore, contemporary, non-invasive diagnos-
tic and prognostic tools based on “measurable 
biological indicators” of peri-implant diseases 
are needed to detect active disease and future dis-
ease progression and facilitate targeted treatment 
on a more rational basis. Peri-implant crevicular 
Fluid (PICF) and saliva are among the proximal 

sources of biomarkers for peri-implant health and 
disease. Both saliva and PICF can be obtained 
non- invasively in less than 5  min (Fig.  3.6). A 
narrative summary of the literature examining 
biomarkers in PICF, saliva, and in serum as 
potential diagnostic/prognostic tools for peri-
implant diseases is provided in the following 
sections.

3.1.5  Peri-Implant Crevicular Fluid

The peri-implant crevicular fluid (PICF) is the 
inflammatory exudate of the peri-implant sulcus 
[14, 44]. Similarly, to gingival crevicular fluid 
(GCF), PICF is the outcome of increased perme-
ability of the vessels within the underlying con-
nective tissue, as an inflammatory response to the 
growing biofilm at the implant–tissue interface 
[77]. PICF is enriched with connective tissue 
breakdown products and inflammatory molecules 
[78–81]. Therefore, analysis of the PICF might 

Peri-implantatitis Healthy implant Peri-implant crevicular fluid

Fig. 3.6 Peri-implant crevicular fluid (PICF) collection 
in health and disease. The PICF is collected via paper 
strips after gentle insertion into the crevice for typically 

30 s. Once the PICF is absorbed onto the paper strips, then 
eluted into buffer prior to analysis of the immunological 
content

N. Bostanci et al.
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be suitable to evaluate the inflammatory status of 
peri-implant tissues, in a quantitative manner [45, 
82].

In healthy implant tissues, the flow of PICF is 
minimum. However, in peri-implant mucositis 
and peri-implantitis, its volume is increased at a 
given site in response to biofilm accumulation 
[83, 84]. PICF protein content increases in 
experimentally induced peri-implant mucositis 
by the end of the 3 weeks and more interestingly, 
its volume is higher when compared with that of 
GCF [48]. Since the composition of PICF is 
modified along with the histopathological 
changes during the course of progressive peri-
implant inflammation, its molecular analysis 
may support the early detection of clinically 
undetectable diseases [85]. The levels of pro-
inflammatory cytokines including tumor necro-
sis factor alpha (TNF-α), Interleukin-1alpha, 
IL-1 beta (IL-1β) are increased in PICF collected 
from peri- implantitis- affected sites, compared to 
healthy controls or sites with periodontitis [86–
90]. Further studies also showed that peri-
implantitis treatment reduced the PICF levels of 
IL-1β [91] and TNF-α [92, 93]. Matrix metallo-
proteinases (MMPs) or their tissue inhibitors 
(TIMPs) are also found in high levels in PICF 
from peri-implantitis sites are elevated compared 
to healthy sites, and their enzymatic activity 
increases with disease severity or at sites with 
progressive bone loss risk [89, 94]. The regula-
tion of osteoclastogenesis and osteogenesis-
associated markers has also been studied in PICF 
[95, 96]. Similar to findings in GCF obtained 
from sites with periodontitis, there is increasing 
evidence for the association of the RANKL and 
its inhibitor OPG with the presence and severity 
of peri-implantitis [48, 97–100]. Higher PICF 
levels of cathepsin K, a collagenase that is 
mainly expressed by osteoclasts, have been 
shown to be associated with peri-implantitis [95, 
96, 101]. Although further studies are needed, 
the current evidence suggests that the assess-
ment of pro-inflammatory cytokines, that is, 
IL-1β, TNFα, MMP-8, or alveolar bone turn-
over/resorption molecules, that is, RANKL/OPG 
or Cathepsin-K in the PICF may be of value as 
predictors of peri-implant diseases.

3.1.6  Saliva

As an alternative to peri-implant crevicular fluid 
(PICF), saliva might be used to study host 
responses against dental implants. Saliva, a com-
plex biofluid composed of minor and major sali-
vary gland secretions, serum and salivary 
inflammatory mediators and components from 
the oral microflora, has the potential to reflect 
oral and systemic health and diseases and can be 
obtained noninvasively and in large quantities 
[102, 103]. Various pro- and anti-inflammatory 
molecules, proteolytic enzymes involved in tis-
sue breakdown as well as markers for bone 
resorption have been studied in saliva in response 
to dental implants [104–113].

Significantly higher levels of IL-1β, IL-6, 
TNF-α, and procalcitonin were present in the 
saliva of individuals with peri-implantitis com-
pared to healthy controls, and also peri-implant 
mucositis for procalcitonin [105, 107]. In addi-
tion, bleeding on probing positively correlated 
with salivary procalcitonin in peri-implantitis 
patients [6, 107]. On the contrary, levels of 
colony- stimulating factor 1 (CSF-1), IL-34, 
IL-1β, triggering receptor expressed on myeloid 
cells (TREM)-1, peptidoglycan recognition pro-
tein (PGLYRP)-1, MMP-8, tissue inhibitor of 
metalloproteinases (TIMP)-1 and MMP-8/
TIMP1 ratio in saliva did not differ between peri- 
implantitis and peri-implant mucositis [9, 12, 
110, 113]. Furthermore, CSF-1  in saliva and 
PICF were positively correlated. Both studies 
also evaluated the effect of concomitant peri-
odontitis, resulting in significantly higher sali-
vary levels of MMP-8 with both diseases present 
compared to peri-implantitis alone, while sali-
vary levels of all other molecules were not 
affected. Furthermore, IL-1β levels in saliva of 
peri-implant mucositis patients with or without a 
previous history of periodontitis did not differ [5, 
106]. However, in peri-implant mucositis patients 
without a previous exposure to periodontitis, sali-
vary IL-1β predicted higher levels of IL-1β levels 
in PICF. Another study investigated peri-implant 
mucositis patients under regular peri-implant and 
periodontal therapy or not (controls) at baseline 
and 5  years after implant placement [108]. 
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Salivary TNF-α was significantly elevated in 
patients without regular maintenance compared 
to patients under regular therapy, while IL-1β, 
IL-10, MMP-2/TIMP-2 complex, Receptor acti-
vator of nuclear factor-κB (RANK), osteoprote-
gerin (OPG), transforming growth factor (TGF)-β 
did not show any differences.

In a proof-of-concept study, a chewing gum 
detector was evaluated for its potential to mea-
sure MMP-8 activity in saliva by a peptide sensor 
which when cleaved releases a bitter substance 
[10, 111]. A significantly higher MMP-8 activity 
was detected in saliva from peri-implantitis and 
peri-implant mucositis patients compared to 
healthy controls. On the contrary, a commercial 
MMP-8 activity assay used as a control assay 
was not able to distinguish between healthy and 
diseased. Furthermore, a pilot study investigated 
pathogenic gene sets in the saliva of individuals 
with implant failure due to severe peri-implantitis 
using a whole-exome sequencing approach [109]. 
Significant enrichments were identified in gene 
sets for cytoskeleton, cell adhesion, and metal ion 
binding. The latter was also identified as a central 
functional group which, if misregulated, could 
interfere with cell morphology and adhesion and 
finally lead to implant failure.

Further studies investigated the host responses 
to restored and functional implants in the pres-
ence and absence of systemic diseases such as 
obesity [104] or type II diabetes [112]. Salivary 
IL-1β and IL-6 levels, as well as mean plaque, 
bleeding on probing, probing depth scores, and 
bone loss were significantly higher in obese than 
nonobese men [104]. The study on type II diabe-
tes used an array-based multiplex assay to assess 
multiple inflammatory molecules at the same 
time, including IL-1b, IL-2, IL-4, IL-6, IL-8, 
IL-10, TNF-α, interferon (INF)-γ, C-reactive 
protein (CRP), macrophage inflammatory protein 
(MIP)-1α, MIP-1β, MMP-1, MMP-2, MMP-8, 
MMP-9, TIMP-1, TIMP-2, OPG, adiponectin, 
and procalcitonin (ProCT) [11, 112]. Salivary 
markers were measured at baseline and 1  year 
after implant placement and did not show big dif-
ferences between the diseased and healthy 
groups. In patients with type II diabetes, IL-4, 
IL-10, and OPG were significantly decreased at 

the 1-year follow-up compared to baseline, while 
in healthy controls OPG was significantly 
increased after 1  year compared to baseline. 
Furthermore, in type II diabetes patients com-
pared to healthy controls, OPG levels were 
already significantly higher at baseline. None of 
the other molecules were significantly affected.

3.1.7  Serum

The investigation of health and disease biomark-
ers in the blood is a standard method, but trends 
are turning towards other biofluids than blood 
such as saliva, which can be collected non- 
invasively and does not require specially trained 
personnel [103]. However, even though most 
inflammatory molecules in blood also seem to be 
detectable in saliva, the concentration of those 
molecules in the saliva is often substantially 
lower which might be due to the fluctuating sali-
vary flow rate depending on the circadian rhythm 
[102, 103]. Hence, investigating the host response 
to dental implants using whole blood, serum, or 
plasma should not be neglected. Various studies, 
as described above for saliva, have investigated 
inflammatory molecules, proteolytic enzymes, 
and bone resorption markers in the blood in 
response to dental biofilm-driven peri-implantitis 
[112, 114, 115]. A cohort of patients with either 
successfully osseointegrated dental implants or 
with dental implants that failed to osseointegrate 
was investigated for serum IgG to Actinomyces 
viscosus, Bacteroides forsythus, Porphyromonas 
gingivalis, Staphylococcus aureus, and 
Streptococcus intermedius [13]. Patients with 
failed implants presented with significantly lower 
levels of IgG to S. aureus, P. gingivalis, and B. 
forsythus compared to individuals with success-
ful implants. Furthermore, patients with at least 
one failed dental implant due to pain, implant 
movement, or peri-implantitis were tested for 
IL-1 polymorphisms in the blood [115]. Six out 
of the 22 patients tested positive for the IL-1 gen-
otype, but the genotype (IL-1 positive or IL-1 
negative) did not differentially affect implant 
failure. However, in smokers, a positive IL-1 gen-
otype resulted in a significantly higher implant 
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failure rate compared to IL-1 positive non- 
smokers. The study mentioned above investigat-
ing the host responses in saliva to functional 
implants in type II diabetes also analyzed the 
same molecules in serum at baseline and 1 year 
after implant placement by using an array-based 
multiplex assay [112]. Among all molecules, dif-
ferences were only seen for serum MMP-1, 
which was significantly higher in healthy con-
trols than type II diabetes patients.
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4In Vitro and In Vivo Models 
to Understand Biofilm Implant 
Infections

Syatirah-Najmi Abdullah 
and Nicholas S. Jakubovics

4.1  Introduction

Improvements in oral health rely on the develop-
ment and implementation of new ideas and 
approaches including behavioural interventions, 
drugs or medical devices such as dental implants. 
The translational pathway from idea to imple-
mentation is long and complex. For new drugs 
and medical devices, it is essential to demonstrate 
safety and efficacy in preclinical models before 
moving to clinical trials. Models can also be used 
to screen compound libraries and identify prom-
ising drug candidates as well as to define the 
mechanism of action underpinning new thera-
pies. Highly simplified models have advantages 
such as ease of use, low cost, high throughput and 
high measurement accuracy. However, simple 
models do not replicate the highly complex biol-
ogy of the human body. Therefore, multiple mod-
els will be needed to fully characterise a new 
agent. It is essential to select the most appropriate 
model for the research question. This chapter 
describes some of the key models that have been 

used to investigate biofilm infections on and 
around dental implants.

4.1.1  Key Characteristics of Peri- 
Implant Biofilms

A good model will replicate the biological sys-
tem as closely as possible while allowing oppor-
tunities to assess the impact of interventions on 
different aspects of the system and providing suf-
ficient simplification to enable detailed measure-
ments of system parameters. Before developing a 
model, it is essential to consider the key charac-
teristics of the system to be modelled. Biofilm 
formation on and around dental implants has 
been described earlier in this book. The system is 
highly complex in terms of both the microbiol-
ogy and the surrounding environment of host tis-
sues. The microbiome varies according to health/
disease status (Table 4.1) and in all cases, there is 
a complex microbial biofilm present with multi-
ple species of bacteria [1]. The biofilm is embed-
ded in a matrix of polymers that includes 
extracellular DNA and polysaccharides [2, 3]. 
During implant healing and in peri-implant dis-
ease, the biofilm is bathed in gingival crevicular 
fluid and contains host inflammatory cells and 
cytokines [4, 5]. Environmental factors such as 
smoking affect the composition of the peri- 
implant biofilm [6, 7]. When developing a model, 
it is essential to consider which aspects of the 
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microbiome, host cells and tissues and environ-
mental factors need to be incorporated.

The host tissue environment surrounding 
implants can only be replicated with in vivo ani-
mal models. However, there is a drive to reduce the 
use of animal models for ethical reasons and 
because findings in animals often do not replicate 
those in humans [15]. Appropriate in vitro models 
have advantages over in  vivo models including 
reduced cost and increased reproducibility 
(Fig.  4.1). In situ models such as enamel chips 
held within stents in the mouths of volunteers can 
be used to replicate the growth of biofilms in the 

mouth. Although it is not possible to challenge 
these biofilms in situ with products that have not 
yet received regulatory approval, some models 
allow removal of the biofilms and assessment of 
responses in vitro. In general, simple in vitro mod-
els with high throughput and low cost are excellent 
for early-stage research such as the screening of 
compound libraries or biofilm formation capacity 
of microbes. Further characterisation requires 
more complex in vitro models. Due to the com-
plexity of the implant environment, animal models 
are still required for a more detailed understanding 
of the interactions between biofilm and host.

Table 4.1 Key bacterial taxa enriched in peri-implant health or diseasea

Health Peri-mucositis Peri-implantitis
Neisseria spp.
Streptococcus sanguinis
Streptococcus intermedius
Corynebacterium matruchotii
Rothia spp.
Capnocytophaga spp.
Veillonella spp.
Lautropia mirabilis
Granulicatella spp.
Actinomyces spp.
Lactobacillus spp.

Porphyromonas spp.
Tannerella forsythia
Treponema denticola
Prevotella spp.
Fusobacterium spp.
Streptococcus spp.
Leptotrichia spp.
Peptostreptococcaceae XIG-5
Selenomonas spp.
Ottowia sp.
Lachnospiraceae [G-3]
Clostridiales [F-2][G-1]

Porphyromonas gingivalis
Porphyromonas endodontalis
Tannerella forsythia
Fusobacterium nucleatum
Fretibacterium fastidiosum
Prevotella intermedia
Treponema spp.
Filifactor alocis
Desulfobulbus sp.

aData were extracted from the following references: [4, 8–14]

Fig. 4.1 Overview of models for biofilm analysis. 
Models need to be selected according to the intended use. 
Initial screening of biofilm growth or antibiofilm com-
pounds may use high-throughput in  vitro static models 
such as the microtitre plate system. More robust biofilms 
can be grown in flowing systems such as the Modified 
Robbins device. Biofilms grown in situ, for example, on a 
piece of enamel held within an intraoral stent, will most 
closely mimic natural dental plaque. Animal models may 

be required to assess toxicity or efficacy of materials 
including implants. *Interventions such as the application 
of drugs are usually not possible within in situ models, but 
may be applied after the biofilm is removed from the 
mouth. #Ethical issues for in vitro models may arise if the 
model incorporates body fluids such as saliva or serum. 
This figure includes artwork from Servier Medical Art 
(https://smart.servier.com/)
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4.1.2  In Vitro Model Systems

4.1.2.1  Static Models
The simplest model systems involve a defined 
inoculum such as a single species of bacteria, an 
inert surface and a rich medium to ensure the 
strong growth of the biofilm. Microtitre plates 
with 96 wells provide a simple, economical sys-
tem for evaluating biofilm growth. Following 
incubation of microorganisms in the growth 
medium, biofilms are formed on the surface of 
the wells or in a ring around the air-liquid inter-
face and can be stained with crystal violet to 
quantify the level of biomass formed [16]. 
However, it is well-recognised that stochastic 
variation from handling and processing samples 
can affect the conclusions drawn from the crystal 
violet biofilm assay and is therefore recom-
mended that this is not used for detailed charac-
terisation of biofilm formation [17]. One concern 
with the microtitre plate system is that biofilm 
formation may be affected by the settling of 
microbes due to gravity. To ameliorate this issue, 
models have been developed to grow biofilms on 
vertical surfaces such as pegs attached to the lid 
of the plate (the Calgary biofilm device) or discs 
of different materials suspended in clamps fitted 
to a custom-made lid of a 24-well plate (the 
active attachment biofilm model) [18, 19].

Criteria for defining medically relevant bio-
films include both structural characteristics and 
increased recalcitrance to antimicrobial agents 
[20]. Staining with crystal violet provides little 
information about either of these. Instead, indica-
tors of metabolic activity can be employed to 
understand the vitality of the biofilm. For exam-
ple, tetrazolium salts such as 3-(4,5- dimethylthia
zol- 2-yl)-2,5-diphenyl tetrazolium bromide 
(MTT) or 2,3- Bis- (2- Methoxy- 4- Nitro- 5-   Sulfop
henyl)- 2H- Tetrazolium- 5- Carboxanilide (XTT) 
provide a colour change when they are reduced 
by metabolically active cells [21, 22]. In addition, 
live:dead staining can highlight specific locations 
where bacteria in a biofilm are inactivated by 
antimicrobial treatments [23]. The direct visuali-
sation of biofilm in microwell plates requires 
either a relatively large well with a dipping lens 
or an optically clear glass bottom placed on an 

inverted microscope [24]. Alternatively, biofilms 
may be cultured on removable inserts within the 
microplate to facilitate microscopy. Confocal 
laser scanning microscopy (CLSM) has become 
the method of choice for biofilm visualisation 
since it can provide three-dimensional structural 
information in combination with fluorescent dyes 
and without any requirement for dehydrating the 
samples (Fig. 4.2a). Structural parameters of bio-
films can then be quantified with software pack-
ages such as COMSTAT2, daime, BiofilmQ or 
BAIT [25–28]. However, for high-resolution 
images of biofilms, tools such as scanning elec-
tron microscopy (SEM) are required. In our 
experience, field emission SEM provides excel-
lent structural detail of bacterial cells and matrix 
material (Fig.  4.2b), although it is important to 
note that the matrix is inevitably collapsed due to 
dehydration during sample processing [29]. 
Three-dimensional SEM approaches involving 
sequential imaging of slices produced by a micro-
tome embedded in the microscope (Fig. 4.2c) or 
ablation of the surface by a focused ion beam can 
provide high-resolution structural information on 
microbial communities [30, 31].

4.1.2.2  Models with Fluid Flow
The major nutrient sources for oral biofilms, 
saliva or GCF, continuously flow into and out of 
the mouth. This creates additional sheer forces 
over the biofilms and, perhaps more importantly, 
leads to a continual replenishment of nutrients 
and removal of waste products. The incorpora-
tion of flow is a key feature of many in vitro bio-
film model systems. There are three main 
approaches to deliver fluid flow: (i) drip feed into 
the system and over the biofilm samples, (ii) cul-
ture biofilms in stirred vessels, with nutrients 
added and removed at a constant rate and (iii) 
direct flow over the biofilms. Examples of each 
approach are shown in Fig. 4.3.

Drip feed systems are designed to culture bio-
films under a thin film of liquid, replicating the 
conditions found on the exposed surfaces of 
teeth. This can be achieved simply by dripping 
growth medium onto the upper end of a micro-
scope slide that has been tilted at an angle. A 
chamber for simultaneously culturing multiple 
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biofilms has been developed and is a recognised 
standard test method for the quantification of 
Pseudomonas aeruginosa biofilms [32–34]. This 
approach has been used in oral microbiology, for 
example, to assess chlorhexidine tolerance in 
dual-species biofilms containing Streptococcus 
mutans and Actinomyces naeslundii [35]. The 
Constant Depth Film Fermenter (CDFF) also 
supplies nutrients by dripping them into the reac-
tor vessel, but in this system, the biofilm samples 
are held horizontally (Fig.  4.3a) [36, 37]. The 
CDFF was originally developed by Julian 
Wimpenny and colleagues in the 1980s in order 
to culture biofilms in a steady-state and at a con-
stant depth to provide a robust system for moni-
toring responses of a well-defined biofilm to 
perturbations [38]. Biofilm samples are held in 
pans that are recessed to a fixed depth (300 μm in 
the original design). Liquid drips into the system 
over paddles that scrape across the biofilm sam-

ples, which are continuously rotated by a motor 
underneath the system. Although long-term 
steady-state biofilms are difficult to achieve, the 
fluid flow characteristics and the ability to culture 
multiple biofilms within a single vessel make this 
system well-suited to longitudinal studies of oral 
biofilm formation. One disadvantage is that all 
samples within a CDFF vessel have the same 
exposure so parallel experiments require multiple 
vessels, which are costly and technically chal-
lenging to set up. Nevertheless, it has been shown 
that CDFF vessels run in parallel have good lev-
els of reproducibility for culturing oral micro-
cosm biofilms [39].

An alternative to culturing biofilms in steady 
state is to grow them on coupons immersed in a 
more traditional fermenter, in which the free- living 
(planktonic) cells are in steady-state growth. For 
example, a two-stage chemostat system has been 
described for the culture of a 10-membered oral 

a

b

c

Fig. 4.2 Microscopy approaches for biofilm visualisation. 
(a) Staphylococcus aureus biofilm visualised by CLSM 
with live:dead staining. Viable cells are stained with Syto9 
and appear green. Compromised cells stained with prop-
idium iodide appear red. (b) Field emission SEM image of 

subgingival dental plaque, showing thin strings of biofilm 
matrix material. (c) Three-dimensional SEM reconstruc-
tion of a dual-species biofilm containing Streptococcus 
gordonii (artificially coloured green based on cell shape) 
and Fusobacterium nucleatum (coloured red)
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biofilm community [40]. In this model, the first 
chemostat was used to obtain steady-state plank-
tonic growth before the second- stage chemostat, 
containing suspended biofilm coupons, was 
attached to the outflow. A simpler single-stage 
chemostat specifically designed to hold biofilm 
coupons, known as the CDC Biofilm Reactor®, is 
commercially available from BioSurface 
Technologies, Bozeman, MT, USA (Fig.  4.3b). 
This is a relatively controllable system that is well-
suited to assessing biofilm growth on dental mate-
rials or in dental unit waterlines [41, 42].

Many biofilm models simply flow growth 
medium directly over the substratum to culture 
biofilms within the channel of the device. For 

example, the Modified Robbins Device (MRD) is 
designed to hold removable sample discs of dif-
ferent materials flush against the wall of the ves-
sel (Fig.  4.3c) [43]. This system provides a 
relatively large channel and can be used for cul-
turing mixed-species oral biofilms that produce 
extensive polysaccharides which would block 
smaller systems [44]. Parallel MRD chambers 
enable comparisons of biofilm formation under 
different conditions and the presence of multiple 
sampling ports allows repeated biofilm sampling 
and analysis during longitudinal studies. 
However, it is important to note that a gradient of 
adhesion may be present along the device and 
sampling strategies should take this into account 

a
b

c

Fig. 4.3 Examples of biofilm reactors that incorporate 
flow. (a) The constant depth film fermenter (CDFF) drips 
medium onto paddles that scrape over the surface of the 
biofilm holders. Biofilms are grown on surfaces recessed at 
a fixed depth. The lower part of the system incorporates a 
motor that rotates the biofilm sample holders, ensuring 
they are continuously scraped by the paddle. (b) The CDC 

biofilm reactors are stirred vessels that contain biofilm 
samples in specialised holders. (c) The Modified Robbins 
Device (MRD) contains samples set flush against the walls 
of a tube. Medium is directly flowed over the samples. The 
direction of flow into the vessels is shown as black arrows 
and flow out of the systems is indicated by red arrows. In 
each case, fluid flow is driven by pumps (not shown)
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[45]. In addition, the MRD does not permit real-
time visualisation of biofilm growth or removal. 
This requires systems such as the flow-cell that 
culture biofilms on transparent cover glass [46]. 
Like the MRD, flow cells contain a central chan-
nel through which the growth medium is pumped. 
Comparisons between different treatments 
require multiple channels or flow cells run in par-
allel. The relatively small dimensions of the flow- 
cell make it realistic to use diluted human saliva 
as a growth medium for biofilms, replicating the 
conditions present in the mouth [46]. However, to 
run flow cells overnight usually requires more 
than 100 mL of human saliva. To reduce the need 
for saliva collection from volunteers, minia-
turised systems such as the BioFlux microfluidics 
model have been employed to culture oral bio-
films [47].

4.1.2.3  Importance of the Inoculum
Oral biofilms typically contain tens or hundreds 
of different species of bacteria, with viruses, 
Archaea and single-celled eukaryotes such as 
fungi and/or protozoa. Models often aim for sim-
plification to increase reproducibility and facili-
tate analytical approaches. Some bacteria will 
form monospecies biofilms in vitro that allow the 
dissection of molecular pathways involved in sur-
face attachment and colonisation. P. aeruginosa 
has become the model of choice for many biofilm 
studies due to its clinical relevance in cystic fibro-
sis, burn and wound infections, its genetic tracta-
bility and its ability to form structured biofilms 
[48]. However, P. aeruginosa is not a major con-
stituent of dental plaque, except perhaps in certain 
populations [49, 50]. Streptococcus mutans is 
more commonly used as a target for assessing 
biofilm control agents due to its strong association 
with dental caries [51]. Biofilm formation by S. 
mutans is highly dependent on the presence of 
sucrose, which is utilised by extracellular glucos-
yltransferase and fructosyltransferase enzymes 
for the production of exopolysaccharides [52]. By 
contrast, Enterococcus faecalis, a persistent colo-
niser in root canal infections, produces biofilm 
matrix enriched in extracellular DNA [53]. 
Although extracellular matrix is readily observed 
in E. faecalis monospecies biofilms, it is difficult 

to replicate the dense cell–cell interactions 
observed in more complex systems (Fig. 4.4).

Many studies have employed defined commu-
nities of bacteria to model some of the interspe-
cies interactions that occur in oral biofilms. When 
members of the community form clearly distinct 
cell shapes, it may be possible to distinguish 
them by SEM or other high-resolution micros-
copy (Fig.  4.4b). Selective culture can also be 
employed where the appropriate selective agents 
are known [54]. A quantitative PCR approach has 
been used to enumerate different species in a 
14-member community [55]. This study 
employed a DNA cross-linking dye to bind extra-
cellular DNA and DNA within non-viable cells 
so that only viable bacteria were quantified. In 
theory, similar approaches can be combined with 
deep sequencing to quantify the viable microbi-
ome of any microbial system. However, caution 
is warranted with this method since complex 
microbial communities do not respond consis-
tently to cross-linking agents such as propidium 
monoazide [56]. Nevertheless, more conven-
tional microbiome analysis provides a powerful 
tool to assess the relative numbers of different 
taxa and enables a detailed analysis of biofilms 
containing the natural microbes present in the 
oral cavity. Consequently, there has been signifi-
cant interest recently in finding systems that will 
allow the stable culturing of microcosm biofilm 
communities isolated from oral health or disease. 
For example, recent work has shown that saliva 
supplemented with 5% human serum provides an 
excellent growth medium for culturing the sub-
gingival microbiota [57].

4.1.2.4  Incorporation of Host Cells 
and Environmental Factors

The biofilm models described above are designed 
to model the growth of bacteria on hard surfaces 
such as human enamel. However, peri-implant 
biofilms are also in contact with soft tissues. 
Although it is difficult to achieve stable long- 
term co-culture of bacteria with soft tissues, 
models have been developed to challenge cells 
and tissues with biofilms and biofilm products. 
For example, studies of invasive infections such 
as candidiasis have employed organotypic mod-
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c

Fig. 4.4 Levels of 
microbial complexity in 
biofilm models 
visualised by FE-SEM. 
(a) Monospecies 
biofilms of E. faecalis 
contain extracellular 
material that appears as 
strings between the 
microbial cells. 
However, cells do not 
adopt the densely 
packed arrangements of 
more complex biofilms. 
(b) A 7 species biofilm 
including two fungi 
(Candida) and five 
bacteria isolated from 
tracheoesophageal 
speech valves. The 
bacteria are 
Lactobacillus 
fermentum, 
Streptococcus oralis, 
Ochrobactrum anthropi, 
Staphylococcus aureus 
and Staphylococcus 
epidermidis. Different 
species can be 
distinguished by their 
cell shape and 
arrangement such as S. 
oralis (So, strings of 
cocci), L. fermentum (Lf, 
relatively thin rods) or 
Candida (Ca/Cg, large 
yeast, pseudohyphae or 
hyphae). Matrix material 
is also visible. (c) 
Subgingival dental 
plaque on a recently- 
extracted tooth contains 
many different cells that 
cannot easily be 
identified without 
staining. Extracellular 
matrix material is 
abundant
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els as substrates for the development of biofilms 
[58]. Similarly, Aggregatibacter actinomycetem-
comitans has been shown to reduce the expres-
sion of keratin by gingival epithelial cells in an 
organotypic model of gingival tissue [59]. An 
alternative approach to investigate biofilm-host 
interactions is to culture biofilms in a transwell 
system and apply them to tissue culture cells on 
the surface of plastic dishes [60]. The use of these 
and other systems to investigate the immune 
response to oral biofilms and these have been 
reviewed in detail recently by Brown et al. [61].

The incorporation of dietary factors into bio-
film models is easily achieved by adjusting the 
growth medium as needed. However, exposure to 
cigarette smoke and e-cigarette vapour is an 
important factor for periodontal disease and peri- 
implantitis that is more difficult to reproduce in the 
laboratory. The simplest approach is to add tobacco 
smoke extract, nicotine or e-cigarette liquids to the 
biofilm growth medium. For example, the addition 
of cigarette smoke extract to planktonic 
Streptococcus gordonii or Porphyromonas gingi-
valis causes changes in gene expression [62]. 
More recently, systems have been developed to 
expose biofilms to smoke or vapour [63]. Exposure 
to e-cigarette vapour increases the expression of 
genes encoding glucosyltransferase, competence 
and glucan-binding proteins and enhances biofilm 
formation by S. mutans [64]. In a more complex 
model involving mixed-species biofilms and host 
cells, exposure to tobacco smoke led to enhanced 
immunogenicity of commensal biofilms, but a 
dampening down of the inflammatory capacity of 
pathogen-rich biofilms [65]. Overall, these data 
highlight the complex interplay between microbes, 
host and environmental factors that can only be 
replicated by sophisticated model systems.

4.1.3  In Situ Models

The development of a model to culture marine 
‘bacterial films’ in situ was perhaps the first 
example of biofilm research [66]. In situ models 
are also widely used for developing biofilms 
within the oral cavity that can then be extracted 
and analysed. A wide range of models have been 
developed and these have been reviewed else-

where [67]. Of course, these models are restricted 
to areas of the mouth that can be accessed without 
causing harm. Therefore, the majority of in situ 
models have been developed for studying early 
microbial colonisation of teeth or the develop-
ment of cariogenic biofilms. One innovative 
approach is the development of a combined sys-
tem that develops biofilms in situ and then utilises 
a 3D-printed microfluidic flow-cell device to con-
tinue culturing biofilms in vitro [68]. This system 
has been employed to demonstrate the effects of 
exposing in situ-grown biofilms to sucrose on the 
pH in different areas of the biofilm. The model 
could also be employed to challenge natural bio-
films with experimental agents that are not yet 
approved for use in clinical studies.

4.1.4  In Vivo Models

A major limitation of in vitro and in situ models 
for research on peri-implant biofilms is that they 
do not include the interaction with alveolar bone 
that is a critical factor for stabilising the implant. 
Brånemark introduced the term ‘osseointegration’, 
which was initially described as ‘a direct structural 
and functional connection between ordered, living 
bone and the surface of a load- carrying implant’ 
[69] and later redefined as ‘clinical osseointegra-
tion implies histologic osseointegration, it is nec-
essary [there is] a contiguous contact between the 
alveolar bone and the implant surface’ [70]. Many 
factors influence osseointegration such as the 
implant surface topography, chemical composition 
and surface roughness [71]. The process of osseo-
integration is still actively studied as it is not yet 
fully understood [72].

The use of animal models is the only way cur-
rently to include osseointegration in addition to 
biofilm formation and to translate the experimen-
tal knowledge for clinical uses related to dental 
implant applications. Several different parameters 
need to be considered such as the variety of dental 
implants [73] and materials used [74], in addition 
to the factors that cause implant failure including 
biofilm formation and treatment [75]. Models 
may address peri-implant mucositis (inflamma-
tory lesion of the soft tissues around the implant) 
or peri-implantitis (affecting supporting bone) 
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since both are caused by microbial biofilms. It is 
important to note that peri- implantitis varies from 
periodontitis in terms of the rate of progression, 
the extent of lesion formation and the composi-
tion of cells in the lesion [76]. It is still not clear 
how closely the microbiome of peri-implantitis 
resembles that of periodontitis, but a review by 
Rakic et al. [77] suggested that there are common 
species found in cases of periodontal disease and 
peri-implant infection, but their microbiome sta-
tus is not identical.

Previously, many studies modelling peri- 
implant infections employed large animal models 
such as dogs and pigs [73, 78, 79]. However, due 
to housing, ease of handling and commercial avail-
ability with different genetic backgrounds, small 
laboratory animals such as rodents are gaining 
some interest for implant-associated animal model 
research [80, 81]. These animal models are 
induced to form peri-implant infections by various 
methods such as implantation of a device colo-
nised with a human pathogen [82], split- mouth 
model [83] or ligatures tied around implants to 
facilitate the accumulation of bacteria [81].

Ligature-induced defect animal models are 
employed to mimic a natural peri-implantitis 
lesion [81, 82, 84]. This technique involves the 
induction of mucositis and peri-implantitis lesions 
by the introduction of ligatures around the implant 
neck in a submucosal position in areas of plaque 
formation [84]. This experimentally induced inva-
sive procedure is associated with spontaneous dis-
ease progression in a majority of sites [79] and is 
more often employed to study osseointegration 
than biofilm infection per se [82]. The use of liga-
tures will initiate an inflammatory response and 
induce bone destructive processes [85]. Changes 
in the microbial composition of peri-implant 
pockets will also be influenced by ligatures [86].

4.1.4.1  Canine Models
Canine models are commonly used to investigate 
biofilm accumulation and spontaneous periodon-
titis [87] in studies of dental implant application 
and its association with peri-implantitis [78]. 
Human and canine bones possess similarities 
including bone weight, density and composition 
and dogs are able to use human-sized implants. 
However, there are some limitations since the 

rate of remodelling and apposition may vary 
within and/ or between dogs [72, 80].

Studies have employed the split-mouth design 
in a beagle dog model to evaluate peri-implant tis-
sue clinically, radiographically, microbiologically 
and histologically [83, 88, 89]. In the split- mouth 
model, each dog hemi-mandible will be randomly 
assigned by matched pair design to either test 
implant group or control implant group. To exam-
ine the role of oral hygiene, the control implant can 
be brushed daily while the test implants are left 
untouched [88]. From this work, the test group had 
differences in total bacteria, Fusobacterium spp., 
A. actinomycetemcomitans and Porphyromonas 
gingivalis and there were significant increases in 
probing depth, bleeding-on-probing and clinical 
attachment level versus baseline that were consis-
tent with the onset of peri-implantitis. Furthermore, 
the split-mouth model adapted from previous stud-
ies [83] can also be used for the detection, classifi-
cation and measurement of peri-implant bone 
defects. Various analysis methods are available and 
a recent study has shown advantages of cone beam 
computed tomography (CBCT) compared with 
intra-oral (IO) radiography for the assessment of 
bone defects [89].

4.1.4.2  Rodent Models
Rodent models of polymicrobial peri-implantitis 
have been used to investigate the inflammatory 
response to human microbial biofilms [90, 91]. For 
example, a split-mouth implant model in specific 
pathogen-free female ex-breeder Sprague- Dawley 
rats was used to investigate and quantify the 
implant-associated biofilm. Besides the establish-
ment of a three-step implantation method for tita-
nium implants [92], this model can be excellent for 
analysing microbial growth when the biofilm for-
mation process is left to occur naturally after the 
inoculation of human- derived oral bacteria 
Streptococcus oralis, Fusobacterium nucleatum 
and P. gingivalis orally [90]. This approach is simi-
lar to a previous report that used Wistar rats and 
established reproducible biofilm quantification 
using fluorescence staining and confocal scanning 
laser microscopy [91]. In addition, PCR was used 
for the identification of microbial taxa present in 
the samples. A blinded clinical inspection of the 
implantation site was done by a dentist and any 

4 In Vitro and In Vivo Models to Understand Biofilm Implant Infections



56

signs of infection were evaluated at the end of the 
experiment using an established mucosa index 
based on the gingival index described by Löe [93]. 
Koutouzis et al. [91] and Sun et al. [75] reported 
that bacterial colonisation/infection around 
implants caused significant IgG and IgM antibody 
responses. There was advanced bone resorption, 
and extensive inflammation with granulation tissue 
and PMNs observed in the peri-implantitis model.

The rat model was reported to have 79.6% suc-
cessful osseous initial integration [90], similar to a 
report by Koutouzis et al. [91]. This high success 
rate may be due to the implant assembling steps 
practised in both studies. This technique overcame 
problems with the establishment of a direct bone-
implant interface reported in previous studies that 
were caused by movements of the implant during 
osseous integration [92]. Furthermore, there were 
signs of mild to moderate peri-implant mucositis 
in animals with confirmed polymicrobial infec-
tion, which were absent in control animals treated 
with antibiotics [90].

This animal model allows an easy insertion and 
removal of the implant abutment when needed. 
This advantage is that this not only protects the 
abutment from wear and abrasion or unwanted 
colonisation by endogenous bacteria but also pro-
vides the possibility to observe and quantify three-
dimensional biofilm formation of this model using 
confocal scanning laser microscopy of the abut-
ment and retaining screw. Besides the established 
clinical situation where there is bacterial leakage 
from the implant-abutment connection, they high-
lighted that this model still needs a further modifi-
cation due to the presence of a cavity under the 
retaining screw that may act as a good hiding place 
for the biofilm community to form [94, 95].

4.2  Summary

There is still much to learn about the develop-
ment of microbial biofilms on dental implants 
and the surrounding tissues. Good model systems 
are essential for enhancing our understanding of 
these processes and how to control them. In addi-
tion to the in  vitro, in situ and in  vivo models 
described here, it is likely that we will see a rapid 
expansion in the use of in silico models, in part 

driven by the development of artificial intelli-
gence and deep learning [96]. Ultimately, these 
models will lead to the development of improved 
dental implants that provide strength, longevity 
and that are able to remain free of pathogenic 
infections over their lifetime of use.
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5Modern Approaches to Biofilm 
Management on Dental Implants

Vinay Sivaswamy and Prasanna Neelakantan

5.1  Modern Approaches 
to Biofilm Management 
on Dental Implants

Oral permucosal implants are the current gold 
standard treatment option for replacing missing 
teeth. The literature accumulated over the last 
two decades emphasise the ubiquitous adoption 
of this treatment option across a multitude of 
clinical situations, as opposed to usage in single 
tooth replacement situations. Dental implants are 
associated with a high degree of success and are 
considered a ‘Permanent’ solution. It should be 
noted that no artificial replacement currently 
exists without some form of limitation. The big-
gest drawback with long-term usage of dental 
implants is their susceptibility to biomechanical 
failure and high risk of infection. The latter situa-
tion is precarious since the structure and topogra-
phy of dental implants are optimal for the 
commencement and perpetuation of infections. 
Peri-mucositis and peri-implantitis are inflamma-
tory conditions around dental implants that can 
result in loss of supporting bone and failure in 

osseointegration. Microorganisms accumulating 
around dental implants can result in these inflam-
matory conditions in a similar manner to 
Gingivitis and Periodontitis around natural teeth. 
Peri-implantitis can progress at a faster rate 
around implants relative to natural teeth due to 
the laxity of the epithelial seal around the implant. 
The underlying bony tissues are, therefore, more 
exposed to the microflora present in the oral cav-
ity than an intact tooth which is firmly sealed by 
gingival fibres and hemidesmosomal 
attachments.

5.1.1  What Are Biofilms?

Microbial colonisation and infective conditions 
cannot emerge spontaneously with just the pres-
ence of microorganisms. The human body is con-
stantly exposed to millions of microorganisms at 
every minute. The major contributor to the initia-
tion of any infection is the presence of a biofilm. 
Biofilms are microbial-derived sessile communi-
ties that provide a polymeric matrix or substra-
tum for the interaction of microbes and the 
production of endotoxins detrimental to host tis-
sue. Biofilms can form on any surface exposed to 
or in direct contact with a moist environment. 
Biofilms can form on tooth surfaces, catheters, 
implants, suction tubes, water lines and so forth 
[1, 2].
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5.1.2  Biofilm Formation on Dental 
Tissue

The mechanism of biofilm formation begins with 
the formation of a sticky layer on the tooth sur-
face known as the Pellicle. The pellicle is an acel-
lular, proteinaceous film formed by the adsorption 
of salivary proteins on the surfaces of teeth. The 
pellicle is formed in a matter of seconds after the 
cleansing of teeth. Bacterial cells colonise on the 
pellicle within 4 h of its formation. Carbohydrate- 
binding proteins known as Lectins present on the 
bacterial cell surface aid in binding to 
carbohydrate- containing receptors on other cells. 
This results in cell-to-cell adhesion, known as 
Coaggregation, and creates multilayered clusters. 
The earliest colonisers are of the streptococci 
species (S. sanguis, S. mitis and S. oralis). These 
early colonisers are nourished by the salivary 
protein in supragingival biofilms and the crevicu-
lar exudate in subgingival biofilms. These organ-
isms prepare a favourable environment for more 
virulent organisms such as the actinomyces spe-
cies and streptococcus mutans to colonise the 
biofilm eventually. After a period of 2–14 days, 
the streptococcus-dominated population changes 
to an actinomyces-dominated plaque. This phe-
nomenon is termed as Microbial succession and 
results in a highly diverse microbial population 
with increasing levels of gram-negative anaero-
bic, filamentous species. At this stage, the plaque 
or biofilm is termed mature and causes gingivitis 
which, if untreated, progresses to periodontitis 
[1–4].

5.1.3  Biofilm Formation on Implants

Biofilms on implants form the same way as 
described for natural teeth (Fig. 5.1). The organ-
isms that contribute to peri-implantitis are of the 
Porphyromonas, Prevotella, Capnocytophaga 
and the Fusobacterium species [5]. These organ-
isms produce collagenase, hyaluronidase and 
chondroitin sulphates, which result in the destruc-
tion of supporting tissue around the implant [2, 3, 
6, 7].

Refreshing the statement made earlier, biofilms 
are formed on surfaces exposed to moist environ-
ments. The question then arises on how a biofilm 
could form on an implant surface. Dental implants 
are stored in a dry inert vial and are immediately 
embedded into bone upon removal from the vial. 
Once drilled into the bone, the implant is closed 
with a cover screw till osseointegration is com-
plete. Oxide film is formed on the implant surface 
immediately upon exposure to the environment 
and this film renders the implant completely inert 
and passive. Biofilm forms on the implant once it 
is exposed to the oral environment during the 
restorative phase. The implant is exposed and fit-
ted with an abutment which, in turn, secures the 
crown. The collar of the implant which is exposed 
to the oral cavity and the abutment- fixture inter-
face are the primary nidus of biofilm formation. 
Some implant manufacturers implement a rough-
ened collar in their implant platforms to ensure 
crestal bone formation and tight mucosal integra-
tion. Rough surfaces facilitate rapid biofilm for-
mation and increase the risk of microbial 
colonisation. Surface free energy (SFE) is another 
parameter that plays a major role in predicting the 
formation of biofilms. Any material with a high 
SFE increases the risk of biofilm formation on the 
surface. Wettability of the material is another fac-
tor to be considered when implant biofilms are to 
be managed, with hydrophobic surfaces observed 
to be prone to biofilm formation [1, 2, 7, 8].

5.2  Biofilm Management 
Strategies

Preventing the formation of a salivary pellicle 
and subsequent biofilm, while ideal, is an unreal-
istic strategy. The pellicle layer will always be 
formed since the intraoral structures are sub-
merged in saliva. Subsequently, microbial coloni-
sation will occur when pellicle formation takes 
place. Therefore, the practical method of biofilm 
management will be to use materials that enable 
easy removal of biofilm without any damage to 
the surface and/or render the materials bacterio-
static or bactericidal. A combination of both 
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strategies may be required since a completely 
smooth surface is currently not available for den-
tal applications nor an antimicrobial approach 
that has universal action against all spectra of 
microbes in the biofilm [5, 8–10].

Biofilm management can be broadly grouped 
into two categories—Surface Modification and 
Surface Coatings. Surface modification refers to 
the design and structural change of a material. 
Surface coating refers to the apposition of an 
auxiliary layer for various effects on existing 
material. Dental implants, however, are currently 
surface treated using a combination of both mod-
ification and coating. Therefore, the methods of 
biofilm management will be described below in a 
linear fashion without categorisation (Fig. 5.2).

Dental implant fixtures are made of Titanium 
alloy and a few manufacturers offer Zirconia 
implants. This chapter will list biofilm manage-
ment strategies for these two implant materials.

5.2.1  Polymer Tethering

There have been many attempts to anchor poly-
mer on titanium substrates to confer antimicro-
bial properties to implant surfaces. Physical 
adsorption and chemical covalent conjugation 
techniques are used to bond polymer molecules 
to titanium.

PolyNaSS (Poly-Sodium Styrene Sulfonate) 
is applied on the implant surface by treatment of 
titanium with a mixture of sulfuric acid and 
hydrogen peroxide followed by immersion in 
sodium styrene sulfonate monomer under ultra-
violet (UV) irradiation. The resulting polyNaSS 
complex was observed to be highly bioactive and 
hydrophilic and inhibited S. aureus by 70% when 
compared with non-treated titanium surfaces 
[11].

PolyNIPAM (Poly N-Isopropylacrylamide) is 
a thermo-responsive polymer which exhibits a 
lower critical solubility temperature (LCST) in 
water at 32  °C.  Below LCST, the material is 
hydrophilic while a rise in temperature above 
LCST renders the material hydrophobic. Lee 
et al. coated titanium surfaces with polyNIPAM 
and observed a reduction in bacterial adhesion 
when temperatures decreased below LCST [12].

Schaer et al. utilised a hydrophobic polycation 
(N,N-dodecyl, methyl polyethyleneimine) on 
titanium and observed that biofilm formation was 
inhibited [13].

PEG (Polyethylene glycol) chains are resis-
tant to protein adsorption since they act as a bar-
rier created by structured water and steric 
repulsion. PEG chains are immobilised on tita-
nium via self-assembly, silanisation, physisorp-
tion and plasma polymerisation. These coatings 
have proven effective against S. sanguinis and L. 

Fig. 5.1 Steps in biofilm formation
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salivarious by reducing their adhesion to the 
material surface [14, 15].

5.2.2  Chitosan

Chitosan is a cationic polysaccharide and was 
discovered by Rouget in 1859. It is a copolymer 
comprised of 2-amino-2-deoxyglucose and 
2-acetylamino-2-deoxyglucose-d-glucoside. It 
can be manufactured synthetically or derived 
from natural chitin. Rouget treated chitin with 
hot potassium hydroxide and observed that 
deacetylation of chitin produces chitosan. It is 

rich in amino groups and is highly soluble as 
well as biocompatible. It has excellent biode-
gradability and can be reduced to non-toxic resi-
due by lysozyme. It has been found to be 
non-antigenic, anti-inflammatory and hemo-
static. These properties have led to the imple-
mentation of chitosan in hemostatic gels, paste, 
dressings and drug delivery systems for local 
dosing [16–20].

Chitosan has been observed to possess excel-
lent metal binding and antimicrobial properties. 
In vitro studies coating chitosan on titanium sur-
faces demonstrated enhanced fibroblast cell 
attachment and proliferation on titanium as well 

Fig. 5.2 Summary of antibiofilm strategies for dental implants
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as inhibition of Porphyromonas gingivalis. Low 
molecular weight chitosan could breach bacterial 
cell walls and result in bacterial elimination. 
High levels of osteoblast cell growth and bone 
formation have also been observed in laboratory 
studies. Chitosan could be employed as a gene 
carrier to deliver transcription factor for promot-
ing bone formation. Targeted delivery of bone- 
inducing agents could result in predictable 
implant therapy in osteoporotic conditions [18, 
21–24].

Chitosan nanoparticles can be prepared using 
various methods, with the most common method 
being Ionic Gelation. Chitosan is dissolved in 
acetic acid solution with a tinge of sodium 
hydroxide to adjust pH. TPP (tripolyphosphate) 
is added to the aqueous chitosan as a cross- 
linking agent and magnetically stirred under 
room temperature to obtain chitosan nanoparti-
cles. This method produces nanoparticles in the 
90 nm range and is widely used as drug delivery 
systems [16, 25].

Solvent evaporation is another method 
wherein the chitosan solution is made into an 
emulsion and polymer solvent is added. The sol-
vent evaporates and precipitates into nano-
spheres. A Tris buffer with ethanol is used to 
keep the pH stable and the mixture is stirred mag-
netically for 30 min. The solvent is removed, and 
the nanoparticle yield is obtained. Studies using 
this method have produced blends of chitosan 
with silver nanoparticles with claims of potent 
antimicrobial action [25, 26].

Microemulsion method produces chitosan 
nanoparticles by forming reverse micelles that 
contain a large volume of organic solvents with 
water cores. This results in droplets of material in 
the nanoscale range. This method is time- 
consuming, expensive and employs a large vol-
ume of solvents [25].

Self-assembly involves the production of 
nanoparticles without any organic solvents or 
cross-linking agents. Nanoparticles are formed 
by mixing positive chitosan polysaccharides and 
negative phospholipids. The two components 
complex together via electrostatic interaction and 
produce nanoparticles with a high encapsulation 
efficiency [25].

5.2.3  Functionalisation with Anchor 
Molecules

Anchor molecules are grafted to metallic sub-
strates to impart bioactive functionalisation. 
Anchors that have been tested for functionalisa-
tion include silane, catechol and phosphate 
anchors.

Silane anchorage involves organofunctional 
alkoxysilane molecules that react with hydroxyl 
groups on material surface. Antimicrobial pep-
tides are attached with these anchor molecules to 
render titanium surfaces bacteriostatic. Melimine, 
a synthetic antimicrobial peptide, possessing 
broad-spectrum action against bacteria and fungi, 
has been tethered to titanium modified with silane 
anchors into a maleimide functionalised surface. 
Melimine was observed to reduce adhesion of 
Pseudomonas aeruginosa and S. aureus on tita-
nium surfaces. Commercial antibiotics such as 
vancomycin and caspofungin have also been 
grafted to titanium surfaces and observed to 
reduce adhesion of S. aureus and C. albicans bio-
films by 99% compared to non-grafted titanium 
surfaces [27, 28].

Catechol anchors have been used to tether 
PolyNaSS to titanium surfaces for a bacterio-
static effect. The dopamine-linked PolyNaSS 
resulted in inhibition of S. aureus up to 65%, 
depending on the molecular weight of the mole-
cule, with bigger polymers exhibiting higher 
antibacterial effect. Carboxymethyl chitosan and 
antimicrobial peptide Magainin has also been 
grafted to titanium using dopamine, with each 
group individually reducing bacterial counts sig-
nificantly. Polydopamine and silver coating using 
micro arc oxidation and immersion have shown 
effective retardation of microbial growth and 
colonisation [29, 30].

Silane and catechol anchors, however, are 
unstable in aqueous environments at physiologic 
pH and may not be a feasible option in routine 
clinical conditions, Phosphate anchors lack this 
limitation and offer stable tethering for biomedi-
cal applications. Myo-inositol hexaphosphate 
linked to titanium substrates demonstrated 
reduced adhesion of S. sanguinis. Other exam-
ples of phosphate-linked antimicrobial grafts 
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include 4-vinylpryridine with vinylbenzylphos-
phonate and 4-vinyl N-hexylpyridinium bromide 
(HBVP) [31].

5.2.4  Nanostructures

Nanotechnology deals with the design, charac-
terisation and application of structures in the 
nanometre scale. Nanostructured surfaces are of 
great interest in dental implantology since they 
have been observed to confer enhanced biologic 
integration as well as antimicrobial properties on 
titanium. It was observed that TiO2 nanotubes 
display antibacterial properties. A combination 
of heat treatment and nanostructured patterning 
through anodisation has been observed to reduce 
the number of dead and live bacterial cells in 
laboratory studies. Anatase surfaces of titanium 
were also found to be antimicrobial when com-
pared with rutile surfaces. Lin et al. loaded tita-
nium nanotubes with gentamicin using the 
lyophilisation method and vacuum drying and 
reported strong antibacterial action with an 
extended drug release time [32, 33].

5.2.5  Nanoparticles

Nanoparticles are ultrafine particles with dimen-
sions ranging from 1 to 100  nm. Nanoparticles 
have been applied to titanium surfaces in labora-
tory studies to enhance hard and soft tissue inte-
gration. Current surface coating methods for 
nanoparticles include dip-coating, self-assembly, 
spin coating, freeze thaw, plasma spray, electros-
pinning, magnetron sputtering, anodisation, 
pulsed electrodeposition, nano-spray drying and 
covalent binding [34].

5.2.5.1  Silver Nanoparticles
Silver is a known antibacterial agent and has been 
used to treat bacterial infections since time imme-
morial in various forms, such as metallic silver, 
silver nitrate and silver sulfadiazine. Silver 
nanoparticles contain 100–15,000 atoms with 
diameters smaller than 100 nm. They possess a 
large surface-to-volume ratio and excellent anti-

microbial activity leading to their incorporation 
into acrylic resins for dentures, coatings in tita-
nium dental implants, irrigation and obturation in 
endodontic therapy and membranes for periodon-
tal tissue regeneration. Silver nanoparticles con-
tinually release silver ions that adhere to the 
bacterial cell walls and alter their permeability. 
Silver ions disrupt respiratory enzymes, interrupt 
adenosine triphosphate production and generate 
reactive oxygen species (ROS). ROS can disrupt 
cell membrane and deoxyribonucleic acid (DNA) 
expression. Furthermore, silver ions can also 
denature ribosomes and inhibit protein synthesis. 
The antibacterial effect of silver is dependent on 
the dissolution of the nanoparticle, particle size 
and shape. Smaller sized particles are observed to 
release more silver ions due to their larger surface 
area. The presence of organic and inorganic com-
ponents can also influence the availability of sil-
ver ions by forming complexes with silver 
nanoparticles. Gram-negative bacteria are more 
susceptible since the cell wall is narrower than 
gram-positive species. Thicker biofilms, how-
ever, might prevent the silver ions from reaching 
the bacterial colonies harbouring within, thereby 
reducing the antibacterial effect of silver. Silver 
nanoparticles smaller than 50 nm are necessary 
to predictably enter the biofilm and exert action 
on the bacterial cell wall. Modifying implant sur-
faces with doped silver nanoparticles has been 
under investigation over an extended duration. 
However, there are no commercial implants with 
embedded or coated silver nanoparticles avail-
able for routine clinical usage. The results of 
laboratory studies appear to be promising, with 
silver nanoparticles demonstrating strong bacte-
ricidal action against S. aureus and P. aeruginosa 
while exhibiting low cytotoxicity on osteoblastic 
cells. One major area of investigation is the long- 
term assessment of silver nanoparticles on human 
cells. The mechanism of action for silver parti-
cles described earlier is non-discriminatory in 
nature. The silver particles could induce oxida-
tive stress and interfere with ATP production in 
human cells. There are also concerns about the 
detection of silver in the liver and spleen after 
systemic doses. Another concern is that the size 
of the particles is small enough to breach the 
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blood-brain barrier. This could result in unfore-
seen morbidities for patients constantly exposed 
to silver nanoparticles [28, 35–38].

5.2.5.2  Zinc Oxide Nanoparticles
ZnO nanoparticles have exhibited antibacterial 
activity against both gram-positive and -negative 
organisms via the generation of reactive oxygen 
species as well as the accumulation of particles 
on the bacterial cell surface. ZnO nanoparticles 
have been combined with hydroxyapatite to form 
a coating over titanium surfaces. A 75/25% ratio 
of ZnO and HA displayed considerable antimi-
crobial action along with minimal toxicity on 
MG63 cells [39–41].

5.2.5.3  Copper Oxide Nanoparticles
Copper nanoparticles have an antibacterial action 
similar to that of zinc with a major drawback of 
rapid oxidation on exposure to air. CuO nanopar-
ticles have been coated on dental implant surfaces 
and observed to exhibit inhibitory zones, which 
retarded the growth of test bacteria [41, 42].

5.2.5.4  Quercitrin Nanoparticles
Quercitrin is a glycoside derivative of the flavo-
noid Quercetin and Rhamnose, with a high poten-
tial to improve soft tissue healing. In vitro testing 
by Gomez-Florit et  al. revealed potent anti- 
inflammatory action with increased fibroblast 
attachment, increased collagen mRNA levels and 
decreased matrix metalloproteinase and prosta-
glandin E2 [43, 44].

5.2.5.5  Chlorhexidine Nanoparticles
2% Chlorhexidine (CHX) is recommended for 
the treatment of mucositis and peri-implantitis in 
conjunction with mechanical debridement. CHX 
achieves biofilm reduction depending on concen-
tration with 2% concentration being the optimal 
level for 96–99% reduction [45]. Barbour et al. 
studied the effect of CHX immersion on anatase 
and rutile titanium surfaces and found a reduction 
in bacterial coverage by 80% in the anatase sur-
faces [46]. Chlorhexidine coatings are employed 
in the internal chamber of PIXIT implants to curb 
the incidence of biofilm formation along the 
fixture- abutment interface [47].

5.2.5.6  Titanium Dioxide Nanoparticles
TiO2 nanoparticles can be coated on titanium sur-
faces using a sol-gel method to increase osteo-
blast cell proliferation resulting in improved 
implant stability. TiO2 can also be applied using 
the anodic oxidation method which is routinely 
used to increase the thickness of the oxide layer. 
In vitro studies have revealed significantly 
enhanced cell attachment, proliferation and 
osteogenic differentiation [38, 48].

5.2.5.7  Nanocrystalline Diamond
Nanocrystalline diamond coating around tita-
nium surfaces exhibits high corrosion resistance 
and biologic compatibility. The coating forms a 
protective barrier around the implant preventing 
the release of metallic ions into the body. 
Adequate bone-implant contact (BIC) percentage 
has been observed by Metzler et al. with diamond 
coatings around Ti-6Al-4V alloys [49].

5.2.5.8  Ceria Nanoparticles
Ceria nanoparticles in the form of nano-rods, 
nano-cubes and nano-octahedron around tita-
nium surface were found to exhibit strong anti- 
bacterial and anti-inflammatory action. Ceria 
coating is advantageous over other metallic 
nanoparticles since it is an ROS scavenger. Ag 
and ZnO nanoparticles generate ROS radicals 
which may harm human tissue through oxidative 
stress indiscriminately and this dose-dependent 
cytotoxicity limits their application. Ceria can be 
coated using plasma spray, spin coating and mag-
netron sputtering methods. The antibacterial 
action of ceria is through electrostatic attraction 
between the positively charged CeO2 and the 
negatively charged cell wall and/or their interac-
tion with sulfhydryl groups in the cell surface 
proteins. CeO2 is capable of switching between 
valence states and can exist as Ce3+ and Ce4+ ions. 
Ce3+ ions are superoxide mimetic whereas Ce4+ 
ions are catalase mimetic. The initial concentra-
tion of Ce3+ ions results in antibacterial action 
with the production of H2O2, a destructive oxy-
gen species which is then converted to O2 and 
H2O by the catalase mimetic action of Ce4+, 
thereby reducing the risk of damage to non- 
microbial host cells [50, 51].
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5.2.6  Antimicrobial Peptides

Antimicrobial peptides (AMPs) are a group of 
peptide molecules also known as Host Defence 
Peptides (HDPs) that are part of the innate 
immune system of living organisms. AMPs dis-
play a wide range of activities being antiviral, 
antibacterial, antiparasitic and antifungal. They 
can be derived from human as well as animal 
sources. Human-derived peptides are advanta-
geous over antibiotics since they are biocompat-
ible, display low host cytotoxicity and possess 
broad spectral activity. Peptides can be tethered 
to titanium to confer an antimicrobial effect to 
inhibit biofilm formation. Tet213, a cationic 
peptide, bound to titanium has demonstrated 
bactericidal action on S. aureus and P. aerugi-
nosa [52].

One major drawback with most AMPs is their 
vulnerability to protease activity. Gorr et  al. 
(2012), developed an AMP derived from parotid 
secretory protein (BPIFA2), which displays 
potent anti-inflammatory and antibacterial action. 
This peptide has been titled GL13K and is highly 
resistant to protease activity as well as mechani-
cal challenges. GL13K bound to titanium dis-
played bactericidal action against P. gingivalis, P. 
aeruginosa and Strep. gordonii [53–56].

5.2.7  Ion Implanted Surfaces

Fluorine, Zinc, Calcium, Chlorine, Iodine, 
Copper, Cerium and Selenium ions have been 
implanted to titanium surfaces individually in 
various laboratory studies. Anodic oxidation is 
used to embed these ions on the substrate. These 
ions confer bactericidal action upon dissolution 
into surrounding tissues and undergo hydroxyl-
ation into reaction species such as HOCL, TiOH 
and O2− (Superoxide). Reactive species oxidise 
bacterial cell membranes and increase cell per-
meability resulting in cell death [50]. Shirai et al. 
demonstrated the effectiveness of iodine 
implanted titanium fixtures in patients with suc-
cessful clinical outcomes [57–61]. The other ion 
implantations have only been tested in vitro and 
clinical evidence is yet to be produced.

5.2.8  Photocatalytic Titanium

TiO2 (Titanium dioxide) is typically non-toxic 
and photoactive under aerobic conditions. 
Ultraviolet A radiation (UVA) with wavelengths 
between 315 and 380  nm for 120  min imparts 
photo-functionalisation of TiO2 and removes 
hydrocarbon contamination. UVA irradiation 
results in a super hydrophilic surface (contact 
angle less than 20°), which oxidises adsorbed 
organic impurities and produces reactive oxygen 
species, thereby rendering the titanium surface 
highly antimicrobial. Hydroxyl radicals (HO−) 
and H2O2 are produced that can destroy the bacte-
rial cell membrane [62–66].

5.2.9  Antibiotics

Antibiotic coatings of gentamicin, vancomycin, 
cephalothin, carbenicillin, amoxicillin and tobra-
mycin have been tested on implant surfaces with 
initially strong bactericidal action gradually los-
ing potency due to elution of the antibiotic [12, 
67–71]. Local and systemic toxicity is another 
parameter that is yet to be investigated in a clini-
cal scenario.

5.2.10  Graphene

Graphene is a one-dimensional single atom thick 
layer of carbon atoms connected in a hexagonal 
configuration. Dry and wet transfer techniques 
have been used to coat graphene on titanium sur-
faces. Thin films of graphene with silver nanopar-
ticles have been observed to inhibit S. mutans and 
P. gingivalis with cell viability inversely propor-
tional to the concentration of graphene and silver 
[39, 72–74].

5.2.11  Nitride Coatings

Titanium nitride offers excellent chemical stabil-
ity, corrosion resistance and enhanced hardness. 
The characteristic golden colour of titanium nitride 
aids in the camouflage of the metallic  fixture com-
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ponents under gingival tissue, leading to better 
aesthetics. Nitride coatings have exhibited anti-
bacterial effect against S. mutans [75–77].

5.3  Coating Methods

5.3.1  Anodic Oxidation

Anodic oxidation or anodisation is an electro-
chemical method where the metal substrate is the 
anode immersed in an electrolyte solution such 
as sulfuric acid, hydrogen peroxide and phos-
phoric acid along with a cathode and subjected to 
electrical discharges. The discharge produces 
oxygen that bonds with the anode thereby oxidis-
ing it and the cathode undergoes a reduction reac-
tion. Anodisation is commonly used in coating 
industries to provide a thick oxide layer on metal 
substrates for various effects. Dental implants are 
subjected to anodisation to provide a thick TiO2 
oxide layer to aid in osseointegration and faster 
cellular proliferation [33, 78, 79].

5.3.2  Plasma Spray

Plasma spray consists of deposition of fine drop-
lets in the molten or semi-molten state to form a 
coating. The coating material is rapidly heated by 
accelerating it through a plasma flame (10,000–
30,000 K). The heated material melts down as it 
passes through the flame and lands on the sub-
strate surface where it hardens on cooling to form 
a coating [80].

5.3.3  Plasma Immersion Ion 
Implantation

PIII, also known as pulsed plasma doping, is a 
process where ions accelerated through plasma 
are retrieved using a high voltage pulsed DC and 
redirecting these ions onto a substrate with a 
semiconductor wafer to implant with doping 
agents. The plasma is generated in a specially 
designed vacuum chamber using glow discharge 
or metal vapour arc methods [81].

5.3.4  Physical Vapour Deposition

A method of coating where solid metal is 
vapourised in a vacuum environment and depos-
ited on substrate materials. Titanium nitride coat-
ings can be made using physical vapour 
deposition. Physical vapour deposition can also 
be performed using magnetron sputtering 
wherein a gold/palladium conductive coating is 
required to prevent charging of a specimen [82].

5.3.5  Chemical Vapour Deposition

Chemical vapour deposition (CVD) is a coating 
technique in which thin films are formed on a 
heated substrate via a chemical reaction of gas-
eous precursors. Carbon nanotubes and graphene 
coatings are achieved using the CVD method 
[83].

5.3.6  Sol-Gel Method

Sol-gel is a process where suspension of mono-
mers in a liquid medium results in a colloidal 
solution (Sol) which undergoes hydrolysis and 
condensation polymerisation to form the semi-
solid gel. The gel is then coated to the substrate 
where it dries into a thin hard film [28].

5.4  Limitations of Current 
Evidence

It should be noted that the methods described ear-
lier are bound by the limitations of laboratory 
studies. Majority of these methods have tested 
antibacterial efficacy using a monoculture model 
under static growth conditions. Dental implants 
are in constant contact with physiologic fluids 
and are also under biomechanical load. A single 
species or a single host protein does not accu-
rately reflect the complex interactions observed 
in the oral environment. Cytotoxicity and bio-
compatibility data are also lacking for most of 
these methods, which precludes progression to 
clinical trials.
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Dental implants are drilled into bone for stable 
anchorage to initiate the process of osseointegra-
tion. Implant placement into the prepared osteot-
omy site involves tight threading, which may 
disrupt the surface coatings or modifications. The 
status of these coatings and characterisation 
needs to be evaluated post-surgically to verify 
their integrity and biologic effect.

5.5  Clinical Application

A clinically relevant yet economical method of 
applying these techniques would be to limit the 
coating and/or modification to the most biofilm- 
prone areas of the target material (i.e. dental 
implant). The implant-abutment interface is at 
high risk for biofilm formation since this region 
is enveloped by the gingival soft tissue. This soft 
tissue cuff is simply braced against the implant 

and abutment surface as opposed to a tight inte-
gration by gingival fibres as observed in natural 
dentition. In a nutshell, the areas of the implant in 
direct contact with the surrounding soft tissue are 
the most vulnerable to microbial colonisation due 
to a combination of constant salivary and crevic-
ular fluid contact and the surface roughness of the 
material (Fig.  5.3). The logical step, then, is to 
render the implant platform and abutment inter-
face inert to biofilm formation using the above- 
mentioned methods. Preventing biofilm 
formation in these areas would prevent microbial 
colonisation and in turn, reduce the incidence of 
inflammatory conditions such as peri-implant 
mucositis and peri-implantitis.
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Fig. 5.3 Biofilm-prone areas in dental implants
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63D Printing—A Way Forward
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Vinicius Rosa, and Prasanna Neelakantan

Manufacture of any dental appliance, prostheses, 
or implants traditionally involves multiple fabri-
cation methodologies, namely, but not limited to 
machining, casting, sanding, and finishing the 
products to their desired state. These processes 
are expensive, time-consuming and are heavily 
technique sensitive. Commercial production lines 
generally take a few weeks to months to produce 
dental implants because it involves turning a 
blank, machining it for threads, followed by sur-
face treatment for optimising the surface design 
and completed with γ-irradiated sterilisation 
prior to packaging for mass distribution. A fully 
equipped dental laboratory with skilled techni-
cians would require several days, sometimes 
weeks, to manufacture a dental implant prosthe-

sis, be it metal or metal-free (zirconia, ZrO2), to 
an optimal level for delivery to the dentist. The 
extended time is necessary for the technician to 
fabricate a pattern with minimal shrinkage and a 
smooth surface finish, which would allow for a 
copacetic casting with the passive fit. The manu-
factured framework is next sent to the clinician 
for verification of fit and is then sent back to the 
laboratory for ceramic layering and occlusal 
reconstruction, which is another time-consuming 
procedure. Each of these procedures needs to be 
stringently monitored due to the varying proper-
ties of the materials during manipulation, such as 
metal shrinkage, sag, and ceramic shrinkage.

Digital fabrication technologies allow us to 
completely bypass these limitations and enable 
the production of required objects in far less time 
but with superior levels of accuracy and preci-
sion. The design and production are completely 
computer controlled and are, thus, free of inci-
dences of human errors. The only requirement is 
that clinicians and technicians need to be trained 
in the usage of these newer methods of fabrica-
tion [1].

Digital methods of fabrication can be grouped 
into two main categories, subtractive and addi-
tive. A subtractive method involves the use of 
CAD-CAM and CAM technology. CAD refers to 
‘computer-aided designing’ and CAM refers to 
‘computer-aided machining’ [1]. CAD-CAM is 
currently considered the gold standard technol-
ogy for manufacturing dental prostheses in dental 
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laboratories [2]. The prosthesis design is handled 
by either third-party software such as 3-Shape 
Dental Designer, ExoCAD, Blender for Dental or 
with proprietary software which come packaged 
with the milling unit such as CEREC from 
Dentsply Sirona [3, 5–7]. The milling units can 
be single purpose or highly versatile, depending 
on the number of axes the machining arms can 
traverse and the presence (or absence) of coolant 
spray. Zirconia and acrylic materials are usually 
dry milled without the use of coolant sprays. Dry 
milling units are also cost-effective and are the 
most common type of milling units employed by 
most dental laboratories. Wet milling, that is, the 
usage of coolant, is required for milling metals 
and glass ceramics and is more expensive com-
pared to the dry milling units. These wet milling 
units also require more maintenance since the 
coolant residue needs to be routinely cleansed 
manually from the machine. Suction units are 
also required to be switched off during wet mill-
ing to prevent fluid aspiration into the suction 
unit and the risk of circuit shortage. Both dry 
milling and wet milling, however, produce pros-
theses with a high level of precision and at an 
exponentially faster rate compared to manual 
methods of manufacture. The current consensus 
is that CAD-CAM technology can be considered 
a superior method for manufacture of dental res-
torations or prosthesis [8].

Subtractive methods, however, are not without 
their limitations. CAD-CAM technology involves 
the milling of a blank or disc of the desired mate-
rial in which the prostheses are to be fabricated. 
This involves a large amount of material wastage 
since the ground material cannot be reused again, 
especially in the case of zirconia and acrylic discs 
or blanks. The argument could be made that mul-
tiple prostheses can be milled out of a single disc. 
The fact remains, however, that there is still sub-
stantial material wastage that is unrecyclable. In 
the case of zirconia restorations, fully sintered or 
partially sintered discs may be reused. Fully sin-
tered material is dense and subjects the milling 
tool to abrasion and confers microscopic cracks 
on the zirconia surface as well. These cracks 
could negatively affect the success rate of the res-
toration. Partially sintered material is easier to 

mill, however, it is subject to thermal changes 
during sintering, which could lead to discrepan-
cies in adaptation [9]. Addressing these concerns 
is the counterpart to subtractive fabrication tech-
nology  – additive fabrication, namely the tech-
nique known as 3D printing.

Today, 3D printing, at its core, refers to a com-
positional technique wherein an object is built up 
in successive layers. The layer thickness depends 
on the medium of the material used and the reso-
lution rendered by the method of addition. An 
analogy to 3D printing would be the printing of 
images on a paper using an inkjet printer, which 
produces an image using controlled jetting of ink 
on the paper in two dimensions. That said, the 
same procedure is carried out by 3D printers, 
with the only difference being the application of 
the material in three dimensions as opposed to 
two. Design of the prostheses to be produced is 
carried out similarly to CAD-CAM technology 
with the use of dental designer software. Once 
the prosthesis is finalised, the digital file is trans-
ferred to a slicing software. Slicing software 
divides the digital object into multiple successive 
cross-sectional layers. As mentioned earlier, the 
thickness of these layers depends on the medium 
of the material used. The slices are typically 
0.1 mm thick and are exported into a format that 
can be read by the 3D printer. Multiple file for-
mats exist for 3D objects with the most common 
ones being STL, OBJ, and AMF formats [10]. 
The slicing software and file formats can be 
grouped into third-party solutions and proprie-
tary software. Examples of third-party open- 
source slicing software include 3D Slicer, Cura 
from Ultimaker, Autodesk NetFabb and employ 
open-source file formats such as STL and OBJ 
[4, 11, 12]. Proprietary software are bundled with 
the 3D printer unit and use a different file format 
that can be read only by the company’s own cou-
pled 3D printer [13, 14]. In a bid to improve uni-
fication, most proprietary software, currently 
support the open-source file formats mentioned 
above.

3D printers were initially used to fabricate 
concept models. Concept models are non- 
functional and are simply a visual representation 
of a new design. Eventually, they were used to 
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fabricate functional prototypes and are more 
sophisticated than a concept model. Functional 
prototypes usually take weeks to months to man-
ufacture, which is dramatically cut short by the 
employment of 3D printers. The term ‘rapid pro-
totyping’ hence came into play and is now syn-
onymous with 3D printing fabrication. In the 
current timeline, 3D printing has been adopted by 
major global manufacturers to automate and has-
ten their production of commercial products. 3D 
printing has been adopted across various indus-
tries such as automobiles, aviation, clothing, jew-
ellery, and dentistry.

6.1  History

Rapid prototyping, subsequently called 3D print-
ing is considered an emerging technology that 
could eventually replace CAD-CAM methods as 
the gold standard for fabrication methodology. 
This technique, perhaps surprisingly, is not a 
new method and has been conceived and experi-
mented on since the early 1980s (Fig. 6.1). The 
first documented proposal for 3D printing was in 
1980 when Hideo Kodama applied for a patent 
on an XYZ plotter [15]. The patent was issued in 
1981, however, a lack of interest in that niche 
resulted in a lack of research funds to further 
develop his technology and the endeavour was 
subsequently abandoned. The first patent consid-
ered as the foundation of the 3D printing indus-
try belonged to Bill Masters in 1984. The 
stereolithography (STL) method of 3D printing 
also followed a similar pattern of introduction, 
wherein French inventors Alain Le Mehaute, 
Olivier De Witte, and Jean Claude Andre filed a 
patent for the process, which was later aban-
doned due to lack of interest. The method was 
once again developed and applied for by Charles 
Hull for which a patent was issued in 1986 and 
he popularised the technique by forming his own 
company, 3D Systems Corporation and mar-
keted the first commercial 3D printer, the SLA-
1. The STL file format was developed for the 3D 
systems’ stereolithography printers, and it 
remains a popular choice for commercial usage 
even today.

The most common method of 3D printing is 
the fused deposition modelling (FDM), which 
was developed and patented by Scott Crump, 
who started his own company, Stratasys, in 1989, 
and which brought the first FDM machine to the 
commercial space in 1992. These two companies 
played a major role in further enhancement of 
3D printing methodology through ongoing 
research and development [15, 16]. Yet, 3D 
printers remained a niche industrial fabrication 
method further restricted by the price, which 
commonly stretched above 100,000 USD. Major 
global manufacturers such as HP, Ricoh, Canon, 
and Toshiba have since then adopted and begun 
producing their own 3D printers, which have 
brought the cost down for mass commercial 
usage. 3D printers, nowadays, can be bought for 
less than 1000 USD, although the size and type 
of objects that can be produced are more basic 
and less functional in nature for these low-cost 
machines.

6.2  Techniques

There are currently several methods of 3D 
printing available with the most common 
method being the FDM technique mentioned 
above. The FDM technique, however, is not the 
most accurate technique, nor even the fastest 
method. That claim belongs to a variant of ste-
reolithography, known as Nanojet printing. 
FDM and STL are the earliest techniques of 3D 
printing and are popular even today. There are 
several variants that have improved on those 
techniques and are entering the foray as their 
successors. The techniques used by each manu-
facturer for their variants of these archaic meth-
ods are labelled with newer, innovative 
terminologies which has resulted in multiple 
names for essentially the same methodology. 
An attempt has been made to classify 3D print-
ing techniques by the International Organisation 
for Standardisation (ISO) and the American 
Society for Testing and Materials (ASTM) 
which is known as the ISO/ASTM 52900:2015 
Additive Manufacturing standards (tabulated 
below in Table 6.1) [17, 18].
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Hideo Kodama files a patent for a rapid
prototyping system that uses ultraviolet

light for resin curing. 

Hideo Kodama receives the patent, but
could not commercialise the printer due

to lack of funds

Charles Hull is granted a patent for his
STEREOLITHOGRAPHY machine. Charles Hull

establishes the 3D systems corporation

Scott Crump files a patent for his Fused
Deposition modelling method. Crump
establishes the Stratasys corporation

Hans Langer establishes the EOS GmBH
corporation and pioneers the laser

sintering process

Adrian Bowyer invents the RepRap open-
source project to create a self-replicating

3D printer

Shapeways launches a 3D printing service
which allows users to submit files for

personal fabrication

Makerbot launches the Thingiverse web
platform, the world’s largest online

repository for 3D models

Expiration of patents and open-source
projects; Over 170 3D printing systems all

over the world

Fig. 6.1 Timeline of 3D printing
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The core method of 3D printing remains the 
same, that is, object fabrication based on the 
build-up of materials in thin, successive layers. 
The only difference between the various tech-
niques is the medium of the material being used 
for fabrication. These methods (Table 6.2) can be 
grouped into four main categories based on their 
mechanism of action.

6.2.1  Anatomy of a 3D Printer

Before delving into the methodology, a descrip-
tion of the working parts of the 3D printer is 
necessary. Every 3D printer possesses two uni-
versal parts, namely the print head, and the 
build platform. The print head is a nozzle that 
delivers the material for fabrication. The print 
head may be coupled with a heating source or 
curing agent in some printers. The build plat-
form is a base on which the material object is 
built. The platform may be submerged inside 
the material medium in some printers, namely 
the stereolithography models. Other compo-
nents include a heat source or laser, movable 
mirrors that deflect lasers or light, which initi-
ate curing, and an enclosure that surrounds the 
entire mechanism (Fig. 6.2). The enclosure may 
be orange tinted in stereolithography models to 
prevent unintentional premature curing of pho-
tosensitive resins [19].

Table 6.1 Summary of 3D printing technology

3D printing 
technology Description
Material extrusion Extrusion of a molten material 

for build-up in successive 
layers

Vat 
photopolymerisation

Layer shape successively traced 
and solidified by a laser in a vat 
of liquid photopolymer

Material jetting Deposition of liquid droplets 
that are cured by UV light/heat

Binder jetting Successive layers of powder are 
fused by deposition of binder 
or adhesive

Powder bed fusion Successive layers of powder are 
fused by a laser or a high 
energy heat source

Directed energy 
deposition

Successive layers of powder are 
fused by a layer as it is being 
deposited

Sheet lamination Sheets of paper, plastic, or 
metal foil are fused together

Table 6.2 Categorisation of 3D printing technology

3D printing 
technology Description
Material extrusion Extrusion of a molten material for 

build-up in successive layers
Stereolithography Layer shape successively traced 

and solidified by a laser in a vat of 
liquid photopolymer

Powder binding Successive layers of powder are 
fused by a laser or a high energy 
heat source or a binder

Sheet lamination Sheets of paper, plastic, or metal 
foil are fused together

BUILD PLATFORM

RESIN ENCLOSURE

RESIN (PHOTOPOLYMER)

TRANSPARENT WINDOW

LASER

Fig. 6.2 Anatomy of a 
stereolithography based 
printer used in dentistry
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6.3  Material Extrusion

Material extrusion has become the most common 
3D printing methodology. It was invented by 
Scott Crump in 1989 and marketed by his com-
pany Stratasys in 1992 [15, 16]. This method 
employs thermoplastic filaments which are 
heated into a molten state as it is extruded through 
the print head nozzle. The molten material is laid 
down in a thin layer on the build platform as the 
print head moves in 2D space tracing and filling 
the shape of this layer. The material solidifies 
once laid on the build platform. The build plat-
form is lowered down by the thickness of a single 
layer and the next layer of molten material is built 
on the previous layer (Fig. 6.3). This process is 
repeated till the entire object is completely built.

This method has been termed ‘fused deposi-
tion modelling’ by Stratasys and ‘plastic jet 
printing’ by 3D systems. Other terms for this 
method include ‘fused filament modelling’, 
‘melting and extruded modelling’ and ‘fused fila-
ment fabrication’. Earlier iterations of this 
method employed filaments of a single shade and 
were limited to an object of a single colour. There 
are multi-colour filaments available for material 
extrusion printers currently with more expensive 
machines such as the J850 from Stratasys, ProJet 
CJP series from 3D Systems, JetFusion 580 from 
HP, able to print professional full colour objects. 

Material extrusion produces objects with a layer 
thickness of approximately 0.1 mm, though less 
expensive machines produce thicker layers of 
0.5 mm and above [20, 21].

6.3.1  Resins

Materials used for extrusion are commonly ther-
moplastic resins, such as acrylonitrile butadiene 
styrene (ABS), polyamides, acrylonitrile styrene 
acrylate, polyethylene terephthalate (PET), poly-
carbonate (PC), poly(methylmethacrylate) 
(PMMA), polyphenylsulfone (PPS), polyure-
thane (PU), polylactic acid (PLA), polycaprolac-
tone (PCL), and polyhydroxyalkonate (PHA). 
PMMA, PC, PU, and PLA have been used in the 
production of healthcare devices in conjunction 
with gamma irradiation for sterilisation purposes 
[21]. Currently, there are resins with even antimi-
crobial properties such as AMultrax, and Copper 
3D [22, 23]. Copper, silver, and zinc particles 
added to those resins have been observed to 
inhibit microbial growth.

6.3.2  Metals

Nickel-based alloys, titanium, and tantalum have 
been used for fabrication of metal objects through 

MATERIAL SPOOL

HEATING ELEMENT

NOZZLE

PRINTED OBJECT

BUILD PLATFORM

Fig. 6.3 Material 
extrusion method
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material extrusion. A coil of thin metal wire is fed 
through the print head and heated to make it mol-
ten in order to build objects. There are two meth-
ods to make metal extrusion possible. One 
method is to use a metal alloy that possesses a 
low melting point. The other method is to use a 
different heating source to use commercial-scale 
metals such as titanium. The latter approach has 
employed arc fusion welding technology to heat 
titanium wire. This approach has been termed 
‘wire and arc additive manufacturing’. Another 
method to achieve the same is the usage of ‘elec-
tron beam additive manufacturing’ by Sciaky 
wherein an electron beam is used to fuse metal 
wires into the required parts. Rapid plasma depo-
sition is another method to extrude a metal by 
melting, for example, a titanium wire in argon 
gas [24].

6.3.3  Composites

The materials described above are homogeneous 
with no additional constituent than the parent 
resin or metal. Various components have been 
added to the filament resin to improve their versa-
tility and broaden their applications. Such com-
posite materials have been listed below [25] 
(Table 6.3).

6.4  Vat Photopolymerisation

This method, vat polymerisation, employs a liq-
uid photopolymer, which is cured by a light 
source, commonly a laser, to solidify successive 
layers of an object. Many variations of this 
method are employed by different manufacturers 
and are described below.

6.4.1  Stereolithography

Stereolithography was proposed by Charles Hull 
in 1986 and implemented in the SLA-1 3D print-
ers marketed by his company, 3D Systems [15, 
16]. A tank or vat of photosensitive polymer is 
solidified using a laser that traces the shape of 

each successive layer. There are two variations to 
the STL assembly. One model utilises a laser 
positioned over the vat of liquid polymer and the 
build platform below the vat but submerged 
inside. The build platform is lowered by the thick-
ness of one single layer once the solidification of 
one layer is complete. A sweeping mechanism 
pushes a fresh layer of liquid polymer over the 
lower platform, which is cured by the laser and 
the entire process is repeated until fabrication is 
complete. The other model suspends the build 
platform over the polymer vat and is mechanically 
lowered to submerge the platform entirely inside 
the polymer during the commencement of fabri-
cation. The laser is mounted below the vat, which 
is completely transparent to enable curing through 
the clear vat. The build platform, in this model, is 
raised by the thickness of one layer once the solid-
ification of a layer is complete. This method can 
be termed ‘inverted stereolithography’ (Fig. 6.4). 
On completion, the fabricated object needs to be 
removed from the build platform and cleansed of 
the liquid residues. This cleansing is performed 
using a solvent such as 90% isopropyl alcohol, 

Table 6.3 Composite materials for extrusion-based 
printers

Constituents Description
Resin + wood Resin mixed with sawdust for the 

manufacture of wooden boards
Resin + brick Produces objects with a sandstone 

finish
Resin + bronze Resin mixed with bronze powder for 

products with a metallic finish
Resin + fibre Resin mixed with carbon fibre for 

increased modulus of elasticity and 
bending resistance

Resin + carbon 
nanotubes

Resin reinforced with carbon 
nanotubes to impart electrostatic 
discharge protection

Resin + 
graphene

Resin mixed with graphene to 
improve electrical conductivity; 
graphene 3D labs showcased a 3D 
printed graphene battery

Resin + 
concrete

Resin mixed with cement, natural 
stone, and glass fibre to produce 
building material

Resin + clay Resin mixed with liquid clay to 
produce ceramic

Resin + 
frosting

Resin mixed with flavoured frosting to 
produce edible printable confectionery
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followed by rinsing with water. Certain objects 
may require further curing using an UV curing 
chamber. Stereolithography is typically more pre-
cise and produces objects with thinner layers at 
approximately 25–50  μm. It has to be kept in 
mind that the liquid polymer material costs more 
than the thermoplastic filaments required for 
material extrusion. The liquid polymer falls within 
a price range of 150 to 400 USD for lower-end 
machines whereas thermoplastic filaments range 
between 40 and 50 USD and upwards [26].

6.4.1.1  Continuous Liquid Interface 
Production

This method is similar to inverted stereolithogra-
phy, albeit a layer of uncured resin is positioned 
between the bottom of the vat and the solidified 
layer with a dead zone that is exposed to oxygen. 
This uncured resin layer is maintained below the 
object as each layer is cured maintaining the so- 
called continuous liquid interface. This method has 
been developed and employed by Carbon 3D [27].

6.4.2  Digital Light Processing

Digital light processing (DLP) is a variant of vat 
photopolymerisation in which an imaging chip 
containing an array of miniature movable mirrors is 
used to reflect light from a projector on to the pho-
topolymer for solidification. In other words, a pro-

jector and mirrors reflect light for curing instead of 
a laser. The other difference is that the entire layer 
is cured in a single instance instead of tracing the 
outline and filling in the layer. The projector lens 
projects an image of the entire layer, which is 
reflected by the mirrors on the photopolymer. The 
entire layer is solidified en masse and is therefore 
theoretically faster than the STL method. There are 
a few variants of the DLP method, one of which is 
the moving light system that employs a projector 
mounted over the vat of photopolymer and needs 
UV light for faster curing of the polymer. Another 
variant is the daylight polymer printing (DPP) 
method that utilises LCD panels to project entire 
object layers and also uses natural light instead of 
UV light for curing [28](Table 6.4).

BUILD PLATFORM
MOVES IN Y AXIS
RESIN ENCLOSURE

PRINTED OBJECT

TRANSPARENT WINDOW

LASER MOVES IN X & Z AXES

Fig. 6.4 Mechanism of 
a stereolithography 
printer used in dentistry

Table 6.4 Digital light processing technology

DLP variants Mechanism of action
Moving light Projector is mounted over the 

polymer vat and employs UV 
light for faster curing

Daylight polymer 
printing

Utilises LCD panels to project 
entire object layers and employs 
natural light for curing

Scan, spin, and 
selective photocure

Reflects light off a spinning 
drum and is then passed through 
optical elements on to the 
polymer

Lithography based 
ceramic 
manufacturing

DLP method on a photopolymer 
containing ceramic particles
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6.4.3  Two-Photon Polymerisation

This advanced method allows for the production 
of objects on the nanoscale. The two-photon poly-
merisation (2PP) method utilises a femtosecond 
(fs) pulsed laser to emit photons on a  specialised 
photopolymer containing highly specific initia-
tors and solidifies only on contact with two pho-
tons simultaneously. Since this is possible only at 
the centre portion of the laser beam, it allows for 
precise fabrication throughout the polymer vat 
rather than simply the surface layer. The resolu-
tion achieved with this method is from 200 nm to 
400 nm in the XY axes and is exponentially faster 
with manufacture speeds at 100  mm/s. A com-
mercial 3D printer using the 2PP method is avail-
able from a German manufacturer Nanoscribe, 
the Photonic Professional GT2. The applications 
with this model extend to the biomedical area in 
addition to electrical system parts. The only 
caveat is that this method currently cannot pro-
duce objects larger than 100 mm [29–31].

6.5  Material Jetting

This method is similar to inkjet style printing in 
which the polymer is sprayed from the print head 
nozzle and is subsequently cured using UV light 
(Fig. 6.5). This method has been termed ‘PolyJet’ 

from Stratasys and ‘MultiJet Printing’ from 3D 
systems [32, 33]. The variants of material jetting 
are listed below (Table 6.5).

6.6  Powder Binding

This method refers to the fabrication of an object 
using powdered material, which is successively lay-
ered. There are three variants under this category.

6.6.1  Binder Jetting

This method is also termed ‘inkjet powder print-
ing’ or ‘Z printing’ since it relates to laying down 
material along the Z axis. The technology was 

PHOTOPOLYMER

NOZZLE

JET MATERIAL

PRINTED OBJECT

BUILD PLATFORM

LASER/
UV LIGHT

Fig. 6.5 Material 
jetting method

Table 6.5 Material jetting technology

Material jetting 
variants Description
Wax deposition 
modelling

Wax material is sprayed from the 
print head nozzle for the fabrication 
of wax patterns

Printoptical The polymer droplets can be 
individually per droplet or left 
uncured for smoothness

Nanoparticle 
jetting

Liquid suspension containing metal 
particles is sprayed and heat is used to 
sinter the metal particles together in 
the desired shape
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developed by the Massachusetts Institute of 
Technology (MIT) and was adopted by 
Z-Corporation and ExOne. The powdered mate-
rial is stored in a mechanised platform that can be 
termed the powder reservoir. The reservoir is 
slightly elevated, and a sweeping mechanism (or 
a roller) sifts a thin layer of powder into the print 
bed. A print head nozzle then sprays the binder 
material in the shape of the first layer. Once the 
binder solidifies it fuses the material in the first 
layer. The platform is again elevated, and the 
roller sifts the next layer of powder on top of the 
first layer followed by spraying the binder. This 
process is repeated until the entire object is com-
pletely fabricated (Fig. 6.6). Following comple-
tion, the object remains surrounded by loose 
powder which requires removal. Most printers 
are equipped with a de-powdering chamber that 
employs high-powered vacuum systems to 
remove the excess powder surrounding the object 
[32, 34, 35).

6.6.1.1  Gypsum
Binder jetting employs gypsum-based powder 
and the binder is usually water, which sets the 
material into a plaster object. Gypsum products 
are very porous, friable, and brittle upon com-
pletion. This is referred to as the ‘green state’. 
Upon completion of the object, post processing 
methods such as infiltration and baking are 
required to improve the strength of the product. 
The object is infiltrated with wax or resin to seal 
the porous gypsum substructure and is subse-
quently baked, if required. The binder can be 
mixed with dyes in order to impart colour to the 
object. Binder jetting is commonly used to pro-
duce concept models or casting moulds. Moulds 

are produced by using an investment material 
(casting sand), a refractory variant of gypsum 
plaster [36, 37].

6.6.1.2  Metals
Metal products can also be fabricated using the 
binder jetting method. Powders containing a mix 
of iron, bronze, chrome, and aluminium are 
available. The binder material is sprayed onto a 
layer of the metal powder and binds the metal 
particles together. A heating system dries the 
bound layer, and the next layer of powder is laid 
down. Once the fabrication is complete, the 
object is transferred to a curing oven which hard-
ens the binder further. Infiltration of the porous 
object is carried out net where the object is 
placed in a kiln containing aluminium oxide grit 
and heated to over 2000 °C to liquefy the metal 
powder and fill the porous object. On cooling, 
the object is sanded and polished to a smooth 
surface [32, 35].

6.6.1.3  Ceramics
The same technology can also be used to fabri-
cate ceramic objects by replacing the metal 
powder with alumina (Al2O3) and silica (SiO2). 
The ceramic powder is bounded layer-wise 
using the binding agent. The object is cured to 
evaporate moisture and harden the binder. The 
object is then sintered in a furnace to harden it 
[36].

6.6.1.4  Glass Printing
Glass objects can also be produced using the 
binder jetting technology, following the same 
methodology as mentioned previously. Powdered 
soda lime glass is used in layers and adhered 

LIQUID BINDER

POWER BED
POWER ROLLER

NEW POWDER STOCK
PRINTED OBJECT
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Fig. 6.6 Binder jetting 
method
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using a binder. The object is cured in an oven and 
de-powdered. This is followed by infiltrating the 
object with more glass by firing it in a kiln con-
taining glass powder.

6.6.2  Powder Bed Fusion

Metal objects produced using binder jetting are 
porous and may not achieve homogeneity or 
complete solidification even after infiltration and 
sintering. Complete solidification is possible 
when the metal powder particles are fused 
together rather than bound using an adhesive. 
This procedure is known as laser sintering. The 
methodology is similar to binder jetting wherein 
the metal powder is swept from a reservoir using 
a sweeping mechanism onto the print bed. 
Instead of a binding adhesive, a laser traces the 
shape of the first layer on the metal powder. The 
high- intensity laser beam heats the metal powder 
and enables the fusion of each granule together. 
The next layer of powder is swept onto the solid-
ified layer and the process is repeated (Fig. 6.7). 
De-powdering is required to remove the excess 
unfused powder from the completed object. 
Laser sintering can be used to produce objects in 
wax, resins, ceramics, and metals. The metal 
powders used for this procedure are finely 
ground and are approximately 20 μm in size. The 
powder should be spherical to enable flowability 
and is usually manufactured using inert gas 
atomisation.

Two component materials are also available 
with differing melting points that allow faster 
completion of the sintering process for each 
layer. One example is ‘alumide’, nylon powder 

mixed with aluminium which produces objects 
with a metallic finish. High accuracy with a reso-
lution of approximately 80 μm is achievable with 
this method. This method is also termed direct 
metal laser sintering (DMLS), selective laser sin-
tering (SLS), and direct metal printing (DMP). A 
neodymium yttrium aluminium garnet (Nd:YAG) 
laser is employed in this method to selectively 
melt the metal powder into a thin layer. The tem-
perature achieved by the laser to melt the powder, 
however, does not reach the melting point of the 
metal used and simply sinters the metal powder 
together instead of complete melting [38, 39].

6.6.2.1  Selective Laser Melting (SLM)
This method is a variant of the SLS technique and 
it employs a CO2 or Nd:YAG laser to fully melt 
the metal powder in an inert gas atmosphere 
(argon or nitrogen). The thermal changes in this 
method result in internal stresses in the com-
pleted object. These stresses are relieved by heat 
treatment post-production [38, 40–42].

6.6.2.2  Electron Beam Melting (EBM)
A variant of powder bed fusion, this method, 
electron beam melting (EBM), employs an elec-
tron beam to fuse metal granules, instead of a 
laser beam. The chamber is preheated to 700 °C 
to minimize thermal changes in the object. A 
tungsten filament is heated to 3000  °C for the 
production of electrons. The electrons are 
focussed into a beam using magnetic coils. The 
electron beam passes over the layer in the print 
bed multiple times. The electron first preheats the 
build material at the first pass followed by melt-
ing the outline of the layer with the second pass. 
More passes are made to completely melt the 
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Fig. 6.7 Powder bed 
fusion method
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metal powder inside the outline. The entire pro-
cedure is performed in a vacuum environment 
with purified argon to prevent contamination. 
The electron beam is moved around using elec-
tromagnetic deflection. The method is currently 
used for high-value materials such as titanium 
and cobalt-chrome [43–45].

6.6.2.3  Selective Heat Sintering (SHS)
A thermal print head is used to simultaneously 
lay down and solidify plastic powder in layers. 
SHS produces objects in 100 μm thickness and is 
an alternative to material extrusion since it 
requires far fewer components. It is also cost- 
effective since it does not require a laser [46].

6.6.3  Directed Energy Deposition

This method is also known as laser powder form-
ing, laser metal deposition, and laser engineered 
net shaping. A motion-controlled print head 
directs metal powder into a high-power laser 
beam to melt it and is layered on a build platform 
that is also motion controlled. Since both print 
head and build platform are movable, the fabrica-
tion doesn’t need to be made in successive layers 
and can even be applied to a layer material on 
prefabricated objects for modification or repair 
purposes [47].

6.7  Sheet Lamination

Laminated object manufacture (LOM) advances 
a sheet of build material to the build platform 
and adheres it to a substrate using a heated roller. 
A laser or blade cuts the outline of the object 
layer in the sheet. The excess material outside 
the outline is cross-hatched to facilitate easy 
removal following completion. The next sheet is 
layered on the previous layer and the same pro-
cess is repeated. This method was invented by 
Helisys in 1991 and is currently implemented in 
printers from MCor technology, which have 
modified lamination machines to use commonly 
available A4 copier paper for object fabrication 
[48, 49].

6.7.1  Ultrasonic Additive 
Manufacturing

A variant of LOM which employs high-frequency 
vibrations at 20,000 Hz to fuse layers of a metal 
tape into a block that is cut into shape using a 
laser [50, 51].

6.8  Stepping

The layered method of fabrication produces 
objects which have identifiable ‘steps’ across 
their surface on completion. The elimination of 
these visible steps can be achieved by either 
using a printer with a resolution of less than 
10  μm or by employing some post-processing 
sanding or milling. Metals and resin objects 
require milling post-production in order to cut 
away the support structures and impart a smooth 
surface texture.

6.9  Support Structures

Products made with 3D printing are subject to a 
technical complication during the manufacturing 
process wherein overhanging parts require addi-
tional support to be held in place during the lay-
ering. Support platforms or ‘rafts’ are generated 
by the slicer software prior to additive manufac-
turing. The rafts’ dimensions can be adjusted by 
the operator according to their preference. The 
raft junctions are usually set at 0.5 mm to ease 
separation from the manufactured object. Rafts 
can usually be broken manually from the object 
or precisely incised using a sharp plier. This 
method of support is known as ‘breakaway sup-
port technology’ (BST). There are also printers 
that use a secondary print head to print support 
structures in soluble material such as polyvinyl 
acetate (PVA). These soluble structures can be 
separated from the object by dissolution in a tank 
of water. This method is known as ‘soluble sup-
port technology’ (SST). Support platforms can be 
avoided when binder jetting and powder bed 
fusion methods are used for the production of 
non-metallic objects since the tank of uncured 
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powder secures the solidified object in place till 
all layers are complete [52].

6.10  Post-Processing

3D printed objects usually require post- 
production finishing procedures due to stepping 
and a rough surface resulting from the separation 
of the supporting rafts. Liquid-based methods 
such as stereolithography require cleansing the 
object of residual material using isopropyl alco-
hol. Resin-based objects are also subject to cur-
ing for complete photopolymerisation followed 
by finishing procedures. The finishing proce-
dures commonly employed are sandblasting, 
manual abrasion, electropolishing, computer 
numeric control (CNC) milling, and laser polish-
ing based on the material used for fabrication 
[53, 54].

6.11  Application in Implant 
Dentistry

The layer-wise control and precision presented 
by additive manufacturing (AM) lend itself natu-
rally to the manufacture of dental prostheses, 
especially dental subgingival implant restora-
tions. Dental restorations require calibration and 
finesse in the μm range since the tactile threshold 
for occlusal contacts extends till 20 μm. Any res-
toration that possesses premature contacts above 
20 μm will be perceptible to individuals and has 
the potential to cause occlusal disharmony and 
physical distress. This perception applies itself 
doubly so for implant retained restorations due to 
the lack of shock-absorbing periodontal liga-
ments around the implants [55, 56]. Digital work-
flow promises precision manufacturing which 
could improve accuracy of the final restorations 
as well as reduced manufacturing duration. 
Additive manufacturing (AM) also extends to 
manufacture of the implant body and not just the 
restorative component. AM applications in dental 
manufacturing are listed in the table below 
(Table 6.6).

6.11.1  Guided Placement Stents

Stents for implant placement were initially hard 
splints with holes to aid in marking osteotomy 
sites prior to implant placements. These stents 
did not account for anatomy and contour of the 
residual ridge and were extremely limited during 
stage I implant surgery. Guiding stents are cur-
rently manufactured using a combination of 
cone-beam computed tomography (CBCT), 
implant planning software, and additive manu-
facturing technology. CBCT aids in three- 
dimensional acquisition of volumetric data of the 
residual ridge in the digital imaging and commu-
nications in medicine (DICOM) format. The 
DICOM files aid in 3D reconstruction of the 
entire maxilla and mandible. Implant planning 
software (Implant Planning Studio, 3Shape; 
SIMPLANT Studio, Materialise Medical) allows 
the import of these DICOM files and enables the 
visualisation of implants in the desired regions. 
The exact dimensions and shapes of implants are 
made available as digital files by each manufac-
turer for use in planning software. Clinicians or 
laboratory technicians requiring a specific 
implant system would need to download the 
appropriate digital files of that system to the 
library (database) of their planning software. 
Measurements of the ridge in the region of the 
missing tooth are estimated and the chosen 
implant is virtually positioned in the most opti-
mal configuration. The software generates the 
stent around the virtually positioned implant. 
These stents are generated with openings to 
attach manufacturer-specific metal sleeves to aid 

Table 6.6 Applications of 3D printing in implant 
dentistry

Category Applications
Treatment 
planning

Guided placement stents
Mock models for practice and 
visualisation

Treatment Provisional crowns and bridges
Definitive crowns and bridges
Implant fixture
Implant frameworks
Dentures

Education Models for visualisation
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in drill positioning during osteotomy. These 
stents can be customised to either allow multiple 
drills throughout the osteotomy procedure or to 
guide only the pilot drill to initiate the stage 1 
procedure.

Guided surgical kits that allow different sizes of 
metal sleeves to be attached to the surgical guide 
are available from each manufacturer. Vertical 
stoppers are also available to control osteotomy in 
the vertical plane. It has been established from lit-
erature that surgical guides are able to minimise 
deviations in the horizontal plane. Deviations in 
the vertical plane as well as in the palatal aspect 
(for upper anterior implants) are still possible and 
need to be actively monitored during implant 
placement. Guided placements are currently con-
sidered the gold standard method of stage 1 
implant surgery. A few limitations to this method 
are the added cost for manufacturing the stent and 
the extended duration required for stent fabrica-
tion. Placement stents are usually fabricated using 
the stereolithography method [57–59].

6.11.2  Models

Dental models or casts can be fabricated for the 
purpose of visualisation as well as manual prac-
tice prior to implant placement. These models 
can serve to educate patients as well as dental stu-
dents. Models can be made with the soft tissue 
layer intact or can be made at the bone level using 
DICOM file integration for 3D reconstruction of 
the maxilla or mandible. Implant analogues or 
mock implants can be drilled and positioned into 
these models to determine the optimal drill posi-
tion for implant placement in order to prevent the 
incidence of bone fenestration. It has been estab-
lished in literature that implant positioning is 
improved when clinicians undertake prior prac-
tice in osteotomy using printed bone level models 
[60–63].

6.11.3  Crowns and Bridges

Bridge and crowns can be printed in a wide vari-
ety of materials using additive manufacturing 

techniques. Provisional restorations can be made 
using PMMA resin and definitive restorations 
can be made using cobalt-chrome alloys or alu-
mina particles. Stereolithography method is used 
for resin material and selective laser sintering is 
used for metal restorations. 3D printed ceramic 
restorations have not yet reached routine com-
mercial usage in clinical practice due to the cost 
of the material. There are in vitro studies in which 
ceramic restorations have already been fabricated 
and tested using additive manufacturing methods 
such as material extrusion, binder jetting, as well 
as stereolithography methods. In vitro evalua-
tions have found such restorations to be clinically 
acceptable when compared with conventionally 
manufactured restorations [64–66]. Processing a 
ceramic material using AM methods requires the 
monitoring of certain parameters, which have 
been summarised by Methani et  al. [67]. The 
parameters used for processing ceramics have 
been listed in the table below (Table 6.7). These 
crowns and bridges, as well as titanium implants, 
can be surface treated with subtractive methods 
such as etching and grit-blasting or subjected to 
additive methods such as a silane coating to fur-
ther improve their adhesive bond with the under-
lying substructure [68–70].

As shown in Table 6.7, the parameters differ 
for each method due to the state of the material 
used (liquid or solid) and the method used for 
solidification for powder-based methods.

Production of ceramic objects using AM tech-
niques relies on a resin material mixed with 
ceramic particles. Stereolithographic techniques 
are dependent on the particle size, slurry viscos-
ity, and dry matter content in the slurry. The dry 
matter content should be more than 50% by vol-
ume in order to withstand thermal changes dur-
ing sintering without cracking. The dry matter 
content can be increased by utilising particle 
sizes from 0.5 μm to 2 μm, with 1.5 μm alumina 
particles producing acceptable clinical crowns in 
a study by Dehurtevent et  al. [71]. Moreover, 
Marion et al. have observed that stereolithogra-
phy manufactured alumina crowns with high dry 
matter content and large particle sizes possess 
high Weibull modulus indicating structural reli-
ability and flexural strength. Marginal adaptation 
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was also found to be equal to those of milled res-
torations indicating that stereolithography manu-
factured crowns can be used in routine clinical 
cases.

Material extrusion methods rely on a paste 
like slurry which is dependent on the Zeta 
potential, a function of the material pH.  A 
higher Zeta potential indicates high stability and 
the ability to resist aggregation. Slurries with 
pH of 7.0–7.5 have been found to possess pseu-
doplastic behaviour and demonstrated reduced 
viscosity with increasing shear rates, in a study 
conducted by Wang et  al. Another crucial 
parameter is the critical nozzle height, a level of 
balance between the nozzle height (the distance 
between build platform and print head nozzle) 
and nozzle speed, diameter, and extrusion rate. 
Wang et al. have found 840 μm as the ideal criti-
cal nozzle height for a nozzle speed of 
4.25 mm/s, diameter of 0.7 mm, and extrusion at 
the rate of 2.5 10−3 cm3/s [72].

Powder bed fusion methods rely on sintering 
powder particles using a laser. Agglomeration of 
the powder particles is enhanced by increasing 
the binder content. Laser power should be suffi-
cient to generate an energy density high enough 
to fuse the metal particles. Laser power is 

inversely associated with the scan speed and scan 
spacing. Low scan speeds increase the exposure 
of the particle to the laser beam resulting in 
higher agglomeration. Scan spacing refers to the 
duration between consecutive passes of the beam. 
Reducing the scan spacing has the same effect as 
reduced scan speeds.

Material jetting relies on layer wise deposition 
of material dispersed as droplets from the print 
head nozzle. Material jetting depends on the 
Ohnesorge (Oh) number, which refers to the vis-
cosity of the dispersed material. An Oh number 
between 0.1 and 1 is considered ideal for jetting. 
Binder jetting relies on the deposition of the 
binder or adhesive to bind the powder substrate. 
The major parameters for binder jetting are power 
and saturation level. Power refers to the intensity 
of heat applied to cure the binder and saturation 
refers to the content of binder dispersed through 
the print head [73].

6.11.4  Implant Frameworks

A plethora of novel restorative solutions are made 
possible due to the advent of implant dentistry. 
Implants can be used to replace a single missing 
tooth or the entire dentition and associated struc-
tures. Crowns and bridges for dental implants are 
fabricated in a similar manner to those of tooth- 
supported prostheses. Full mouth prostheses, 
however, are more tedious to fabricate and require 
a high level of technical mastery from both the 
clinician and the laboratory personnel. Such 
extensive restorations are also highly time- 
consuming and are expensive to produce. 
Additive manufacturing methods have the poten-
tial to eliminate all such problems and are capa-
ble of producing frameworks with a high degree 
of passivity and accurate marginal fit. The earli-
est iteration of incorporating digital workflow 
into the fabrication of implant frameworks 
involved a combination of additive manufacture 
and lost wax casting methods. A resin pattern of 
the implant framework was fabricated, which 
was converted to metal using the lost wax casting 
procedure. This approach did reduce the chance 
of pattern deformation and shrinkage incident 

Table 6.7 Processing parameters for 3D printing 
ceramics

Category Parameters Values
Stereolithography Particle size 0.5–1.5 μm

Slurry viscosity Low Zeta 
potential

Dry matter 70–80%
Material extrusion Critical nozzle 

height
840 μm

pH 7.0–7.5
Slurry viscosity High Zeta 

potential
Powder bed 
fusion

Laser power 21 W
Scan speed 1800 mm/s
Scan spacing 0.1 mm/s

Material jetting Ohnesorge number 
for liquid

0.1–1

Printhead distance Close to 
platform

Binder jetting Power level 60%
Binder saturation 
level

50%
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with manual fabrication but did not reduce the 
incidence of distortion associated with thermal 
changes during casting. Currently, implant frame-
works can be produced en masse using additive 
manufacture without having to resort to a com-
bined approach. Powder bed fusion methods have 
been successfully used to produce entire metal 
frameworks with a high degree of precision [74–
77]. Zirconia frameworks for full mouth rehabili-
tation, however, have not yet been produced 
using additive manufacture and are still in the 
experimental stage. CAD-CAM methods are still 
the gold standard for manufacturing zirconia 
frameworks. SLS, SLM, and EBM methods have 
been used to manufacture frameworks of tita-
nium or cobalt-chrome alloy. Customised tita-
nium meshes for guided bone regeneration have 
also been produced and successfully used to treat 
patients with bone defects. Scientific evidence on 
the use of customised titanium meshes for treat-
ment of bone defects by Inoue et al. and Sumida 
et al. support the implementation of this method 
as a standard treatment protocol for regenerative 
cases [78, 79].

6.11.5  Dental Implant Fixtures

Implant fixtures can be fabricated following the 
conventional threaded design or as a root form 
analogue replicating the shape of the missing 
root. Successful instances of using SLS and SLM 
implants have been documented with high suc-
cess rates and enhanced bone growth around 
these implants. A retrospective study by Cerea 
and Dolcini revealed a 98% success rate in 70 
patients treated with AM titanium implants 2 
years following restoration. Subperiosteal 
implant fixtures made with AM techniques have 
also been used as a successful treatment modality 
as reported by Mangano et  al. Moreover, Che 
et al. have reported the use of customised large 
diameter implants for the treatment of bony 
defects in an animal model study. The AM 
implants have demonstrated high bone ingrowth, 
increased trabecular thickness, and high bone 
mineral density due to the porous surface of these 
implants. Osteoblasts have been observed to 

adhere to nanostructured scaffolds and pits far 
more effectively than to microstructures. The 
nanogeometry produced as a result of AM meth-
ods, therefore, renders the implant surface osseo-
inductive. Histomorphometric studies have 
shown that SLM implants with a pore size of 
350 μm demonstrate high levels of cell growth, 
migration, and adhesion (stabilisation). Another 
benefit of the AM implant is the reduced modulus 
of elasticity of these fixtures. Stress shielding is a 
mechanical problem associated with conven-
tional titanium implants due to the high elastic 
modulus of the fixture. Cortical and cancellous 
bone have lower elastic moduli when compared 
with titanium and this discrepancy results in 
irregular and uneven force distribution to the sur-
rounding bone. The AM titanium implants pos-
sess a highly interconnected porous structure that 
reduces the elastic modulus drastically, with the 
value closer to that of natural bone and improving 
the functionality and force distribution patterns 
of these implants [80, 81]. Furthermore, these 
custom-manufactured implants may be designed 
to inhibit biofilm formation by tethering silanes 
and other polymers to their surface [82–85].

6.11.6  Dentures

Dentures are a common and affordable mode of 
replacing missing dentition. The combination of 
dentures with implant therapy has rendered the 
modality highly versatile and cost-effective for 
patients who cannot afford more expensive fixed 
therapy. Dentures can be made removable with 
the use of attachments on implants or can be 
fully attached to a substructure and secured 
firmly to implants (hybrid dentures). Denture 
processing methods namely compression mould-
ing and injection moulding are technique sensi-
tive and highly time-consuming. 
Stereolithography and DLP methods have been 
used to fabricate complete dentures. Using addi-
tive manufacturing eliminates the need for man-
ual teeth arrangement and reduces the production 
time. AM dentures have shown clinically accept-
able levels of fit and are currently available for 
commercial usage in clinical practice. In vitro 
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studies have shown high levels of precision and 
trueness of 3D-printed dentures. Such dentures 
can be made as a monoblock prosthesis with 
both denture teeth and base produced as a single 
unit or as two components with separate denture 
teeth and the denture base. The monoblock den-
ture is imparted gingival colour and characterisa-
tion using indirect resin composites. The 
two-component system can be produced using 
pink colour resin for the denture base and tooth 
coloured resin for the denture teeth. The denture 
base is produced with recesses for attaching den-
ture teeth. Flowable bonding resins are available 
for attaching denture teeth to the denture base. 
Denture fabrication is rapidly gaining ground as 
more commercial manufacturers have begun to 
promote the method as a faster and convenient 
method bypassing the time requirement for man-
ual fabrication [86–90].

6.12  Future Trends

6.12.1  Bioprinting

The methods discussed so far describe the fabri-
cation of inorganic objects. The true potential of 
3D printing, however, lies in its versatility, with 
the foray of additive manufacture into the realm 
of synthetic biology heralding a new era in 
healthcare technology. 3D printers capable of 
fabricating organic tissue by controlling the 
placement of layers of living cells have been 
developed by a few manufacturers across the 
world [91].

Makoto Nakamura, a Japanese paediatrician, 
developed the first printer capable of jetting liv-
ing cells encased in sodium alginate hydrogel 
into a calcium chloride solution. Nakamura had 
experimented with a standard photo printer ear-
lier where he faced the issue of cells clogging up 
the printer. His collaboration with Epson resulted 
in the first printer capable of outputting living 
cells. Further research led to the creation of a bio-
printer that could create biotubes, a replacement 
material for blood vessels [92, 93].

Moreover, Gabor Forgacs had developed a 
printer capable of building tissue from clumps of 

bio-ink spheroids which contained thousands of 
cells. Forgacs founded Organovo in 2007 to cre-
ate tissue on demand for research and surgical 
applications. Their collaboration with Invetech 
resulted in the Novogen MMX, a commercial 
bioprinter, containing multiple print heads which 
are loaded with bio-ink spheroids. The second 
print head outputs a bio paper support for produc-
ing a scaffold to support the dispersed cells. A 
biopsy from the patient is required to source a 
sample of cells. These are cultured in growth 
medium to increase the volume of cells for the 
production of the bio-ink spheroid. Production of 
the spheroid is dependent on the tissue to be built. 
If the tissue to be printed is a blood vessel, a clus-
ter of endothelial cells and fibroblasts are com-
pressed into a tubed shaped specimen that is 
sliced into small pieces forming the bio-ink 
spheroids. These spheroids are loaded into the 
print head and the second print head lays down 
bio-paper, a structure made from water, collagen, 
and gelatine [94].

Organovo supplies synthetic tissue to pharma-
ceutical companies to test their new drugs with-
out the use of animal experiments or routine 
in  vitro models which are not representative of 
the in vivo condition. Currently, human liver and 
kidney tissues are manufactured using the pro-
cess described above. Research is ongoing on the 
production of synthetic skin, thyroid tissue, and 
entire organs [95].

EnvisionTEC, a company popular in the den-
tal fraternity, for their DLP printers, has pro-
duced the 3D-Bioplotter, a printer capable of 
building custom scaffolds using bio-ink spher-
oids as well as biodegradable polymers such as 
polycaprolactone and polylactic acid. These 
scaffolds could be used for guided bone regen-
eration for the treatment of bone defects. Xillogic 
(The Netherlands) and Next 21 (Japan) are work-
ing on a calcium phosphate bone analogue, 
termed CT bone, which could be used to replace 
damaged bone. The CT bone aims to avoid graft 
rejection issues and could be a replacement for 
particulate grafts in dentistry. These products are 
still in the experimental stage and require further 
testing for extrapolation to commercial clinical 
usage [96].
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6.12.1.1  In Vivo Bioprinting
Nevertheless, research is underway on the appli-
cation of bioprinting in the direct repair of 
wounds. The process utilises fibroblasts and 
keratinocytes to spray on the wound and form a 
new layer of skin [97]. Another development in 
the realm of in  vivo bioprinting comes from 
Australian researchers from the ARC Centre of 
Excellence for Electromaterials Science (ACES), 
in the form of a ‘Bio-Pen’. This device aims to 
allow surgeons to layer cells on damaged areas 
directly to accelerate their regeneration. The bio- 
pen dispenses cells suspended in polymer hydro-
gels. The polymer is solidified with UV light as 
the cells are laid down to act as a scaffold [98]. 
Both methods of bioprinting are currently being 
investigated on their applicability in real-life 
situations.

As research progresses in these fields, it may 
be possible to insert custom fabricated titanium 
implants as a root form analogue in the region of 
the missing tooth and use bioprinting to lay down 
inorganic calcium phosphate to accelerate bone 
formation around the implant. Another feasibility 
would be the dispersal of calcium phosphate 
material into the alveolar socket in the shape of 
the root and crown to form a fully synthetic tooth 
in vivo [99].

6.12.2  Nanotechnology

Manufacture of objects within a scale of 
1–100  nm can be considered nanotechnology. 
The premise of using nanotechnology is to 
manipulate and control individual atoms and 
molecules to custom fabricate functional struc-
tures. Functionally graded structures that have 
unique properties similar to biologic tissue is 
made possible through the application of nano-
technology. Biologic tissues are not homoge-
nous and consist of different phases and 
constituents, which serve different functions 
under a multitude of conditions. Cortical and 
cancellous bones are a prime example of natu-
ral functional grading. Producing the same gra-
dient in synthetic objects such as implants (and 
their coatings) would render the implants strong 

enough to withstand occlusal loads as well as 
prevent stress shielding along with an improve-
ment in biocompatibility [100–102]. There 
have been studies investigating different com-
binations of materials for dental implants, 
namely titanium with hydroxyapatite (HAp), 
titanium nitride (TiN) and zirconia [103, 104]. 
These combinations have proven effective in 
in  vitro conditions and are under testing for 
clinical usage. Current application of nanotech-
nology is the fabrication of carbon nanotubes, 
which are used to reinforce glass or plastics to 
increase material strength. These nanocompos-
ites are a combination of ABS, PLA, and TPU 
with graphene to produce a single atom thick 
lattice. The methods that are capable of printing 
in the nanometre scale are Nanojet printing and 
Two photon polymerisation. These methods are 
restricted to experimental niche production 
 currently due to the sophisticated equipment 
required as well as the expense of manufacture. 
One must keep in mind that the ‘conventional’ 
3D printers that are currently available at less 
than 1000 USD were in the hundred-thousand-
dollars range during their first iteration. The 
current 3D printing processes will bring down 
manufacturing costs even further, which will 
make the production of sophisticated equip-
ment for advanced processes, including bio-
printing and nano-printing, more 
cost-effective.
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