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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
25539 At the tissue level, dental implants with topo-
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.””*

activation.
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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.**° Brie