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Three interfaces of the dental implant system and
their clinical effects on hard and soft tissues

Jeong Chan Kim, (22 Min Lee 2 ° and In-Sung Luke Yeo () *¢

Anatomically, the human tooth has structures both embedded within and forming part of the exterior
surface of the human body. When a tooth is lost, it is often replaced by a dental implant, to facilitate the
chewing of food and for esthetic purposes. For successful substitution of the lost tooth, hard tissue should
be integrated into the implant surface. The microtopography and chemistry of the implant surface have
been explored with the aim of enhancing osseointegration. Additionally, clinical implant success is
dependent on ensuring that a barrier, comprising strong gingival attachment to an abutment, does not allow
the infiltration of oral bacteria into the bone-integrated surface. Epithelial and connective tissue cells
respond to the abutment surface, depending on its surface characteristics and the materials from which it is
made. In particular, the biomechanics of the implant—abutment connection structure (i.e., the biomechanics
of the interface between implant and abutment surfaces, and the screw mechanics of the implant—abutment
assembly) are critical for both the soft tissue seal and hard tissue integration. Herein, we discuss the clinical
importance of these three interfaces: bone—implant, gingiva—abutment, and implant—abutment.

1. Introduction

An endosteal dental implant is an artificial biomedical device
that is surgically installed and anchored to the jaw bone to
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a replacement for missing teeth. Teeth perform three main
functions: mastication, speech, and esthetics (beauty), and loss
of teeth can compromise these. Traditionally, dental clinicians
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Fig. 1 Basic structure of a dental implant system. The abutment is con-
nected to the implant by an abutment screw. In this example, the artificial
crown is cemented to the abutment. The cross-sectional diagram on the
right shows an implant—abutment interface, which is composed of a
frictional interface between two inclined planes (red rectangle) and a
screw interface (blue rectangle).

of prosthesis, the remaining teeth can be damaged by the
various forces applied to the prosthesis.”™* Therefore, restoration
using dental implants is preferred as a first prosthetic option,
and dental implants are now the mainstream in modern clinical
dentistry.

A tooth consists of a crown that projects into the oral area
through the gingiva (gum) and is visible in the mouth, and a
root that is submerged in the jaw bone. The structure of a
dental implant system is similar to that of a tooth, where the
implant is the counterpart of the root and the artificial crown is
equivalent to a natural crown; however, the root and crown of a
tooth form a single continuous structure, while the implant
and artificial crown in an implant system are separate parts
interconnected by the abutment (Fig. 1).

An implant, an abutment, and an artificial crown are the
three major components of a dental implant system. As implants
are placed into the jaw bone and abutments are located in the
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Fig. 2 Hard tissue integration (undecalcified section, stained with hema-
toxylin and eosin). The bone, in direct contact with the implant surface
(white arrowheads), is shown in this histological image. Scale bar = 100 pm.

soft tissue (gingiva) area between the jaw bone and the mouth,
dental implant systems have two biological interfaces: a hard
tissue-implant interface and a soft tissue-abutment interface.
The bone should be integrated into the implant surface to
rehabilitate missing teeth, while the gingiva should be firmly
attached to the abutment surface to inhibit inflammatory
responses around the implant system.>” The implant-abutment
interface (Fig. 1) should also be considered, and its biomecha-
nical characteristics strongly influence bone and gingiva
physiology.

This review explores the interactive effects of the hard
tissue-implant, soft tissue-abutment, and implant-abutment
interfaces, which have not been covered in previous reviews,
from a clinical perspective. In the first section, we discuss
topographically or chemically modified implant surfaces affect-
ing bone healing at the hard tissue-implant interface. In the
second section, we search the clinical meaning of the soft tissue
seal around abutments, discussing abutment material and
design factors influencing the attachment between soft tissues
and abutments. In the third section, we investigate some
biomechanical formulas analyzing two typical implant-abut-
ment connection structures, and clinically interpret material
features and limitations that these formulas imply.

2. Bone—implant interface (hard tissue
integration)
2.1. Hard tissue integration (osseointegration)

Mastication involves use of the teeth, jaw bone, and masticatory
muscles, and dental implants replace the function of teeth.
Therefore, implants must be strongly anchored to the jaw bone

This journal is © The Royal Society of Chemistry 2022
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to fulfil their masticatory role; this is referred to as hard tissue
integration.®” When an implant is inserted into the bone, the
initial stability of the implant depends on the mechanical
surface contact between the bone and the implant, referred to
as ‘primary stability’.® This physical contact can be described
using the well-known mass-spring-damper model of mechanical
vibration, based on the second-order differential equation,

2
m%x + cax + kx = 0, where m is the mass of the system, c is
the damping constant, k is the spring constant, x is displace-
ment, and ¢ is time.” As the process of bone healing progresses,
hard tissue integration occurs at the bone-implant interface,
giving the implant secondary stability, which increases implant
anchorage to the bone; this biological phenomenon complicates
the mechanical interpretation of implant stability.®"°

Hard tissue integration, commonly called osseointegration,
has been defined as ‘a direct contact between a loaded implant
surface and bone at the light microscopic level of resolution’®
(Fig. 2); however, by this definition, hard tissue integration can
only be observed and described using histological methods;
hence the definition has been modified to be more clinically
relevant. An example modified definition is ‘a clinically asymp-
tomatic rigid fixation of alloplastic materials achieved and
maintained in bone during functional loading’."’ Recently,
Albrektsson et al. suggested that commercially pure Ti might
act as a foreign body when placed in living tissues; hence hard
tissue integration can be considered as an immune-modulated
inflammatory process.'®> Conversely, a previous in vivo study
predicted the possibility of a non-physical, bio-affinitive bond
between Ti and bone." The nature of interaction between
bone and biocompatible implant surfaces, including Ti and
zirconium dioxide (zirconia, ZrO,), remains incompletely
understood.

When an implant is inserted into a hole in the bone during
implant surgery, water and ions come into contact with the
implant surface during bleeding. As bleeding and hemostasis
proceed, extracellular matrix (ECM) proteins mediate cell
attachment to cover the surface."* Inflammation occurs and
subsides, and granulation tissue formation and angiogenesis
follow."® Osteoprogenitor cells adhere to the implant surface
via the ECM proteins and differentiate into osteoblasts, which
form new bone at the bone-implant interface.'* Initially, the
new bone is woven bone, which is replaced by lamellar bone,
depending on load distribution and the resulting bone strain at
the bone-implant interface.'®'® Osteoclasts absorb the woven
bone, forming resorbed depressions called Howship’s lacunae.
Osteoblast precursor cells detect the texture of this resorbed
bone surface using pseudopodia, acquiring information on the
quantity of bone needed to fill the lacunae.'” Topographical
modification of the implant surface to generate a texture
similar to the lacunae is believed to enhance osteoblast bone
formation activity.'®*°

Dental implants made of Ti, particularly those made with
commercially pure Ti, are widely used to replace lost teeth.
Long-term successful clinical results (i.e., > 10 years) have been
achieved with Ti dental implants.® Ti is a biologically stable

This journal is © The Royal Society of Chemistry 2022
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metal that is inert and consistent, and does not activate
biocompatible responses or foreign-body reactions when
inserted in the human body.>**! Hard tissue integration allows
implants to act as load-bearing structures. As implants are in
direct contact with the surrounding bone, the stress applied on
artificial crowns is transferred and distributed from abutments
and implants to the underlying bone. A macroscopic design
should be incorporated into implants to facilitate effective
transfer of force to the bone and effective conversion of shear
force to compressive force.> A representative example of such
macroscopic design is a thread, and screw-shaped implants
have been very successful clinically.>®

Nevertheless, microscopic modifications of implant surfaces
are necessary to accelerate hard tissue integration and reduce
the duration of edentulous periods for patients, since most are
aged, with consequent slow bone metabolism.”'* Bone
response at the bone-implant interface plays a significant role
in successful osseointegration, as demonstrated by in vivo
studies showing that microchanges or nanochanges on the
surfaces of Ti dental implants influence bone reactions.”**°
Several studies have reported the effects of altering implant
surfaces on accelerating and strengthening bone healing, allowing
more rapid delivery of an implant-supported prosthesis to the
patient.*® Various types of surface treatment improve surface
biocompatibility and bone regeneration around the dental
implant, resulting in rapid hard tissue integration.****>¢"

Surface modification is achieved at the microscale or nanoscale.
At the microscale, the surface of the implant is mainly modified
topographically, usually to mimic the lacunae.'® The roughness
and morphology of this micro-topographically altered surface can
be revealed by scanning electron microscopy (SEM).'* At the
nanoscale, treatment involves biochemical alteration of the implant
surface (e.g, application of molecules with affinity for osteogenic
cells).”* Surface control at the nanoscale is usually undetectable
by SEM, because nanomodification has little effect on surface
micromorphology;*>** however, for unknown reasons, osteogenic
cells behave quite differently on nanomodified surfaces than on
surfaces without nanomodification.*>

Two important micro-topographically altered surfaces are
established for use in the clinic: the sandblasted, large-grit,
acid-etched (SLA) surface and the oxidized Ti surface. Implant
surfaces can also be modified chemically by adding calcium
(Ca) and phosphorus (P), the major elements of bone, or with
trace amounts of fluoride, and these types of nano-modified
surfaces have been successfully implemented in the clinic.

2.2. Modifications of surface topography

2.2.1. Surface modifications at the microscale. The three-
dimensional structure of the implant surface consists of many
elements and characteristics: form, configuration, shape,
macrostructure and microirregularities.*® Surface topography
is usually defined by three characteristics: (i) lay, (ii) waviness,
and (iii) surface roughness.' ‘Lay’ is the direction of the major
surface pattern, usually determined by the manufacturing
process. ‘Waviness’ is a measurement of the more widely
spaced parameter of surface topography. ‘Surface roughness’,

Mater. Horiz., 2022, 9,1387-1411 | 1389
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specifically the arithmetic mean height of the surface (S,), is
used to classify Ti dental implant surfaces. Macroroughness in
implantology has S, values larger than 10 um, which includes
implant thread geometry.*® The surface roughness whose S,
ranges from 1 pum to 10 um is usually classified as
microroughness.”** Nanoroughness has dimensions ranging
between 1 nm and 100 nm.”*>?? In this section, we focus on
microroughness, in which S, ranges from approximately 1 to
5 pm; we also discuss macroroughness (including Ti dental
implant geometry and threads) and nanoroughness (S, <
100 nm). The classification of microroughness is based on
Albrektsson and Wennerberg’s system, in which smooth
surfaces have S, < 0.5 pm; minimally rough surfaces have
S, = 0.5-1.0 pm; moderately rough surfaces have S, = 1.0-
2.0 pm (considered optimal for bone responses); and rough
surfaces have S, > 2.0 pm.*°

The turned surface of a Ti dental implant does not undergo
a modification process. Computer numerical controlled milling
for surface machining yields various characteristics on this
surface, such as machining grooves on a smooth surface
(Fig. 3A). As mentioned above, a surface with S, < 0.5 pm is
classified as smooth. Although Ti dental implants with this
type of surface yield successful long-term clinical results for
restoration of missing teeth, a long period of time is required
for osseointegration to occur prior to loading.** Consequently,
turned surfaces are used as controls in many laboratory and

Fig. 3 (A) Scanning electron microscopy (SEM) image of turned Ti. The
process of machining via computer numerical control milling yields char-
acteristic grooves (white arrowheads). (B) SEM image of a blasted Ti surface.
Many irregularities are formed during the blasting procedure. The surface
morphology is affected by the diameter of the blast media (here, approxi-
mately 50 um), the type of media (here, Al,Os3), and the blasting pressure. In
general, the irregularities are larger than those formed during etching. (C) SEM
image of a Ti surface modified by acid etching showing small honeycomb-
shaped irregularities resulting from the etching process. (D) Ti surface
sandblasted with large particles (here, approximately 75 pm), followed by
acid etching (Deep Implant System, Inc., Seongnam, Korea) imaged by SEM.
The irregularities include large crater-like structures created during the
blasting process (red arrowheads) and small honeycomb-shaped micropits
(white arrowheads) produced by application of acids to the surface.
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clinical investigations to assess the qualities of modified
surfaces.' %3¢

The surface of implants can be topographically modified by
physical blasting (or grit blasting) with specific particles, called
blast media. The most commonly used blast media in dental
implantology are aluminum oxide (Al,O;), Ti dioxide (TiO,), and
CaP particles (Fig. 3B).>> Various factors influence the resultant
roughness, including the size of the particles, the duration of
blasting, pressure, and the distance from the particle nozzle to
the surface.'**® The optimal blasted surface with the best
removal torque and bone-to-implant contact (BIC) is classified
as moderately rough, with an S, of approximately 1.5 um.*®
Surface etching of Ti dental implants is commonly achieved
using hydrochloric acid, sulfuric acid, and hydrofluoric acid
(HF).”® Commerecially pure Ti contains trace impurities that are
acid-labile, while elemental Ti is resistant to corrosion by acid;
therefore, when a Ti implant is immersed in an acidic solution,
the acid can cause erosion and formation of surface pits. Acidic
solution type, concentration, temperature, and etching period
can all influence the microstructure of the etched surface.*
The diameter of the pits produced in this manner is typically 0.5-
2 um (Fig. 3C), and the S, value of the etched surface is <1.0 um."*
Consequently, the surface may be smooth or minimally rough.

The surface of a Ti dental implant can be sandblasted
with large grit particles (75-500 pm in size) and then immersed
in an acidic solution for etching, yielding an SLA surface
(Fig. 3D).”'?® SLA surfaces have been widely used in clinical
dentistry for many years; however, the resultant surfaces differ
topographically depending on the conditions used for etching
and blasting."®**** Bone formation activity of osteogenic cells on
an SLA surface is believed to depend on the microtopographical
similarity of the surface to the lacuna, the site where osteoclasts
resorb the bone.'” Most previous studies have described SLA
surfaces as moderately rough, and more biocompatible than
surfaces that are only etched or blasted.**?” Therefore, SLA
surfaces serve as positive controls in studies evaluating new
modified surfaces.**™*!

Another type of SLA surface used in clinical dentistry has
additional hydrophilic properties, and is called a hydrophilic
SLA or modified SLA (modSLA) surface. An SLA surface with no
additional hydrophilicity is considered a standard or hydrophobic
SLA surface. To make a standard SLA surface hydrophilic, it is
rinsed in water under nitrogen protection and stored in isotonic
NaCl solution without atmospheric contact.*” Implants with
hydrophilic SLA surfaces are similar to those with standard
SLA in terms of topography (Fig. 4A) (i.e., they have moderate
roughness); however, a few studies have reported modSLA
surfaces with S, > 2.0 pm, which were therefore classified as
rough.”>*

When exposed to oxygen in air, the implant surface naturally
develops a Ti-oxide layer that can be thickened by making the
surface an anode in a galvanic cell and applying voltage to the
electrolyte solution.**™*® Following such treatment, multiple
micropores of various sizes are observed on the oxidized
surface in SEM images (Fig. 4B). Using this approach, the surface
roughness (often minimally rough) and surface characteristics of

This journal is © The Royal Society of Chemistry 2022
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Fig. 4 (A) Scanning electron microscopy (SEM) image of a hydrophilic SLA
surface (SLActive, Institute Straumann AG, Basel, Switzerland). There are no
distinct differences in specific SEM features between hydrophilic and
standard SLA surfaces. (B) SEM images of an anodically oxidized Ti surface
(TiUnite, Nobel Biocare, Zurich, Switzerland) displaying protruded open
pore micro-structures.

Ti dental implants can be changed by varying the applied
voltage, the electrolyte content, and the duration of
oxidation. In addition, the Ti oxide layer (but not Ti itself) is
biocompatible.” Therefore, layer thickening and roughening of
the topography of Ti oxide by anodic oxidation are considered to
increase the biocompatibility of the implant surface.

Diverse biocompatible surfaces have been developed and
tested for potential future clinical use. In general, evaluation of
bone responses to modified surfaces follows a hierarchical
approach, as follows:*”

(1) Surfaces are tested in vitro, and various properties (e.g.,
cell adhesion, spreading, and expression of important marker
genes) are evaluated.

(2) In vivo animal research, including histomorphometric
evaluation, is performed.

(3) Retrospective and/or prospective clinical investigations
follow.

Many laboratory and clinical studies have evaluated modified
implant surfaces using a turned (i.e., unmodified) surface as a
control.”*® Standard SLA, modSLA, and oxidized surfaces have
yielded improved results both in vitro and in vivo, relative to
turned surfaces.”® Such topographically modified Ti dental
implants achieve high survival rates in clinical trials,>**>°™?
and there is some evidence that modSLA surfaces result in
faster bone healing and stronger osteogenic effects than their
predecessor standard SLA surfaces;>**> however, many studies
failed to detect significant differences in bone responses among
modified surfaces.*>”®*” Some studies found no significant
differences between standard SLA and oxidized surfaces
in vitro or in vivo, while there are other studies that reported
that modSLA surfaces yield improved results compared with
standard SLA or oxidized surfaces.”***® Topographical features
other than roughness may affect bone responses to the implant
surface; however, it remains unclear how these features
affect bone responses. It is unknown whether the honeycomb
morphology of SLA surfaces (Fig. 3D) or the volcano-like
micropore morphology of oxidized surfaces (Fig. 4B) are more
compatible with bone healing, although implant surfaces similar
to the microtopography of the osteoclast resorption site are
believed to stimulate bone formation activity in the biological
environment."’

This journal is © The Royal Society of Chemistry 2022
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Micro-topographical changes on the implant surface induce
accelerated bone healing and stronger osseointegration around
the implant relative to turned-surface implants. At the cellular
level, modified surfaces with higher S, than turned surfaces

stimulate osteogenic cell attachment, spreading, and
activation.”>>® At the tissue level, dental implants with topo-
7,60,61

graphically modified surfaces exhibit faster bone healing.
Clinically, topographically modified implants are believed to be
more suitable for early loading than turned implants, although
both types of implants have proved successful in clinical trials
following conventional loading protocols.*®®*** Importantly,
however, the exact roles of altered roughness and other topo-
graphical features (including chemical features) resulting from
surface treatments remain poorly understood.

2.2.2. Nanoscale surface modifications. Anodic oxidation
of the Ti surface in an appropriate solution containing hydro-
fluoric acid produces TiO, nanotube arrays with a diameter
ranging from 10 to 100 nm by adjusting the electric current of the
electrochemical cell, temperature, the pH values of electrolyte
solutions, the electrolytes, oxidation voltage and oxidation
time.>>*>"%® These nanotopographical features improve protein
adsorption and osteogenic cellular responses.®” * The hard tissue
responds favorably to this TiO, nanotube-arrayed surface.”””"

The optimal diameter for osteogenic reaction has been
reported to be within 100 nm although similarity to pores
found in bone tissue is closer to microirregularity induced by
SLA treatment."®*>%%7>73 In a previous study, TiO, nanotube
arrays whose diameter was 15 nm showed most active cell
behaviors in adhesion, proliferation, migration and
differentiation.®® Another previous study reported that the layer
of TiO, nanotubes ranging from 70 nm to 100 nm was more
effective in osteogenic cell differentiation of mesenchymal stem
cells and that of 30 nm nanotubes was more advantageous in cell
adhesion and proliferation.”* However, there was a prior investi-
gation confirming that TiO, nanotubular structures with a dia-
meter of 80 nm promoted both proliferation and differentiation of
mesenchymal stem cells more than those with a diameter of
20 and 40 nm.” Crystallinity of nanotubes (anatase, rutile or
amorphous) is related to surface wettability, which affects
adhesive protein adsorption and osteogenic cell response in bone
healing.>>”*”” However, the exact mechanism of the effect of
crystallinity on bone healing is unclear. Several in vivo studies
reported excellent osseointegration on modified TiO, nanotubular
surfaces.”®®°

The TiO, nanotubular structure is able to load biofunction-
alizing molecules to enhance the hard tissue integration and to
deliver drugs for local therapeutic effects.®*® In fact, this
implant surface modification has been evaluated for osteogenic
potential with a combination of bioactive molecules including
growth factors.®>®®%” The feature of drug release from TiO,
nanotubes has been utilised for local therapies, which mainly
produce osteogenic effects in compromised bone conditions
such as osteoporosis and antibacterial effects.”®%"%¥7%° The
drug release has been found to be effective when the diameter
of TiO, nanotubes is larger than approximately 100 nm, which is
slightly different from the optimal diameter for osteogenesis.””*

Mater. Horiz., 2022, 9,1387-1411 | 1391
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TiO, nanotubular topography has antibacterial properties with
carriage of antibiotic drugs or metal doping.®*°*”* The TiO,
nanotube layer is capable of antibacterial effects by tuning the
tubular geometry and physico-chemical properties.”® For example,
the wettability of TiO, nanotubes was reported to hinder bacterial
adhesion.®® However, further investigation is necessary to under-
stand the antibacterial mechanism of the hydrophilicity of TiO,
nanotubes. Some previous studies reported that the hydrophilic
properties of the TiO, nanotube layer reduced bacterial adhesion,
whereas other investigations interpreted that the decrease in
bacterial adhesion is due to hydrophobic properties.”>**°”

TiO, nanotube arrays have broad applicability. However,
this modified surface at nanoscale has not been used in dental
clinics yet. No published clinical trial has been found and other
nanoscale forms including nanorods and nanopores have also
not been in clinical use. The wear resistance to delamination of
the TiO, nanotube arrays is a concern despite a high wear
resistance to friction occurring during implant insertion into
the bone.>>®® Other concerns are the side effects of doped or
loaded materials. Particularly, some metal ions including silver,
copper and even gold are cytotoxic in a certain biological
condition although these ions incorporated on TiO, nanotubes
are well known for antibacterial functions.®

2.3. Modifications with surface compounds

2.3.1. Application of non-organic compounds to dental
implant surfaces. Coating Ti surfaces with CaP compounds is
thought to make the surface bioactive.”® Such surfaces are
highly osteoconductive (bridging between the existing and the
new bone) to the surrounding bone, and can be osteoinductive
(inducing the osteogenic process) when used with bone
morphogenetic proteins (BMPs).>>*® Ca and P are the main
elemental components of human bone, and are considered to
endow Ti with biocompatibility; therefore, CaP coating of
implant surfaces is conducted by various methods including
plasma spraying, which is a major CaP coating technique.®®**
Briefly, hydroxyapatite (HA) particles are injected into a plasma
flame at high temperature (approximately 15000-20000 K),
and the heated particles are then projected onto the Ti implant
surface, forming a CaP coating of around 50-100 pm thick on
the surface.’® Bone responses to CaP coating are influenced by
its uniformity, crystallinity, and composition (Ca/P atomic
ratio).”® Manipulation of the Ca/P ratio can accelerate or
decelerate dissolution and degradation of the coating layer in
the biological environment.”

Clinically, CaP-coated Ti dental implants have proven
successful and functional over long service periods.'*"*°> The
in vivo biomechanical removal torque and histomorphometric
BIC of CaP-coated Ti dental implants are reportedly higher than
those of turned or blasted implants, indicating earlier and
faster bone healing and osseointegration.'”® Nevertheless,
plasma spraying has many limitations, including possible coating
layer delamination and cohesive failure.”® Further, CaP coating by
plasma spraying obstructs bone apposition at the dissolving area
and attracts inflammatory cells."® Consequently, dental practi-
tioners have a negative view of CaP-coated implants. Considerable
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efforts have been made to develop new methods to replace plasma
spraying for CaP coating.'®®

When using Ti dental implants in patients with limited bone
quantity or quality, various features of CaP coating make it
particularly attractive, including its excellent osteoconductivity
and osseointegration with the surrounding hard tissue.’®
Thin CaP coatings have been developed using various methods,
including sol-gel deposition and ion sputtering (Fig. 5).2*"%>1¢
These approaches change the nanoscale surface topography of
the implant and decrease the thickness of the CaP film
coating.'””7'% Typically, CaP coating thickness ranges from
1 to 5 pm, and the size of the coated materials ranges from
20 to 100 nm.'?'%

CaP-Coated Ti dental implant surfaces modified at the
nanoscale exhibit superior osseointegration and higher bio-
activity than uncoated Ti dental implant surfaces."'''" Ton
beam-assisted deposition is another method used to coat
implant surfaces with CaP."'*"'* The thickness of the coating
formed using this approach is around 500 nm.**° Briefly, disc-form
evaporants (HA + 37% calcium oxide [CaO]) are sintered inside
a vacuum chamber for 2 h at 1000 °C."*° An electron beam is
applied to the vacuum chamber, and HA and CaO evaporate
and adhere to the implant surface."'>'*®> When CaP is nano-
coated onto implants with different textures in various bony
environments, no difference in osseointegration is observed
between roughened and smooth surfaces with sufficient bone
area, whereas CaP nanocoated onto a roughened Ti dental
implant surface increases osseointegration in a bone-deficient
environment."*® Ti dental implants with CaP nanocoating on a
minimally rough etched surface are commercially available
(Nanotite, Biomet 3i, Palm Beach Gardens, FL, USA).

Fluoride (F™) is specifically attractive to Ca and P, the major
elements of human bone."™* The surface of grade 4 commercially
pure Ti is reduced at the cathode when it is immersed in a dilute
solution of HF, which attracts fluoride ions to the implant, and
the resultant surface is fluoride-modified.”'**> In the dental
implant market, only OsseoSpeed (Astra Tech, Dentsply,
Waltham, MA, USA) uses a fluoride-modified surface. To
generate these implants, a low concentration of hydrogen
fluoride is applied to a Ti surface blasted with TiO, particles.
This cathodic reduction results in fluoride incorporation into
TiO, without a significant change in surface microstructure.

Fig. 5 lon beam deposition is used to apply CaP on the anodized Ti
surface (Dentium, Seoul, Korea). (A) In low-magnification SEM images, it is
difficult to detect nanotopographical changes caused by CaP. (B) The CaP
layer (black arrowheads) can be seen in higher magnification SEM images.

This journal is © The Royal Society of Chemistry 2022
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Fig. 6 Image of a fluoride-treated surface (Osseospeed, Astra Tech,
Dentsply, Waltham, MA, USA). After blasting with Ti dioxide particles, the
surface is treated with fluoride. Consequently, the surface is similar to
those blasted with Ti dioxide particles alone.

In terms of roughness, the S, of the OsseoSpeed surface is
approximately 1.5 um, making it moderately rough (Fig. 6)."""'®
X-ray photoelectron spectroscopy can detect trace amounts of
fluoride on the implant surface, but energy-dispersive spectroscopy
detects no fluoride content.”*?°

Fluoride acts primarily on osteoprogenitor cells and
undifferentiated osteoblasts, but not on differentiated osteoblasts,
by increasing growth factor synthesis, facilitating their differ-
entiation into osteoblasts.'* Further, the nucleation capacity of
Ca and P ions improves on a fluoride-modified Ti dental
implant surface."*® Thus, fluoride may accelerate eatly bone
responses to a modified Ti surface, thereby promoting bone
healing. Several in vitro cell studies have demonstrated
enhanced expression levels of various osteogenic marker genes
on fluoride-modified Ti implant surfaces.'*® Moreover, in vivo
animal experiments revealed faster bone healing and miner-
alization on a fluoride-modified implant surface than on a TiO,-
blasted surface without fluoride modification.”'*™° Clinically,
fluoride-modified Ti dental implants are successful in early load-
ing, with 5 or even 10 year survival rates greater than 95%.'%'">*

Fluoride-modified Ti dental implant surfaces are considered
bioactive because, like CaP-coated surfaces, they interact with
bone at the BIC more strongly than topographically modified
surfaces.” Fluoride-modified Ti dental implant surfaces likely
benefit from the combined effects of modified topography and
chemistry. Specifically, such surfaces bind strongly to bone;
cutting the interface between the bone and the modified surface is
significantly harder than cutting between the bone and the original
surface without fluoride treatment."'> Interestingly, the higher
quality of newly developed Ti dental implant surfaces is not
observed, when compared to other micro-roughened implant
surfaces. In vivo studies detected no significant difference in histo-
morphometry when fluoride-modified surfaces were compared with
oxidized or SLA surfaces.”>"** Likewise, one in vivo study reported
similar early bone responses between CaP-coated and blasted
surfaces.'”® Further investigations are needed to explore the effects
of these bioactive inorganic elements on bone responses.

Dental implant surface topographies modified at the nano-
scale are expected to contribute to accelerating bone responses;
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however, in contrast with microscale modifications, the
benefits and effects of nanomodifications are not yet fully
understood at the cellular or tissue levels. In addition, the
optimal size and distribution of nanoparticles for application
to dental implant surfaces remain unclear. The limitations of
the micro- and nano-controls of the surface should also be
considered. Even bioactive coatings, such as CaP, have failed
disastrously in clinical settings when coated onto the surface of
cylindrical Ti dental implants."”®"*” After threads were added
to dental implants (i.e., conversion of cylinders into screws in
terms of macroscale geometry), the same bioactive coating
became successful in long-term clinical use."****°

2.3.2 Application of organic compounds to dental implant
surfaces. When a dental implant is inserted into the bone, ECM
proteins adsorb to the implant surface during hemostasis.'®
Several ECM proteins are involved in the adhesion of osteo-
genic cells."* Osteoblasts express transmembrane proteins that
recognize adhesion molecules, including laminin and
vitronectin."®?%"*! One family of transmembrane proteins,
the integrins, has been extensively studied. Binding of integrins
to ECM proteins is an important process through which osteo-
blasts interact with the ECM, and this relationship controls cell
morphology, proliferation, and differentiation.'** Integrins
mediate cell adhesion, subsequent cell signaling, and interactions
related to bone healing."**"** Adhesion proteins coated on the
implant surface can accelerate the bone response, because bone
healing begins with the attachment of osteogenic cells to the
surface."* Small active amino acid sequences (functional
peptides), derived from the original adhesion proteins, can be
more attractive as coating materials than the whole proteins,
which are large (causing undesirable immune reactions in the
host) and multifunctional (making cellular reactions difficult to
control).***°
to osteoblast receptors (transmembrane proteins) and trigger
intracellular events, leading to cellular activation.*®3%5%131

Functionalized dental implant surfaces coated with arginyl-
glycylaspartic acid (RGD) peptides exhibit superior histomor-
phometric results, indicating accelerated osteogenesis relative
to uncoated surfaces.”* Recently, two functional peptides
involved in cell adhesion have been identified in human
laminin:*>*° DLTIDDSYWYRI (12 amino acids) and PPFEG-
CIWN (nine amino acids). These two peptides also actively
bind to osteogenic cells, and a mechanism by which they can
trigger intracellular cascades has been proposed (Fig. 7).>° Such
laminin-derived functional peptides appear to overwhelm the
topography and chemistry of the underlying dental implant
surface during bone cell attachment, although both the
implant surface structure and coating organic compounds

Adhesion molecules on dental implant surfaces bind

affect cellular and tissue responses.”® A functional peptide
derived from another adhesion protein, vitronectin, also has
strong potential to accelerate bone healing at the bone-implant
interface.*®"*!

Other biomolecules that can enhance bone healing include
cytokines, particularly growth factors.””®> Further, BMPs are
candidates for use in clinical dental implantology. BMPs are
temporal signaling molecules with complex biological effects
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Fig. 7 Proposed mechanism, based on a probabilistic interpretation of allostery for two laminin-derived bioactive peptides. Reproduced from ref.
14 and 30 with permission from Elsevier.) The black horizontal line indicates that the Gibbs free conformational energy difference (AG) is zero. A more
stable energy state is shown below the line. The degree of enzyme activation is demonstrated through the brightness and intensity (red lines) of protein
kinase Cd (PKC3). When functional peptides bind to transmembrane proteins with tunable sensitivity for PKC3 phosphorylation, various conformational
energy states are adopted. Even if the peptides do not bind to their receptors, PKC3 can be reversibly activated. Thus, when neither of the peptides binds
to the transmembrane receptors, an equilibrium is reached between the inactive (far left) and active states; however, such activated states are likely
short-lived due to their high free energy. Circumstances differ when either PPFEGCIWN or DLTIDDSYWYRI, or both peptides bind to the receptors.
Binding significantly stabilizes the conformations, increasing the probability of the active states. An increase in the number of active states effectively
triggers intracellular events via the transmembrane proteins, promoting cell adhesion. Glow of PKC8 represents the extent of activation (more active to

the right). IPs, inositol triphosphate; Ca*, calcium ions; (?), unknown protein.

that depend on their concentrations and the conditions of
surrounding tissues. Human recombinant BMP-2 (rhBMP-2)
is currently used in the clinic, and rhBMP-2-coated Ti dental
implants accelerate bone healing in vivo;'*>'*® however, cyto-
kines are not adhesion molecules, and BMPs are ineffective
when coated onto surfaces because their bone-healing effect
requires free diffusion in the tissue microenvironment.'®
A previous study reported that BMP-2 applied directly to
osteoblastic cells promotes cellular adhesion to Ti dental
implant surfaces by increasing adhesion molecule expression."*”
Some studies have reported conflicting results concerning BMP-2,
including osteolysis or negative effects on osteogenesis around
BMP-2-treated implants.'***° Moreover, it is difficult to directly
coat BMP-2 on to Ti. Some studies used BMP-2 in free
form, whereas others coated BMP-2 on a surface modified
by application of CaP, other growth factors or the anodic
oxidation technique, and the effects on bone responses were
mixed.110,135,136,141,142

To establish a more biomimetic environment at the bone-
healing site, a growth factor can be combined with dental
implant surfaces coated with an adhesion molecule. One study
proposed that adhesion molecules can exert bone-induction
effects in the presence of BMPs.'*® Dental implant surfaces
functionalized with adhesion molecules and nanocarriers are
also applicable; in this setup, nanocarriers contain growth
factors and release them in free form after implant insertion.

1394 | Mater. Horiz., 2022, 9, 13871411

The initial bone response and subsequent bone remodeling can
be manipulated by controlling the time of release of the
contained factors. The peptide-functionalized implant surface
is predicted to control the biological environment, which leads
to implants that are more readily available for edentulous
patients with some metabolic disorders; for example, a Ti
implant treated with a vitronectin-derived peptide stimulates
osteoblast activity and inhibits osteoclast activity, making it a
candidate device for osteoporotic patients."*"

This section has focused mainly on modified implant
surfaces successfully used in clinics; however, implants more
readily applied in patients with certain metabolic diseases and
peptide-treated implant surfaces warrant consideration for
future use, although these surfaces have yet to be employed
in the clinic.

Immobilizing peptide molecules on an implant surface is
another major challenge. Physical adsorption is the simplest
and easiest method for immobilization, where peptides are
non-covalently applied on the surface;'** this is the main
methodology employed in many previous studies and is effective
for maintaining molecular activity, due to low dependence on
peptide conformations, which are critical in determining the
activities of the original proteins;>??8013L14%115 however, this
immobilization strategy poses difficulty in delivering sufficient
peptide molecules to target sites.'** Conversely, covalent immo-
bilization methods are resistant to the damage associated with

This journal is © The Royal Society of Chemistry 2022
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peptide layers applied during dental implant installation,
whereas process complexity related to covalent bonding,
purification, detoxification and monitoring, and additional
costs are obstacles to the transition from laboratory to manu-
facturing scales."** If peptide-functionalized implants are
clearly shown to display stronger osseointegration in edentulous
patients with bone metabolic disease, new or established immo-
bilization techniques may be applied to manufacture dental
implants.

3. The gingiva—abutment interface
(soft tissue seal)

3.1. The soft tissue seal

The tooth penetrates the gingiva to connect external and
internal environments. The root of the tooth is fixed in alveolar
bone, and the transition region contacts epithelial and connective
mucosal tissue. The hole (or flaw) formed by a tooth is sealed by a
special structure consisting of epithelial tissue and connective
attachment in the transition region. The epithelial tissue is

Epithelium

Dento-gingival fiber:

Alveolo-gingival
fiber

Connective tissue fiber

Alveolar bone

Natural tooth Dentai implant

Circular fiber

Connective tissue

Alveolo-gingival
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attached to teeth by the internal basal lamina and hemi-
desmosome, and the connective tissue adheres through a
combination of dento-gingival fibers and cementum.'*® Thus,
the soft tissue attachment seals the flaw, and the tooth generates
the hole connecting the external and internal environments. In a
dental implant, the soft tissue attachment is similar, but not
identical to that of natural teeth (Fig. 8A)."*

A dental implant is anchored to alveolar bone and the
abutment contacts the soft tissue (epithelial and connective
tissue) in the transition region. The connective tissue attachment
to the abutment of a dental implant does not involve dento-
gingival fibers, which adhere perpendicularly to cementum in
natural teeth. The collagen fibers around the abutment mainly
run parallel and circularly to the surface. The connective
tissue attachment around the abutment is maintained by the
elasticity of circular fibers and fibroblasts holding the collagen
fibers, unlike the natural teeth, where the fibers are directly
inserted (Fig. 8A)."*® Therefore, the connective tissue attachment
around the abutment must be weaker than its counterpart
in natural teeth. The epithelial attachment around the abutment
is also weaker than that in natural teeth, due to the restricted
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Fig. 8 (A) Soft tissue and collagen fibers around a natural tooth (left) and a dental implant (right).> (Reproduced from ref. 5 with permission from
Multidisciplinary Digital Publishing Institute.) Note that there are no dento-gingival fibers surrounding the implant. (B) Soft tissue seal and abutment screw
(cross-section of an implant-supported restoration). An abutment screw clamps the abutment and implant, and the stability of the connection
determines the stability of the soft tissue seal, consisting of epithelial (red arrowheads) and connective tissue (blue arrowhead) attachments. (C) A typical
example of an external connection (left) and an internal connection (right). Dashed red boxes show the difference in mating surfaces between the two
connections: a butt-joint, or an abutment placed on the implant platform, is shown in the external connection, while friction occurs between the inclined
planes of the implant and abutment, contributing to abutment stability. (D) Schematic diagram of the soft tissue structures around a natural tooth (left)
and a dental implant (right). Note the gingiva directly attached to the surfaces of implant parts, indicating that the sealing capability of this structure is
lower than that surrounding the natural tooth.® (Reproduced from ref. 5 with permission from Multidisciplinary Digital Publishing Institute.)
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distribution area of the internal basal lamina and
hemidesmosomes."**™**® Thus, the soft tissue attachment (epithe-

lial and connective tissue attachment) sealing the hole (or flaw) is
weaker around implants than that in natural teeth.

The soft tissue seal, or mucosal seal, is another important
factor determining long-term implant success.>">*'>” The soft
tissue seal around a dental implant is defined as the attachment
of epithelial and connective tissues to the surfaces of the implant
system, mainly the abutment surface.” It is necessary to under-
stand both the abutment surface directly attached to soft tissue
and the mechanics of abutment-to-implant connection via an
abutment screw, because the unstable state of the connection
from the mobile abutment leads to breakage of the soft tissue
seal (Fig. 8B and C).**"%®

In dental implantology, an implant and an abutment
are connected through a unique mating structure. When an
abutment connects to the ‘outer’ structure of an implant, it
is referred to as the ‘external’ connection, while abutments
connected to the ‘inner’ structure of an implant are called
‘internal’ connections (Fig. 8C). Originally, implant-abutment
connection stability was accomplished using an abutment
screw alone;® however, due to mechanical complications
associated with the screw, a more stable connection has been
achieved using a specific mating structure between the implant
and the abutment, to minimize the role of the abutment
screw.”'*® The most important feature, for both external and
internal forms, is whether movement is allowed between an
abutment and the connection structure. Most biological and
mechanical complications of dental implant systems are
related to the mobility of implant-to-abutment connection.*®°

3.2. Importance of the soft tissue seal

The complete immobility of the soft tissue contact to the
abutment is important for the long-term predictability of
implants.” If peri-implant soft tissue is mobile, the attachment
will be severed because the structure is weaker than that in
natural teeth, resulting in disruption of the soft tissue
seal.>'*®1°¢ Bacteria can invade through the damaged mucosal
seal, resulting in peri-implant disease or inflammation."*"’
Therefore, the soft tissue seal is the most important factor in
preventing peri-implant disease because it protects against
bacterial invasion.">”"®!

The mucosa around natural teeth is classified as either
masticatory or lining mucosa, where masticatory mucosa consists
of free gingiva and attached gingiva (Fig. 8D). Attached gingiva is
responsible for soft tissue immobility by tightly attaching to
the surface of enamel, cementum, and alveolar bone.'*® Thus,
immobility contributes to preserving a firm and healthy soft
tissue seal. The components of soft tissue around implants are
essentially similar to those surrounding natural teeth; however,
the attached gingiva around implants differs.’*” Attached gingiva
around implants is either bone-attached or abutment (implant)-
attached (Fig. 8D). Bone-attached gingiva is the same as that
of natural teeth, and provides solid immobility, whereas
abutment-attached gingiva is weaker, and approximately equal
in strength to free gingiva.'"” Therefore, if bone-attached gingiva
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is of insufficient width to prevent mucosal mobility, peri-implant
disease becomes more likely, due to the fragile structure of
abutment-attached gingiva.'*"'%*

3.2.1. Disruption of the soft tissue seal. There are two
reasons why the soft tissue seal may become disrupted: mobile
soft tissue and unstable implant-abutment assembly.” First, a
lack of bone-attached gingiva around an implant can result in
rupture of the mucosal seal, due to soft tissue mobility, allowing
bacteria to invade the internal environment and potentially
leading to peri-implant disease.'®® Therefore, the presence of
bone-attached gingiva is more important in implants than in
natural teeth, due to the fragile soft tissue attachment around
implants."*®"* Positioning the implant in the center of attached
gingiva during surgery contributes to preserving the bone-
attached gingiva.

Second, unstable implant-abutment connection can also
disrupt the soft tissue seal.'*® Dental implant systems comprise
three parts: a prosthetic (artificial crown), a transition (abutment),
and an implant. Transition part mobility can cause destruction
of the mucosal seal. A mobile implant can lead to failed osseoin-
tegration, while a mobile abutment implies the mobility of the
transition part, regardless of successful osseointegration. Abutment
mobility is mainly caused by loosening of the abutment screw that
stabilizes the implant-abutment assembly."*® Loosening is more
frequent in external than internal type implants, due to elongation
and unscrewing of the abutment screw following lateral occlusal
force."**'®> Due to friction between the inclined planes of an
implant and abutment, lateral occlusal force is concentrated in
this type of internal connection, not on the abutment screw but on
the implant wall through the abutment-implant connection
area.’*'®® Therefore, screw loosening is less frequent in such
internal type connections.'®” A wider abutment can avoid stress
concentration on specific sites, including the abutment screw, and
contribute more to soft tissue seal stability than a narrow
connection. The soft tissue around implants can be maintained by
support from healthy sub-alveolar bone, which should be stimulated
appropriately to preserve healthy dynamic conditions.’® The
appropriate stimulation and distribution of strain can be
achieved in wide and deep connections between these two
parts (abutment and implant).*®®

3.2.2. Peri-implant disease. Transition into peri-implant
disease occurs when the mobile soft tissue or the unstable
implant-abutment connection causes mucosal seal disruption.
Peri-implant disease can be classified into two categories,
according to alveolar bone loss: peri-implant mucositis and
peri-implantitis."®®

(1) Healthy peri-implant shows neither bleeding on probing
nor inflammation, with normal or reduced bone support. Peri-
implant problems are not found in measured probing depth
data.169_171

(2) In peri-implant mucositis, bleeding on probing and
inflammation can be observed by visual inspection; peri-
implant mucositis is mainly plaque-induced.'”*

(3) In peri-implantitis, bleeding on probing, inflammation
around peri-implant mucosa, and progressive loss of supporting
bone are observed. This is a plaque-associated pathological

This journal is © The Royal Society of Chemistry 2022
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condition of soft tissue around dental implants. Poor plaque
control and a history of severe periodontitis both contribute to
peri-implantitis.’”

In practice, transition into peri-implant disease is caused by
disruption of the mucosal seal, enabling bacterial invasion,
but not by the bacterial plaque itself, although treatment of
peri-mucositis and peri-implantitis can eliminate plaques.'®®
Therefore, maintenance of a healthy mucosal seal, including by
use of micro- and nanotechnologies to strengthen this soft
tissue attachment, is much more significant than plaque con-
trol or antibacterial biomedical technology regimens. Immobile
soft tissue and implant-abutment connection are important,
since the mucosal seal around implants is weaker than that
around natural teeth. Free gingiva and abutment (or implant)-
attached gingiva are unable to provide immobility, unlike bone-
attached gingiva and rigid connection between an implant and
abutment."” Immobility contributes to maintain a healthy
mucosal seal, protect against bacterial invasion, and thereby
prevent transition into peri-implant disease.

3.3. Importance of abutments in the soft tissue seal

In general, an implant abutment is divided into three parts
regardless of its mating type with reference to an implant; each
part is determined by what is attached to it (Fig. 9A).

(1) The cementation part is a cylindrical structure connected
to a prosthesis (artificial crown). This part is related to retention
of the prosthesis, based on its resistance to disconnecting force.
Retention is enhanced by increased height and narrower
diameter.

(2) The transmucosal part is the surface where the soft tissue
seal forms. This part is particularly important because oral
bacterial penetration can occur where a dental implant pierces
the oral mucosa. Therefore, the soft tissue seal in this region
must be healthy and undisturbed to ensure implant longevity.

(3) The connection part is an interface where an abutment
and an implant contact directly. This part is especially important
in determining the longevity of an implant because it can transfer
an occlusal load from a prosthesis to an osseointegrated bone.

As mentioned earlier, abutments and implants are strongly
connected by abutment screws. Usually, a torque of 25 to 35
Nem is applied to the screw for preload.'®® If the preload
decreases for any reason, the connection between an abutment
and an implant is loosened, the soft tissue seal is broken, and
this can lead to peri-implant disease.>**"*®'®* The use of an
implant system with a mechanism by which stress is not
concentrated on an abutment screw is therefore useful for the
long-term clinical service of an implant.*®*°®

3.3.1. Butt joint vs. friction-fit joint. Before we compare
butt joints and friction-fit joints, we need to describe the
classification of joint types and explain the basic relationship
between joint type and soft tissue seal. Occlusal force is applied
to an abutment through an artificial crown, and then to an
implant through the implant-abutment connection.”'®® The
implant-abutment connection must be sufficiently rigid to
endure strong occlusal force.'”” The connection between an
abutment and an implant can be simply classified as a butt

This journal is © The Royal Society of Chemistry 2022
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joint or a friction-fit joint, based on the way these components
are assembled (Fig. 9B). In terms of the role of the abutment
screw, the butt joint is a ‘screw-retained only connection
(SR connection)’, while the friction-fit joint is a ‘friction and
screw-retained connection (FSR connection)’.

In a butt joint, two right-angled flat surfaces mate, leaving a
small space between the mating parts. By contrast, a friction-fit
joint leaves no space between the mating parts, since the
parts are forced together. The Brinemark implant, the first
commercialized screw-shaped endosseous dental implant, has
an external and hexagon-mediated butt joint connection, and
similar types of implants have been manufactured and sold in
the dental market worldwide.'”®"*”® The space in this joint type
can cause movement of an abutment when occlusal load is
applied. At one time, a microgap (a small gap formed between
an abutment and an implant) was thought to cause marginal
bone resorption by acting as a habitat for bacteria, thereby
triggering marginal bone loss.’”*"*#! Based on this assumption,
marginal bone resorption was considered an inevitable physio-
logical phenomenon. More recently, Hermann et al. showed
that marginal bone resorption resulted from abutment
movement, not microgaps.'®> Thus, overall, evidence suggests
that abutment movement can break the soft tissue seal around an
abutment, potentially resulting in marginal bone resorption.****3
The friction-fit type can limit the movement of an abutment by
friction generated at the interface, which may enhance the
stability of the soft tissue seal, and prevent marginal bone
resorption‘5,48,156,183,184

3.3.2. Effects of abutment materials. Formation or lack of
formation of a soft tissue seal may depend on the material
attached to it."®" One study evaluated the stability of the soft
tissue seal using four materials: gold, dental porcelain, Ti, and
aluminum oxide. No soft tissue seal could form using gold and
dental porcelain, and marginal bone resorption occurred;
however, with Ti and aluminum oxide, the soft tissue seal
formed correctly, and no marginal bone was resorbed.'®®
In 2008, Welander et al. similarly demonstrated diminished
epithelial attachment when a gold alloy abutment was used."®®
Therefore, the use of an abutment designed at the University of
California at Los Angeles, the so-called UCLA abutment, fabri-
cated by gold casting, a popular prosthetic option at one time,
can break the soft tissue seal and increase marginal bone
resorption.'®”

Polyetheretherketone (PEEK) has been suggested as a material
for abutments. This resin polymer is advantageous in chairside
customization and gingival aesthetics, compared to metal
abutments.'®" A previous animal experiment showed soft tissue
quality around PEEK abutments similar to that around Ti.'®?
Similar soft and hard tissue responses were also found in a
previous randomized controlled trial comparing PEEK abutments
with Ti.'*® However, such a polymer abutment is provisional,
which is used as a healing abutment for a short period."®"**°

Nowadays, the main materials used for abutments are Ti
and zirconia (Fig. 9C). Traditionally, only Ti was used, but
zirconia was developed for esthetic reasons due to the metallic
color of Ti. A recent systematic review concluded that zirconia
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Implant-supported restoration

E

(A) Three structures of an abutment, showing cementation, transmucosal, and connection areas. An artificial crown is cemented to the

cementation part. The soft tissue seal is formed at the transmucosal area. The connection surface interfaces the surface of an implant (here, the inner
surface). (B) Friction-fit joint (left) and butt joint (right). The top view shows the red dashed rectangular area in the diagram above, while the yellow area
shows the machining tolerance allowing the possible movement of the abutment. (C) Titanium (left) versus zirconia (right) abutments. Note that the metal
shade of titanium is reflected through the gingiva (black arrowheads). (D) Schematic diagram of a nonsubmerged implant (left) and a submerged implant
(right). In the nonsubmerged implant, the transmucosal part forms an interface with the gingiva. (E) X-ray image showing the transmucosal collar (black
arrowheads) around the implant in a nonsubmerged implant system, whereas the abutment (red arrowheads), rather than the implant, has a transmucosal

layer in a submerged system.

abutments are more advantageous as they cause less discolora-
tion of the soft tissue than Ti abutments.'®® In addition, a
previous meta-analytic study described that zirconia abutments
showed less bacterial adhesion, less plaque retention and less
soft tissue inflammation than Ti.'*® In terms of the soft tissue
seal, however, there is abundant evidence that there are no
significant differences between the two materials;'8¢187:193
furthermore, zirconia has a lower fracture strength than Ti,
and hence, Ti is still widely used in abutments. If a zirconia
abutment is used, the high fracture rate can disrupt the soft
tissue seal. Clinically, it is possible to overcome the esthetic

1398 | Mater. Horiz., 2022, 9, 1387-1411

problem of the color of Ti with a bone graft, a soft tissue graft,
and modification of the prosthesis. A recent meta-analysis of
spectrophotometric evaluation has revealed that there was no
clear evidence supporting the superiority of zirconia abutments
in peri-implant soft tissue color, compared to Ti abutments.***

3.3.3. Abutment dis-/re-connection. When an abutment is
disconnected, intraoral bacteria can penetrate into the peri-
implant soft tissue or hard tissue, leading to marginal bone
resorption. During prosthodontic procedures and/or clinical
maintenance, abutments are occasionally disconnected and
reconnected. Previous human and in vivo studies showed that

This journal is © The Royal Society of Chemistry 2022
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the marginal bone level was maintained when the frequency of
abutment dis- and re-connection was minimized.'*™°® This
abutment dis-/re-connection procedure compromised the soft
tissue seal, eventually causing marginal bone resorption'®®
Some clinicians have suggested a ‘one abutment-one time’ con-
cept, to prevent marginal bone resorption via this route.'*>*

3.3.4. Effects of surface treatments on abutment. The soft
tissue seal is among the most important factors contributing to
the longevity of implant-supported restorations. Methods for
abutment surface modification to strengthen the soft tissue
attachment are similar to those for implant surface modification to
improve the hard tissue integration. Micro- and nanotechnology
have been applied to the transmucosal surface of the abutment to
enhance the soft tissue seal.'®***** Various surface treatments
can alter the surface topography or characteristics, including
machining, blasting, plasma spraying, chemical or electrochemical
etching, laser treatment, and others."®!

Some animal studies revealed higher attachment of connective
tissue on a laser-grooved Ti abutment, when compared to the
turned smooth-surfaced Ti abutment.’>>°> The connective
tissue fibers were perpendicularly oriented to this laser-treated
abutment, which is more protective against bacterial invasion.>*®
ATi abutment treated by oxidation also showed the improved soft
tissue seal in another previous animal study, when compared to
the turned smooth-surfaced Ti abutment.>®” Thus, in terms of
surface roughness, the soft tissue seal may be improved when the
abutment surface is rougher, although some studies are found to
fail in detecting significant differences between modified rough
and turned smooth abutment surfaces in soft tissue
attachment.??®2% This is because rougher surfaces provide a
greater available surface area for soft tissue to attach.'°

Nanotechnologically, photofunctionalization by ultraviolet
rays, coating cell adhesive molecules including poly-i-lysine
and nanoporous modification of abutment surfaces were also
reported to strengthen the soft tissue seal around the
abutments.>*»*°*?!! In one in vitro study, Yang et al. showed
that gingival fibroblasts proliferate more strongly on smooth or
rough zirconia surfaces following ultraviolet irradiation.>'?
Epithelial attachment was also improved on both the abutment
surfaces with poly-i-lysine coating and with laser-induced
micro- or nano-pores that were within 5 um in diameter,>°**%*

Abutment surface modification can improve the soft
tissue seal. However, more plaque may accumulate on treated
surfaces when the seal is broken. Modification of the abutment
surface usually changes the surface roughness or surface
free energy, which may increase the probability of bacterial
colonization.?*** Furthermore, an unstable implant-abutment
connection can make a modified abutment surface ineffective in
the tight seal of soft tissue because such an instability allows
abutment movement during mastication.>*®* Clinical investiga-
tions are lacking and are needed to verify the effect of abutment
surface treatment on the soft tissue seal, which safe-guards the
implant from bacterial invasion and peri-implantitis.>**

3.3.5. Implant systems with non-submerged structures.
Although this review explores two major implant-abutment
connection structures employed in the clinic, another implant

This journal is © The Royal Society of Chemistry 2022
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system, the so-called nonsubmerged type implant, should also
be discussed with respect to the soft tissue seal. When the top
of the implant is positioned at the level of the gingival margin,
the implant is classified as a nonsubmerged type (Fig. 9D).>'®
The two implant-abutment connections (butt joint and
friction-fit joint) are classifications in the submerged implant
system, where the top of the implant is located at the level of
alveolar bone. The soft tissue seal forms on part of the abut-
ment in submerged type implants, and on the neck portion
of an implant in nonsubmerged type implants (Fig. 9D).?
Nonsubmerged implants are designed to stabilize the soft tissue
seal; the transmucosal area is part of the implant (Fig. 9E).
Therefore, abutment movement does not disturb the soft tissue
seal, resulting in marginal bone preservation;**>*'” however,
nonsubmerged implants are unable to effectively transfer stress
or masticatory load, which is concentrated at the bone crestal
area, leading to marginal bone resorption."®®*'® Clinically, the
nonsubmerged design limits reproduction of the patient’s emer-
gence profile, making it very difficult to provide natural-looking
implant-supported prostheses for long-term clinical service.**

Histologically, there are no significant differences between
nonsubmerged and submerged implants; the type and extent of
soft tissue attachment are similar.>”° The amount of soft tissue
seal is 3 to 4 mm in an implant site; hence, the height of this part
should be at least 3 mm.>*" When the height is less than 3 mm,
which often occurs on deep insertion of a nonsubmerged implant,
marginal bone resorption can occur to accomplish 3 mm of soft
tissue seal.”® The transmucosal collar of a nonsubmerged
implant is usually machined to be smooth. Recently, there have
been many attempts to reinforce the soft tissue attachment, such
as by roughening the transmucosal area, or adding microgrooves
to the transmucosal surface by laser treatment,?0%210:213,222-225
Connective tissue fibers are reported to perpendicularly adhere to
microgrooved surfaces, which are more resistant to inflammatory
infiltration;?*® however, these modifications increase biofilm
formation on the surface, resulting in a more inflammatory
environment around the implants.*!*>??>

4. The implant—abutment interface:
mechanical properties provoking
pathogenesis

The success of dental implant treatment depends on many factors
affecting the implant-abutment interface as well as the implant-
bone and abutment-soft tissue interfaces.””®'**'”> One of the
most frequent complications in the field of clinical implantology
is loosening of the abutment screw between an implant and
abutment, which may result in peri-implantitis."””**” This com-
plication can lead to implant failure. Therefore, it is necessary to
understand the implant-abutment interface, consisting of an
implant, abutment, and abutment screw.

4.1. Biomechanics at the implant-abutment interface

In general, stability of the implant-abutment connection is
essential for the long-term clinical success of a dental
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implant.>**"® To effectively tackle complications arising from
unstable implant-abutment connection, which can occur on a
daily basis, we must comprehend the biomechanics at the
implant-abutment interface. Herein, we discuss the biomechanics
of the two implant-abutment connections most widely used in
the global dental implant industry: screw-retained only (SR)
and friction-screw-retained (FSR).

4.1.1. Butt-jointed interface: retaining the implant-
abutment connection using only a screw. The SR connection
attaches implants and abutments using only an abutment
screw (Fig. 10A). In clinical dentistry, this type of joint is
referred to as an external hex connection because the shape
of the implant top is hexagonal (Fig. 10A). The flat surface of
the implant top is in direct contact with that of the abutment
base, hence this connection has a butt joint interface (Fig. 10A).
SR connections are stabilized only by tightening the abutment
screw, which causes elongation of the screw and generates
preload. Preload is an important variable in screw mechanics,
as connection stability depends on screw-preload, which

Implant top, Flat
surface
Top
Abutment AbutmEnt Sorew) Hexagonal
shape
emennn.Boltom Butt joint
Top interface
Implant
A
Two-piece abutment One-piece abutment
Frictional
interface Tapered part

Abutment screw

Screw part

C

Fig. 10

Thread

angle
g 2u
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functions as a clamping force for the implant-abutment
assembly, providing joint stability between the implant and the
abutment."®***

Some of the terms used in screw mechanics are illustrated in
Fig. 10B. All screw components of implant systems discussed
here have single threads (i.e., the lead, /, of the screw is the
same as its pitch, P). The biomechanics of the SR connection
can be theoretically analyzed using screw mechanics with a free
body diagram (Fig. 10B). Acceleration is zero when torque is
applied to a screw just before it rotates. The equilibrium of
force for the horizontal axis (Fy) is expressed using the following
equation:'®

Fy=—Asin¢ + Bcos¢p — uN =0 (1)

where A is the preload, B is the transitional force due to torque,
N is the normal force occurring between two frictional threads,
u is the friction coefficient between the threads, and ¢ is the
lead angle of the screw. The normal force (N) is

Major diameter
Mean diameter

1[Minor diameter|;
el
. o
o

— K [Pitch, P

IUN sin ¢ cos 6
t /ﬂﬁ;uN sing

~'\
Abutment ¢ uN cosp

(A) The SR connection structure in dental implants. This diagram shows why the connection is called an external hex connection in clinical

dentistry. The abutment covers the hexagonal part of the implant top area. Notably, the butt joint is made between the flat surfaces of the implant and
abutment. (B) Terms and diagrams for screw mechanics. The major diameter is defined as the largest diameter of a screw thread, and the minor diameter
is the smallest diameter. The mean diameter is the average diameter of a screw, which is, strictly, not the mean of the major and minor diameters. When
the abutment screw is tightened, a preload, A, is generated. All screws in this section are right-handed. A free body diagram, or force analysis, is shown in
the lower right corner. (C) The FSR connection structure in dental implants. A two-piece (left) and one-piece (right) abutment are shown. Note that the
tapered and screw parts are fused into a single body in the one-piece abutment, which implies that a decrease in preload in the screw part would have a
stronger effect on the tapered part, compared with a two-piece abutment. (D) Diagrams depicting friction mechanics in the FSR connection.*>®
(Reproduced from ref. 159 with permission from Elsevier.) On the left, the abutment is placed in the implant with no interference. Tightening causes the
abutment to engage tightly into the implant with interference (9), shown on the lower right. Friction and preload occur between the interfaces, and
contribute to the stability of the FSR implant—abutment connection. The free body diagram (upper right) is shown at the tapered or conical area.
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N=Acos¢ + Bsin¢ (2)
Combining (1) with (2), we get
Bcos¢ — Asin¢g = u(Acos ¢ + Bsin ¢) (3)

Using eqn (3), the tightening torque, t¢screw, iS calculated as
follows:
dop, da

Tt,screw — —B=—

2 2

tan¢ + u

1 —utang )

where d, is the mean screw diameter.'® For a typical ‘V-shaped’
thread with a thread angle 2o, the frictional terms in eqn (4)

l
must be divided by cos &.>?° Therefore, if tan ¢ = — is applied
a

to eqn (4), eqn (5) becomes

Tt,screw —

éAl + muy d, seca
2 nd, — !l seco

()

where 1 is the kinetic friction coefficient.'>® Screw tightening
is usually considered a dynamic process. When the screw is
loosened, a force is applied in the opposite direction. Therefore,
the transitional force is —B and the frictional force is +uN.'®?
Modifying eqn (5) to account for the force equilibrium when
loosening torque is applied gives

cla/“n,usa’a seca — /[

- 6
2 md, + pglseco (©)

Tl,screw —
where us is the static friction coefficient, which considers the
onset of screw loosening; however, the friction coefficient can be
assumed to remain unchanged, because screws are essentially
static at both the immediate cessation of tightening and the start
of loosening."®® Herein, we have derived the equations under the
assumption that the kinetic and static friction coefficients are
equal, that is, p = s = p.

The difference in torque between tightening and loosening
is linearly calculated from a simple equation, since ¢ and puseco
are very small values."®®

[
At=1—1=A4— 7
T=1T —T - (7)

when the abutment screw is made of grade 5 Ti, the Ti yield
strength is approximately 827 MPa. Therefore, the required
preload against screw loosening was evaluated as >620 MPa
(75% of the yield strength).>*®>*' The thread depth of the
abutment screws was approximately 0.2 mm, the major diameter
was 2.0 mm, and three to five threads were engaged in
tightening.'®® Therefore, the calculated preloads, converted to
the pressure unit, MPa, ranged from 43.2 to 124.2 MPa. All
predicted preloads were below the required level of 620 MPa.
From eqn (7) and the linear model reported in a previous study,
to prevent screw loosening, the tightening torque of an
abutment screw should be >200 N cm, which is unrealistic
and unachievable without mechanical or biological failures,
including abutment screw fracture and bone disintegration from
implants.'®

This analytical approach indicates that the torque clinically
recommended by the manufacturers, of 30-35 N cm, was

This journal is © The Royal Society of Chemistry 2022
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actually insufficient to prevent screw loosening events. In
clinical terms, this indicates that abutment screws should be
repeatedly retightened in the SR connection for butt-joint
interfaces between abutments and implants. Another important
point raised by these studies is that features other than screws
are needed to continuously maintain the implant-abutment
connection. An interface stabilized by friction is one option,
and is described below.

4.1.2. Frictional interface: retaining the implant-abutment
connection using friction and a screw. The stability of the FSR
connection structure is maintained by tight contact between
the inner surface of an implant and the outer surface of an
abutment, as well as an abutment screw (Fig. 10C). Friction
occurs at this tight contact, which contributes significantly to
the implant-abutment connection."® In clinical dentistry, this
type of joint is called an internal friction connection, because it
has a frictional interface, and the abutment is inserted into the
inner part of the implant when connected (Fig. 10C).” As shown
in Fig. 10C, a one-piece abutment has a frictional tapered part
fused to the screw part, while a two-piece abutment consists of
a tapered part and a separate abutment screw. The tightening
process causes interference in the tapered part and advances
the screw to generate preload.

When the implant and the abutment are made of the same
material, the biomechanics of the FSR connection between the
conical (tapered) and screw parts are analyzed separately.’*®
The total tightening torque, t¢ (o, is the sum of the torque
values of the conical and screw parts:

Tt total = Tt,cone T Tt,screw (8)

Fig. 10D shows schematic diagrams of the conical part engaged
into the implant. In the equilibrium state, the FSR connection is
stable, as occurs at the cessation of tightening. The same friction
coefficient, u, can be used for both tightening and loosening. On
the left of Fig. 10D, the bottom of the abutment is located at z =
(Tetop — Tapor)/tan 0 when the abutment is placed in the implant
with no interference. The tightening procedure induces a vertical
force and the abutment tightly engages into the implant with
interference, as shown in Fig. 10D (right). Interference, J, and
contact length, L, are calculated as follows:**®

6 =Aztan0 9)

(rf,top - raAbol)

L=
sin 0

+ Az/cos0 (10)
The interference applies pressure to the implant-abutment
interface, and this contact pressure, denoted as p, is

calculated as

ES[r? — r(z)] cos 0
2ry(z)r?

p(z) = (1)
along the vertical distance from the implant top, z.>*® E is
Young’s modulus of the implant or abutment material (equal)
and r; is the radius of the implant. The tapered outer radius of
the abutment, r,(z), and the tapered inner radius of the
implant, r¢(z), vary along z according to the equations
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Ta(2) = Fapor + (Lcos@ — z)tan 0 (12)

1(2) = reop — ztan 0 (13)

The differential, dN, of the normal force, N, is calculated along
z as follows:
dN = p(z) x 27mr,y(z)dz (14)

Therefore, when ¢ is the lead angle of the screw, the tightening
torque at the conical area, T cone, is as follows:™’

Ttcone = Jd‘f = Jra(Z)HdNCOS([)

Lcos0
= Zn,uJO r(z)p(z)dzcos ¢ (15)

_ muELAzsin20cos ¢
N 8rf

[Lsin6{2 (r,-2 —3rabol’)
— Lsin0 (4ry pot + Lsin0) } +4r, por (1 — rapo’) |

The total tightening torque, ¢ (a1, is Obtained by combining
eqn (5), (8), and (15)

nuELAz sin 20 cos ¢
8r?

d, [+ mud,seca
Titotal = —
ttotal 2 d, — ulseco

x [Lsin 042(r? — 3rapor”) — Lsin0(4rapo; + Lsin0) }

+ 47y pot ("‘i2 - ra,bolz)}
(16)

where the preload, A, is calculated as A, = Nsinf + uNsin ¢
cos 0 (Fig. 10D).">°

Total loosening torque can also be analyzed in the same way.
The preload becomes 4, = Nsin 0 — uNsin ¢ cos 0 at loosening,
because the vector of friction is opposite to the direction at
tightening. The loosening torque, Tjcone, gives the same result
at the conical part from eqn (14):"*°

nuELAz sin 20 cos ¢
8r?

[L sin 9{2(?‘,‘2 — 3’"a4b012)

Tlcone =

— Lsin 6(4ra,b0t + Lsin (9) } + 4r, pot (r,-2 — raﬁbmz)]
(17)

Using eqn (6) and (17), the total loosening torque, 7j¢ota =

Tl,cone + T1,screws 15

nuELAz sin 20 cos ¢
8rf

@ mud, seco — |
2 nd, + ulseca

Tltotal =

x [Lsin 042(r? — 3rapor”) — Lsin 0(4ra por (18)

+ Lsin 0)}+4”a7bm (riz - ra,botz)]

Note that eqn (18) is applied until the onset of loosening. After
the screw part is loosened, preload ceases, hence 7 gcrew = 0, and
only 7 cone remains in eqn (18).">° If we consider this physical
phenomenon associated with the separate parts of an abutment
and an abutment screw (2-piece abutment), it is more easily
understandable.
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Eqn (16) and (18) predict various biomechanical properties
for FSR connections. Notably, the magnitudes of both torques
depend on the contact length, L, in a four-powered manner
(i.e., L. A slight increase in contact length results in a huge
increase in loosening torque, clearly stabilizing the implant-
abutment connection. When an implant and abutment are
made of grade 4 commercially pure Ti, using the other para-
meters of the FSR connection listed in Table 1, a graph of the
loosening torque versus the contact length can be plotted
(Fig. 11).

When the contribution quotient of the FSR connection is
defined as the ratio of torque at the conical part to the total
torque, the quotient is > 0.8, which implies that the conical
part of the FSR connection is a major contributor to implant-
abutment connection stability.'®® Regarding the loosening
procedure, the screw part is unable to stabilize the FSR
connection after the onset of loosening, because the screw
preload vanishes. Therefore, the contribution quotient is 1;
only the conical part contributes to the FSR connection.**® This
frictional tapered part acts as an alternative stabilizer for
implant-abutment connection when the preload of the screw
part diminishes, especially for 2-piece abutments.

From eqn (16) and (18), loosening torque is linearly propor-
tional to tightening torque. Subsequently, the screw preload

Table 1 FSR connection parameters?

Taper angle () 11°
Frictional coefficient (u, us = ) 0.3
Contact length (L) 2.228 mm
Half of the major diameter of the fixture (r,) 2.205 mm
Az 5 pm

Bottom radius of the abutment (7, pot) 1.427 mm
Young’s modulus (grade 4 Ti) 113.8 GPa
Mean diameter of the abutment screw (d,) 1.74 mm
Lead length of the abutment screw () 0.4 mm
Lead angle of the abutment screw (¢) 4.19°
Thread angle (20) 60°

¢ Parameters are not exact values, they are taken from the

literature,'>%163:228

35

30

25 T

20

15
L=2228x10°m
10 -

(4]

Total loosening torque, 7y ¢otq; (x 102 N-m)

o

1 2 3 4 5

Contact length, L (x103 m)

Fig. 11 The effect of contact length, L, on the total loosening torque,
Titotal- 1HiS graph shows total loosening torque values, based on the data in
Table 1.
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is linearly proportional to tightening torque. These linear
relations are discussed above, and have been demonstrated
both theoretically and experimentally.'®® Importantly, torque,
preload, and implant-abutment stability are strongly affected
by the interfacial frictional coefficient. Roughening or smooth-
ening technologies at micro- or nano-scale to control the
frictional coefficient can be crucial for implant-abutment
stability, which is a key factor for biological and inflammatory
responses around dental implants.

4.2. Control of the implant-abutment interface

To ensure the longevity of implant restorations, dental clinicians
should seek to avoid any problems with the abutment, abutment
screw, and prosthesis, by considering both mechanical and bio-
logical aspects of implant restoration. Mechanical complications
include fracture or tearing of implants, fracture or loosening of
an abutment screw, and fracture or dislodgement of a prosthesis
(Fig. 12A).>** Biological complications include problems in the
osseointegrated bone and peri-implant mucosa, resulting from
bacterial invasion (Fig. 12B).>*> Biological complications are

C

Fig. 12 Mechanical and biological complications of dental implants. (A) A
fractured implant removed from the mouth of a patient. (B) Discharged
yellowish pus (black arrowheads) found around the healing abutments (red
arrowheads) connected to dental implants placed into the bone. (C) A long
implant (white arrowhead) placed in the right mandibular first molar area
invading the anatomical structure (the inferior alveolar canal; white dashed
line), where the inferior alveolar nerve is located. Scale bars = 5 mm.
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divided into peri-implant mucositis and peri-implantitis, the
equivalent of gingivitis and periodontitis, respectively, in natural
teeth.'®® The onset and progression of peri-implant disease and
periodontal disease are similar, indicating comparable bacterial
composition.>** Biological complications caused by bacteria
and mechanical complications were previously considered
independent, but recent studies have demonstrated that they are
associated.”**>%¢

Disruption of the soft tissue seal is the main cause of peri-
implant disease; detachment of the soft tissue seal allows
colonization and invasion of bacteria, eventually leading to
the peri-implant disease.” Destruction of the soft tissue seal
around an implant can be driven by a lack of attached gingiva,
shallowness of the vestibule, or a high frenum, but mainly
results from movement of an abutment, due to a non-rigid and
unstable connection between implant and abutment.>*®'%¢
Therefore, mechanical joint stability between implant and
abutment is a major factor determining the longevity of implant
restorations.*®'>® There are several factors that contribute to a
stable connection between implant and abutment.*®158159:163

After delivery of a prosthesis, three kinds of force are applied
to the implant-to-abutment interface: vertical, lateral, and
rotational.” Physically, rotational force is a type of lateral or
horizontal force. Most implant systems struggle with lateral
force, but not vertical force, because the mating structures of the
implant and abutment can tolerate vertical force.” Conversely,
lateral force can loosen the abutment screw, making the abutment
mobile. Essentially, the hexagonal male and female structures
in each connecting part of an implant and an abutment are
engineered to tolerate rotational force.>*” Therefore, in general,
vertical, lateral, and rotational forces are supported by an
implant-abutment mating structure, an abutment screw, and
a hex structure.>**® For long-term successful results, an
implant-abutment mating structure should endure and distri-
bute these forces.*®'°¢>38

The Brinemark implant system (Nobel Biocare, Ziirich,
Switzerland), the first marketed screw-shaped implant, is an
example of an SR connection. In this system, the vertical force
is endured by the platform of an implant and the mating
abutment, while the lateral force is endured by the hex device
and abutment screw, and the rotational force by the hex
device.?*® This SR connection is a mobile structure, and occlusal
forces are concentrated on an abutment screw.?*”-**® Therefore,
bacterial penetration is common, and peri-implant disease is
likely to occur. To prevent movement of the abutment in this
connection, the external hex feature should be lengthened, and
the machining tolerance between female and male hex parts
made more intimate. Alternatively, an abutment screw made
from stronger materials can be incorporated, and the implant
platform widened, to minimize the forces focused on the
abutment screw. In addition, when a stronger tightening torque
is applied, the strength of the connection is enhanced;'®®
however, it is impossible to completely prevent movement of
the abutment in this type of joint, because the external hex
structures of the implants used clinically are approximately
0.7 mm in height, and therefore unable to maintain implant-
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abutment connection stability under the stress of daily mastica-
tion (occlusal force).”>*’

Many commercially popular implants have FSR connections,
which also have an abutment screw, but this is less important
than the butt joint in terms of stability.'>>"'®® Additionally, a
few manufacturers produce implants without an abutment
screw, in which the implant and abutment are held only
through high friction between the two parts.>****° These joints
have a 1.5° taper angle between the implant and abutment
connection on one side, which locks the abutment and implant
tightly, without an abutment screw.>*® This tight connection
can bear vertical, horizontal, and rotational forces, rendering
the abutment immobile, and thereby avoiding soft tissue seal
disruption.>®” Therefore, marginal bone resorption rarely
occurs with this system.>*®?%° The degree of tapering of the
abutment to the implant interface is a crucial factor in deter-
mining abutment mobility in the FSR connection; the wider the
angle, the more unstable the abutment to implant connection,
and the greater the need for an abutment screw.'>®

When an implant meets an abutment via the FSR connection,
there is an intimate contact between them, initially at the
connection surface, subsequently at the base, and then over
the entire surface. This is because the implant top is gradually
opened, causing the abutment to sink down, which loosens
the abutment screw, leading to a need for periodic re-
tightening.'”>**"*** Otherwise, abutment movement increases,
leading to destruction of the soft tissue seal, and subsequent
bacterial attack. Clinically, re-tightening can be performed
several times if necessary.>** Dental clinicians should understand
the mechanics of the abutment to implant mating structure, and
select products with a firm and stable connection, as well as an
immobile abutment, to minimize the probability of peri-implant
disease.

4.3. Clinical interpretation of soft and hard tissue responses
around the implant-abutment interface

Artificial organs should perform similarly to their natural
counterparts in the human body, and last for a long time.
Indeed, longevity is becoming increasingly important as
human lifespan increases. Dental implants must function as
artificial organs to replace teeth and also persist in the oral
cavity for a long time. Thus, mechanical failure of implants and
the surrounding soft and hard tissue should be avoided for
longevity to be achieved.

The anatomical structures surrounding an implant include
the alveolar bone, the alveolar mucosa, and the gingiva.
The alveolar bone meets the occlusal force applied to the
implant, and the alveolar mucosa and gingiva protect the
alveolar bone against oral bacteria (protective functions are
mostly performed by the gingiva, but the alveolar mucosa
contributes when the gingiva is absent or lacking)."*®*** The
alveolar bone and gingiva are complementary to each other;
gingival health is maintained by the lower alveolar bone, while
the lower alveolar bone is protected by the upper gingiva.

It is considered a general rule that the alveolar bone responsible
for mechanical masticatory force is resorbed by approximately
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1-1.5 mm for the first year from the moment occlusal force is
applied, and up to 0.2 mm per year may be lost thereafter.”*® This
rule is based on implant success criteria from clinical analysis of
the Branemark system, but studies on mobile SR connections and
rigid FSR connections have shown that alveolar bone may
be preserved or even expanded after occlusal loading.*®**>* If
first-year early loss and annual constant resorption of alveolar bone
occurs after loading, long implants should be inserted to ensure
long-term prognosis. In addition, bone grafts are needed to
compensate for bone resorption before implantation. These bone
grafts and placement of long implants can irritate patients and
represent a challenge to surgeons, and long implants can occa-
sionally invade anatomical structures, creating permanent disabil-
ity for the patient (Fig. 12C). Accordingly, there is a trend toward
implants that do not cause alveolar bone loss, which often occurs
in implants with SR connections.'¢**>*2%!

Human alveolar bone is not resorbed in the presence of
natural teeth; however, alveolar bone is destroyed by period-
ontitis, and this loss is almost irreversible.>*> Most of the
alveolar bone is preserved, quantitatively and qualitatively, in
the absence of periodontitis, except for small losses due to
mechanical degeneration or aging.>***> This is due to appropriate
stimulation by periodontal ligaments. Thus, time is spent
predicting how the alveolar bone will change after implantation
and loading. The quantity and quality of alveolar bone are
not diminished in the absence of peri-implantitis, similar to
periodontitis in natural teeth, and can be stimulated.*®**"

The Astra Tech implant system (Dentsply Sirona Inc.,
Charlotte, NC, USA) was the first implant to embody this
concept, and the specific action of the implant-abutment
connection stimulates the alveolar bone, resulting in an
absence of bone loss.*® Frost’s hypothesis can be applied to
alveolar bone, as it can to other bone types."® Thus, osteoblasts
are activated, and both the quantity and quality of alveolar bone
are increased when an appropriate amount of strain is
applied.'®*3®

Dental implants have been used in humans for many years,
but most do not maintain a healthy state in the oral cavity after
a long time.”*® As described above, biological and mechanical
complications occur in implant-supported restorations.?*®
Nevertheless, implants with SR connections perform better and
have superior long-term prognosis, and these have gained
widespread popularity since the 1980s.”*°! The main difference
between these implants and previous products is the presence or
absence of threads. Previous products did not have a structure
that could transfer the occlusal force to the alveolar bone, whereas
implants with SR connections can transfer this load through the
screw-shaped or threaded structure.” The thread at the surface of
the implant transforms the shear stress generated at the interface
between the implant and the alveolar bone into compressive
stress, which allows the bone to tolerate the force.” These stresses
also generate an appropriate strain on the alveolar bone that helps
it to remain healthy in the long term."®'>8238

Nevertheless, micro-mobility in the implant-abutment con-
nection causes marginal bone loss by destroying the mucosal
seal formed by the gingiva.>'*®'$>?%” The Branemark implant
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was the first to guarantee long-term prognosis, but has potential
side effects, including marginal bone loss, resulting in patient
suffering and challenges for dental clinicians, including performing
bone-grafting and use of long implants.*®*> Human alveolar
bone is resorbed when bacterial invasion occurs or appropriate
stimulation ceases.>'®*®* Therefore, dental implants should
stimulate the alveolar bone appropriately, without allowing
bacterial invasion. Products based on this concept arrived on
the market after implants with SR connections and implants
with FSR connections have taken this concept further.*®'°6>>

In general, the abutment of implant systems with FSR
connections is secured by an 11° conical connection to the
inside of the implant, which converts the masticatory force into
strain, stimulating the alveolar bone.”®* The occlusal load
allows the abutment to slightly descend and press the implant
inner wall.>'”> When the implant region in contact with the
marginal bone is expanded, strain occurs in the alveolar bone
in the area, stimulating the alveolar bone, activating osteo-
blasts and increasing the quantity and quality of alveolar bone.?
An increase in alveolar bone requires a significant change in
the clinical procedure; if the quantity and quality of the alveolar
bone increase significantly over time, the need for bone graft
surgery is reduced, and a short implant can be clinically
applied, to the satisfaction of both dental clinicians and
patients.>>>2¢

Marginal bone loss occurs in implants with mobile connections,
which does not lead to immediate implant failure, but does create
considerable problems from a periodontal standpoint.'®*'#>2%¢
Normally, these products dissolve the alveolar bone to the level of
the first or second implant thread along the long axis.***?%
Following the loss of alveolar bone, the upper gingiva may be lost
or attached gingiva may become free.'*® Gingival loss, or trans-
formation from attached to free gingiva, facilitates the invasion of
oral bacteria, resulting in peri-implantitis."*® Therefore, dental
clinicians should closely monitor the condition of the marginal
bone to ensure that the gingiva is sufficiently healthy and ensure
good long-term prognosis. For the long-term clinical success of
dental implants, stable implant-abutment connection is vital.**'>®
This immobile connection maintains a soft tissue seal, which is
resistant to bacterial invasion, providing an environment favorable
for alveolar bone preservation,*®?138:182:262

5. Perspectives of future works and
concluding remarks

Dental implants have been successfully used in the clinic for
over 40 years; however, there are many potential mechanical
and biological complications. A deeper understanding of dental
implant systems is required to increase the probability of
long-term clinical success when replacing a missing tooth,
particularly given the increase in human lifespan. At first glance,
mechanical complications of dental implant systems, such as
screw loosening, appear to be independent of biological compli-
cations, such as peri-implantitis; however, these complications,
which can lead to implant failure, are interconnected. A more

This journal is © The Royal Society of Chemistry 2022

View Article Online

Review

profound comprehension of the three interfaces (bone-implant,
gingiva-abutment, and implant-abutment) is gradually
emerging and is definitely needed.

Hard tissue integration, or osseointegration, provided the
first key breakthrough supporting the clinical success of dental
implants. Surface modification can enhance bone healing and
reinforce hard tissue integration at the bone-implant interface.
Microtopography can modify the implant surface to mimic
Howship’s lacunae, which are bone-resorbed areas that stimulate
bone deposition. Surface chemistry can also be altered to increase
the interfacial bone contact, using inorganic elements or func-
tional peptides. This approach could prove useful for treating
edentulous patients with problems related to bone metabolism,
although peptide-treated surfaces have not yet been clinically
employed. The control of unexpected side effects is necessary
before clinical use. Conjugation problems between biofunctional
molecules and implant surfaces remain to be solved, particularly
under the clinical situation of implant installation. Topographical
or chemical modifications of implant surfaces will be continued
in many ways as other materials including zirconia, as well as Ti,
are being tried as implant materials. Topographical modification
at microscale would go to make the implant surface more similar
to the bone surface morphology. Nanotopographical surface
modification would keep combined with various molecules
showing therapeutic effects.

Discovering the soft tissue seal was another key break-
through supporting clinical implant success. The epithelial
and connective tissues should be firmly attached to an abut-
ment surface, the characteristics and materials of which affect
the attachment. When the soft tissue seal at the gingiva-
abutment interface is broken, oral bacteria infiltrate and form
biofilms, causing peri-implant inflammation that may result in
clinical implant failure. Material development and surface
treatment of abutments are under investigation for improved
soft tissue seal and antibacterial effects. However, the quality of
the soft tissue around an implant system is important for the
soft tissue seal, with tender and mobile soft tissue being
disadvantageous. Also, it should be noted that implant-abut-
ment connection stability is another factor contributing to
the seal.

The implant-abutment interface, comprising an implant,
abutment, and abutment screw, should be sufficiently stable to
maintain the soft tissue seal. Butt-jointed or SR connections are
not resistant to preload loss, which is a natural phenomenon in
screw mechanics. Therefore, the mobility of the implant-
abutment connection increases with screw loosening, which
breaks the soft tissue seal and causes the loss of peri-implant
bone. Friction between the inclined planes of an abutment and
an implant stabilizes the FSR connection, in addition to the
abutment screw. These physical properties of the implant-
abutment assembly reduce the mechanical complications of
screw-loosening and fracture, which helps to maintain the soft
tissue seal and assists in hard tissue integration. Such a
comprehension of interfacial biomechanics leading to clinical
phenomena will be helpful to researchers who develop future
implants.
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