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ABSTRACT

Objectives: This review paper aims to provide an overview of various commercially available dental
implant surface modifications and treatments, as well as their reported clinical performances. This
knowledge would be useful for the practicing clinician in understanding the healing mechanism
associated with each type of implant and in selecting the right type of implant for a specific clinical
condition. Methods: An electronic search of literatures was performed in PubMed and Scopus
database dated from January 1990 until July 2021. The search keywords were dental implant, surface
modification, surface treatment, survival rate and/ or clinical performance as MeSH term. Only
relevant studies that were published in English, journal article are summarized and discussed in this
review. Results: In the last decade, implant surfaces were manufactured in a concerted effort to provide
bone in a faster and improved osseointegration process. A variety of surface modifications have been
developed and are currently being used to enhance clinical performance, including turned (machined),
hydroxyapatite-coated surface, titanium plasma-sprayed, grit-blasted, acid-etched, anodization, laser-
microtextured as well as combinations thereof. Conclusion: Dental implant survival rate relies heavily
on the successful integration into the jawbone. Geometry and surface topography are critical to the
short- and long-term performance of dental implants. Implant surface modifications expedited
osseointegration process, which in turn, early and immediate loading of dental implants has emerged
as a viable alternative to the conventional loading protocol.
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INTRODUCTION

Dental implants have been widely used since the last few decades as artificial tooth roots to support
prosthetic supra-structures from single crowns to complete mouth rehabilitations. Conventional dental
implant placement involves two-stage, submerged surgical protocol to allow 3 — 6 months of bone
healing prior to implant loading (Branemark et al., 2015; Erkapers et al., 2017). This prolonged
treatment time inconvenience the patient and increase treatment cost as additional interim restoration is
required. Hence, to reduce treatment time and cost, one-stage, non-submerged surgical technique along
with an early or immediate loading protocol has been proposed and practiced, albeit not a regular basis.
Primary implant stability is a prerequisite for successful osseointegration of dental implants and is
significantly influenced by the surface of the implant. Thus, numerous methods of altering implant
surface characteristics and topography have since been applied in order to enhance the primary implant
stability and shorten bone healingperiod. As a result of advancements in the implant surface technology,
the healing time has been reduced from 12 — 24 weeks to 6 — 8 weeks (Erkapers et al., 2017). In turn,
early and immediate loading of dental implants has emerged as a viable alternative to the conventional
loading protocol (Parelli & Abramowicz, 2015).

Hence, the aim of this paper is to provide an overview of various dental implant surface
modifications and treatments as well as their effect on osseointegration and their reported clinical
performances. This knowledge would be useful for the practicing clinician in understanding the healing
mechanism associated with each type of implant and in selecting the right type of implant for a specific
clinical condition.

EVOLUTION OF DENTAL IMPLANT SURFACE MODIFICATIONS

Branemark invented the first dental implant with machined surface in 1965 (Figure 1).
Machined surface was used for the next 15 years until Albrektsson et al. proposed rougher implant
surface characteristics for better biological reaction and osseointegration of dental implants (Abraham,
2014). In the mid-1980s, implants with rougher surfaces were created by addition techniques such as
hydroxyapatite-coated (HA) and titanium plasma sprayed (TPS) surfaces. However, clinical failures
were common due to the delamination of HA—coating which caused peri-implantitis and severe
marginal bone resorption (Albrektsson, 1998; Malmqvist & Sennerby, 1990). As a result, both the first
generation of HA-coated and TPS surface implants were discontinued (Wennerberg et al., 2018).

To overcome the drawbacks associated with addition technique, subtraction techniques were
introduced in the 1990s. These subtraction techniques include blasting and/ or acid-etching and
oxidising the surface, to produce moderately rough surfaces within a range of 1 — 2 um. Good clinical
outcome of such surfaces especially in compromised cases have been reported (Jimbo & Albrektsson,
2015). However, moderately rough surfaces were allegedly more prone to harbour plaque and microbes
compared to smooth machined surface but not as bad as the rough surfaces produced by surface coating
(> 2.0 um) (Albouy et al., 2011; Derks et al., 2016).

From 2000 onwards, researchers moved towards incorporating bioactive materials (eg. growth
factors; peptides; extracellular matrix (ECM) protein) and biologically active drugs (eg.
bisphosphonates; simvastatin; antibiotics) onto the implant surfaces (Suci Dharmayanti et al., 2020).
These bioactive implants seem promising in enhancing the bone cells interaction with the implant
surfaces, thus expediting implant healing, particularly in medically compromised patients (Wang et al.,
2020). Another method of surface modification is by incorporating surface porosities through three-
dimensional (3D) printing technology (e.g. selective laser melting, electron beam melting) or by metal
injection moulding (MIM) (Bencharit et al., 2015). It has been shown that porous implants provide
better and faster implant stability not just through osseointegration but also through osseoincorporation
(bone ingrowth) into the porosity of the implants (Andani et al., 2014). However, the cost of producing
porous implants through 3D printing technology is very high and such costly implants are not popular
with the general dental practitioners and are used sparingly in compromised bone condition.
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» Turned (machined) surface

* Hydroxlyapatite (HA) coated surfaces
mid « Titanium plasma sprayed (TPS) surfaces
1980s
* Blasted surface (titanium oxide)
+ Acid etched surface (nitric acid; hydrofluoric acid; hydrochloric acid; sulfuric acid)
+ Combination of blasted and acid-etched surface

@ * Oxidised (anodization) surface

- Bioactive materials coating (extracellular matrix protein; growth factors; peptides)
* Incorporation of biologically active drugs (eg. bisphosphonates; simvastatin; antibiotic)

» Three-dimensional printing (3DP) technology (selective laser melting; electron beam
melting)
+ Metal injection moulding (MIM)

Figure 1: Evolution of implant surface modifications.

SURFACE MODIFICATIONS AND TREATMENTS OF DENTAL IMPLANT

Modification of dental implant topography can be classified into macro-, micro-, and nanoscale
level. Implant macrotopography (millimetres to micrometre) is determined by its geometry
modification such as threads, porosity and tapered design. Modification of implant microtopography (1
to 100 pm), mainly to increase surface areas by surface treatments like machining, blasting, acid-
etching, and different coating procedures. While at nanoscale level (1 to 100 nm), implant modification
focuses on improving cell-implant interactions at cellular and protein levels, such as by anodization,
laser-microtexturing, discrete crystalline deposition, and increase hydrophilicity (Smeets et al., 2016).
In recent years, scientific studies have mainly focused on modifications of implants’ microtopography
and nanotopography.

Implant surface treatment can be categorised either as additive or subtractive (Figure 2)
depending on whether material is deposited or removed from the implant surface (Albrektsson &
Wennerberg, 2004b; Bencharit et al., 2015; Smeets et al., 2016). Another method which does not fall
into either group and is gaining popularity is 3D printing (3DP) technology and metal injection
moulding (MIM) (Bencharit et al., 2014; Wang et al., 2020). However, implant surface modifications
through 3DP and MIM are empirical and mostly at the laboratory stage with limited clinical
performances being reported. Figure 2 summarises the surface modification techniques used for dental
implants into three categories; additive process, subtractive process, & manufacturing technique.
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Surface Modification Techniques of Dental Implants

Additive

Prqcess

» Hydroxyapatite & calcium
phosphate coating

= Titanium plasma spraying
= Anodization/ Oxidization

= Bioactive materials coating:
o Growth factors
o Extracellular matrix protein

Subtractive
Process

= Mechanical
polishing

= Grit-blasting

= Acid-etching

= Laser surface
texturing

Manufacturing

= 3D Printing
Technology

oSelective laser
melting (SLM)

oElectron beam
melting (EBM)

= Metal injection

oPeptides molding (MIM)

= Biologically active drugs
coating:
oBisphosphonates
o Simvastatin
oAntibiotics (e.g.,
Gentamycin)

Figure 2: Surface modification techniques used for dental implants.

Additive process can be achieved through coating, plasma-spraying, or anodization. The
materials used for coating have been titanium oxide, calcium phosphate, hydroxyapatite (HA), fluoride,
bioactive materials and biologically active drugs of different thicknesses. Titanium plasma-spraying
(TPS) involves injecting powdery forms of titanium into a plasma torch and spraying the implant
surfaces. Anodization is an electrochemical process of roughening the titanium oxide layer on the
implant surface. Subtractive process includes mechanical polishing, grit-blasting and/or acid-etching,
or laser surface texturing. These processes produce dental implants of varying surface roughness (S.)
(Albrektsson & Wennerberg, 2004b) as classified in Table 1 and described in detail in the following
section.
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Table 1: Dental Implants with various surface roughness (Sa).

Surface Roughness

(S.) S. Values Implant System

Smooth surface 0.0-0.4 ym | =“Machined” experimental implants

Minimally rough surface | 0.5—1.0 ym | ®Mostimplants used before 1995

» Turned (machined) surface implants (eg.
Branemark System®; Nobel Biocare AB;
Southern Implant System®)

Moderately rough 1.0-2.0 ym | " Most of currently marketed implants
surface = Blasted surface (eg. AstraTech TiOblast®;
Zimmer MTX®)

= Acid-etched surface (eg. Biomet 3i
Osseotite® and NanoTite®)

» Blasted and acid-etched surface (eg.
Straumann® SLA and SLActive)

» Oxidised surface (eg. Nobel Biocare
TiUnite®)

» Laser-microtextured surface (eg.
BioHorizons® Laser-Lok®)

Rough surface >2.0 ym = Titanium plasma-sprayed (TPS) implants
(eg. Straumann® TPS; Zimmer® TPS;
BIOMET 3i TPS)

» Hydroxyapatite-coated implants (eg.
Zimmer Calcitek Integral® and Omnilock®;
BioHorizons HA-coated)

SURFACE MODIFICATIONS AND ITS RELATED CLINICAL PERFORMANCE

1. Turned (machined) surface

Turned surface implants were the first generation of dental implants invented by Branemark.
The surface appears to be relatively smooth but under scanning electron microscopy (SEM), grooves
and ridges appear on the surface of the machined implant with S, value ranging from 0.5 — 1 um
(Wennerberg et al., 2015). These surface defects provide resistance to bone interlocking as the
osteoblastic cells tend to grow along the grooves, hence delaying the osseointegration process (Junker
et al., 2009).

Clinical performances

The survival rate of machined implants was reported to be between 78 to 86% after 15 years of
function in fully edentulous patients (Adell et al., 1990). The survival rate was lower when placed in
poor quality bone (Cochran, 1999). Due to this low survival rate, this type of implants is no longer in
use (Anil et al., 2011; Le Guéhennec et al., 2007).
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2. Hydroxyapatite coated surface

Hydroxyapatite coated surface implant has an average roughness of approximately 6.2 um and
was layered with 47—130 um coating thickness of calcium phosphate (CaP), mainly composed of
hydroxyapatite (HA) (Hung et al., 2013; Le Guéhennec et al., 2007). After implant placement, CaP was
released into the peri-implant region, which then increases the saturation of body fluids and precipitates
a biological apatite on the implant surface (De Grootl et al., 1998). This biological apatite layer contains
endogenous proteins and serve as a matrix for the attachment and growth of osteogenic cells and
subsequently enhanced its biocompatibility and osseointegration (De Grootl et al., 1998; Eom et al.,
2012; Hung et al., 2013).

Clinical performances

The cumulative survival rate (CSR) for HA coated implants ranged from 79.2% to 87% after 8
years follow-up (Lee et al., 2000; Wheeler, 1997). HA coated implants had better clinical success rates
compared to the uncoated implants due to superior initial rate of osseointegration (Artzi et al., 2006;
Lee et al., 2000). However, over the long-term, the success rates of HA-coated implants declined
significantly due to delamination and/or loosening of the HA coating from the titanium surface and
subsequently led to implant failure (Albrektsson, 1998; Tinsley et al., 2001). Artzi et al. reported a CSR
of 54% for HA coated dental implants after ten years of follow-up (Artzi et al., 2006). Hence, the clinical
use of this type of surface treatment was discontinued (Albrektsson, 1998; Le Guéhennec et al., 2007).

3. Titanium plasma sprayed (TPS) surface

TPS implant surface was created by spraying thermally melted titanium oxide powders onto
the implant surface, forming 40-50 um coating thickness with an average surface roughness of 7um (Le
Guéhennec et al., 2007; Roy et al., 2011). This increased surface area enhanced the tensile strength at
bone-implant interface and expedited osseointegration (D. Buser et al., 1991). However, titanium wear
particles at the peri-implant regions had been observed (D. Buser et al., 1991; Urban et al., 2000).
Dissemination of this metallic wear particles to other organs such as liver, spleen, and lymph nodes had
also been reported (Urban et al., 2000). These potential local and systemic carcinogenic effects limit
their clinical application (Browne & Gregson, 2000). Hence, the production of rough TPS surface
implants was ceased and replaced with moderately rough surface dental implants (Browne & Gregson,
2000; D. Buser et al., 1991; Urban et al., 2000).

Clinical performances

Despite the implant design and TPS surface been removed from the market, 89.5% survival
rate and 75.6% success rates of TPS surface implants had been reported after 20 years follow-up period
(Chappuis et al., 2013).

4. Grit-blasted surface

Another method for surface roughening is through subtractive process by blasting the implant
surface with hard ceramic particles. Blasting materials should be chemically stable and biocompatible,
such as; alumina oxide, titanium oxide and calcium phosphate particles. The blasting materials was
projected through a nozzle at a high velocity under pressure to produce a moderately rough surface
implant with average roughness of 1-2 pm (Le Guéhennec et al., 2007). However, grit-blasting process
exposes the dental implant surfaces to contaminants, thus acid etching following grit-blasting is often
required (Le Guéhennec et al., 2007; Marenzi et al., 2019).

Clinical performances

Grit-blasted roughened implant surfaces showed a tendency for more predictable clinical results
than machined dental implants, with higher overall success rates and lower bone loss (Gotfredsen &
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Karlsson, 2001). Under two stage and delayed loading surgical protocol, CSR rates for TiO, grit-blasted
implant is 100% after five years and 96.9% after ten years (Gotfredsen & Karlsson, 2001).

5. Acid-etched surface

Etching with strong acid such nitric acid (HNOs3), hydrofluoric acid (HF), hydrochloric acid
(HCl) and sulfuric acid (H,SO4) is another subtractive process to roughen the implant surfaces
(Albrektsson & Wennerberg, 2004a; Le Guéhennec et al., 2007). Acid etching erodes the titanium
surface to produce micro-pits with size ranging from 0.5 to 2 um, depending on the acid concentration,
temperature and treatment time used (Massaro et al., 2002). Biomet 3i Osseotite® implant is one
example of implant surface produced by acid-etching with average surface roughness of 0.7 pum
(Albrektsson & Wennerberg, 2004a). It was surface treated using discrete crystalline deposition with
CaP on a dual-acid etched (DAE) surface: where the implant was initially treated with HF to remove
oxide layer to create macro-roughness, then treated with HCIl and H,SO4 to create submicron complexity
(Sul et al., 2008). DAE surfaces was found to improve implant’s osteoconductive properties by
enhancing the adhesion of fibrin and osteogenic cells and thus promote bone apposition (Davies, 2003;
Park & Davies, 2000).

Clinical performances

The survival rate of early loaded acid-etched surface implants in partially and totally edentulous
patients after 17 years follow up is 92.9% (Velasco-Ortega et al., 2020). When placed in low density
bone, the CSR for DAE surface implants is higher than machined implants (Sul et al., 2008). For short-
length implants (less than 10 mm), CSR of DAE surface implant was 96% and that of machined surface
at 86.5% (Sul et al., 2008). While for standard length implants, CSR for DAE and machined surface
implants were 98.4% and 90.6%, respectively (Sul et al., 2008). It was apparent that the short-length
DAE implant performs as well as standard-length implants (Sul et al., 2008).

6. Sand-blasted, large-grit and acid-etched (SLA) surface

SLA surface was clinically introduced by Straumann in 1998, with an Sa value of 1 — 2 pm
(Albrektsson & Wennerberg, 2004a). SLA implant was produced through large-grit sandblasting
technique to create macro-roughness on the titanium surface, then followed by acid etching to superpose
micro-roughness (Albrektsson & Wennerberg, 2004a; Galli et al., 2005). The created topography is
ideal for cell attachment and potentially faster osseointegration (Bornstein et al., 2008; Galli et al., 2005;
He et al., 2009; Kim et al., 2008). In 2005, chemically modified SLA surface (SLActive) with higher
hydrophilicity was introduced in the market. SLActive surfaces are produced similar to SLA surface,
but with additional rinsing under nitrogen protection and storage in isotonic NaCl solution (Rupp et al.,
2006).

Clinical performances

SLA surface implants had 98.8% survival and 97% success rates after 10 year follow-up (Buser
et al., 2012). Even in periodontally compromised patients under strict periodontal maintenance, the 10-
year survival rate of SLA implant is higher than 95% (Roccuzzo et al., 2014). When used in irradiated
patients, the CSR after 5 year follow-up is 96% and 100% for SLA and SLActive surfaces, respectively
(Heberer et al., 2011; Nelson et al., 2016). For immediate and early-loaded implants, 97.6% CSR after
10 years was reported for SLActive surfaces implant in posterior maxilla and mandible (Nicolau et al.,
2019).

7. Oxidised (anodization) surface

Anodization is an electrochemical process that increases the titanium oxide surface layer and
roughness, making it more biocompatible with microporous surfaces, showing increased cell
attachment and proliferation (Ivanoff et al., 2003). A commercially available oxidised surface implant
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is TiUnite® from Nobel Biocare. It is marketed as a hybrid surface design, where the coronal area is
minimally roughen (0.5 — 1 um Sa) with relatively thin oxide layer (~ a few hundred nanometres), while
the apical area is rougher (2 um Sa) and with thicker oxide layer (>10 um) (Albrektsson & Wennerberg,
2004a).

Clinical performances

In a systematic review comparing clinical performances of different implant surfaces after 10
years, Wennerberg et al reported oxidised surface implants had the highest CSR with 96.6% to 99.2%
(Wennerberg et al., 2018). A randomised clinical trial of immediately loaded implants, Rocci et al.
reported 95.5% survival rates of anodized implant which is much higher than that of machined implants
with 85.5% survival rates (Rocci et al., 2013).

8. Laser-microtextured surface

Laser ablation is another subtractive surface treatment also known as laser micro-texturing
technique. A microchannels pattern around the implant collar was created as the high-intensity pulses
of a laser beam strike the protective layer that coats the titanium implant surfaces (Smeets et al., 2016).
Laser-lok® implants and abutments are the example of commercially available laser surface treatments
introduced by BioHorizons®. Laser-lok® surface focuses on enhancing the biological seal especially
around the implant collar, thus reducing marginal bone loss, and enhancing osseointegration (Smeets
et al., 2016).

Clinical performances

The longest clinical performance available to date was after a 3 years follow-up, where the CSR
of laser-microtextured surface as short implants (< 7mm) was 98% (Guarnieri et al., 2019). Guarnieri
et al reported that Laser-Lok implant exhibited more gain in papilla level, lesser crestal bone loss and
smaller probing depth in comparison with the non-Laser-Lok implant (Guarnieri et al., 2019). Laser-
Lok® abutments were also found to support peri-implant soft tissue health (Geurs et al., 2011; Nevins
et al., 2010, 2012a, 2012b, 2013). A combination of Laser-Lok® implant, Laser-Lok® abutment and
platform-switching was found to encourage regeneration of crestal bone surrounding the implant
(Nevins et al., 2013). Another recent prospective study by Guastaldi et al. discovered that resonance
frequency analysis (RFA) of laser beam-modified surfaces implants placed in human edentulous
mandibles revealed good implant stability at 3 months up to 1 year follow-up, comparable to the
SLActive implant surface (Guastaldi et al., 2021). Despite encouraging positive results from laser-
modified implant surfaces, long-term follow-up is required to confirm these findings (Guastaldi et al.,
2021).

CONCLUSION

The overview of the commercially available surface modifications of dental implants as well as their
reported clinical performance were summarised in Table 2. According to available clinical evidence,
minimally rough surface implants with a S, value of 0.5 — 1 um (turned/ machined surface) and rough
surface implants with a S, value of > 2 pm (hydroxyapatite coated surface; titanium plasma sprayed
surface) have a low long-term survival rate of less than 90%. Whereas, most commercially used dental
implants today have a moderately rough surface, with an S, value in the range of 1 — 2 um. These
moderately rough surfaces dental implants (grit-blasted; acid-etched; combination thereof; anodization;
laser microtextured) have been shown to expedite the osseointegration process. They demonstrated
more than 90% survival rates, even when used in challenging situations such as in low density bone, or
when requiring early or immediate loading, or as short-length implants. Implant surface modifications
have also resulted in the change of surgical protocol from a two-stage to a one-stage surgery, with the
possibility of early or immediate loading. These improvements have significantly reduced the
discomfort and inconvenient endured by patients undergoing implant therapy.
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Table 2: Overview of commercially available surface modifications of dental implants and
its reported clinical performances.

SURFACE IMPLANT
MODIFICATION CONCEPT SYSTEM CLINICAL PERFORMANCE
Branemark
The first generation of System®; ) :
T dental implants developed Nobel Biocare Aﬂ?r 15-years follow up, theo
urned by Branemark. Relativel AB- estimated survival rate of 78%
(machined) y ' y ' (maxilla) and 86% (mandible)
smooth surface. Grooves
surface . ' Southern were reported by Adell et al
and ridges were seen on the
. Implant (Adell et al., 1990).
implant surface under SEM.
System®
The cumulative survival rate
for HA coated implants ranged
: from 79.2% to 87% after 8
Coating with HA, an égllc:ﬂgrk years follow-up ( Lee et al.,
g with [IA, . 2000; Wheeler, 1997; Block &
Hvdroxvapatite osteoconductive material Integral® and Kent, 1994;)
(I-BIIA) Coyati% that has the ability to form a | Omnilock®; ’ 7
9 strong bond between bone . . After 10 years follow-up, Artzi
: BioHorizons .
and implant. HA-coated et al. reported a cumulative
success rate of 54% for HA
coated dental implants (Artzi
et al., 2006).
Injection of titanium Straumann® After 20-years follow-up,
Titanium powders into a plasma torch | TPS; Chappuis et al. reported
plasma at elevated temperatures, Zimmer® survival rate of 89.5% and
spraying (TPS) | then sprayed onto implant TPS; BIOMET | success rate of 75.6%
surfaces. 3i TPS (Chappuis et al., 2013).
I?rojsaction Qf particle's.(eg. Zimmer MTX® C.umule'ztive surviyal rates for
titanium oxide, aluminium and Inclusive® TiO2 grit-blasted implant was
Grit-blasting oxide, and HA) through a Tapered 100% after five years and
nozzle at a high velocity Implants 96.9% after ten years
onto the implant surface. P (Gotfredsen & Karlsson, 2001)
The survival rate of early
Etching with strong acids to | Biomet 3i loaded acid-etched surface
Acid-etchin increase surface roughness | Osseotite® implants in partially and totally
' 9 and surface area of titanium | and edentulous patients after 17
implants. NanoTite® years follow up is 92.9%
(Velasco-Ortega et al., 2020)
After 10 years follow up,
Straumann® | Buser et al. reported of 98.8%
Sand-blasted, . . SLA and survival rate and 97% success
: followed by etching with ’ _
acid-etched strong acids. AstraTech Nicolau et al. reported
(SLA) surface TiOblast® 97.6%survival rate after 10

years for immediate and early-
loaded implants in posterior
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maxilla and mandible (Nicolau
et al., 2019).
Wennerberg et al reported
An electrochemical process oxidised surface implants had
Anodization to thicken and roughen Nobel Biocare | the highest cumulative
' titanium oxide layer on the TiUnite® survival rates with 96.6% to
implant surface. 99.2% after 10 years follow up
(Wennerberg et al., 2018).
o : The longest clinical
High-intensity pulses of a performance available to date
laser beam strike a
. was after 3 years follow-up,
Laser- protective layer that coats BioHori ® here th lati val
microtextured | the metallic surface to loriorizons where the cumulative surviva
surface create a honevcomb pattern Laser-Lok® rate of laser-microtextured
. y P surface as short implants (<
with small pores on the o o
implant surface 7mm) was 98% (Guarnieri et
P : al., 2019).
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