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Abstract
To compare the different surface topographies of titanium implants used in dentistry against the formation of bacterial 
biofilm. To identify relevant studies, the electronic databases PubMed, Science Direct and Springer Link were searched 
from inception until January 2019. A total of 38 studies were selected for the systematic review (n = 38). The most com-
monly used titanium surfaces were machined titanium (16.3%), sandblasted, large-grit, acid-etched titanium (10.9%), 
untreated or pure titanium (10.9%), polished titanium (9.8%), physically textured titanium (9.8%), acid-etched titanium 
(8.7%) and anodized titanium (5.4%). The majority of the studies (78.9%) found that surface topographies (with varying 
degrees of roughness) had a beneficial effect on the ability to allow low bacterial biofilm on the surfaces. A low roughness 
value  (Ra) of below 1 µm was found in 68% of these surfaces. Overall, no specific surface topography was found to be 
the ideal surface in allowing the least bacterial biofilm attachment. In this study, meta-analysis was not performed. This 
narrative systematic review provides a summary of the effects of surface topographies for future research and develop-
ment of new dental implant surfaces and decontamination techniques.

Keywords Titanium · Dental implant · Biofilm · Bacteria · Surface topography · Profilometry · Systematic review · Dental 
materials · Periimplantitis

1 Introduction

Peri-implantitis is a microbial biofilm-induced inflamma-
tory process which results in the loss of supporting bone 
around an osseointegrated dental implant [38]. Approxi-
mately one-third of patients with dental implants and one-
fifth of all dental implants experienced peri-implantitis 
[31]. Patients with bleeding on gentle probing (BOP) had 
a 33.8% probability to be diagnosed with peri-implantitis 
[25]. The reported prevalence of peri-implantitis ranged 
between 0 and 39.7% within 5 years from the insertion of 
the dental implant [17]. One study looked at peri-implan-
titis prevalence at different levels of the implant, finding 
a range of 1.1–85.0% [20]. The same study reported the 

incidence of periimplantitis from 0.4% within 3 years to 
43.9% within 5 years [20].

Currently, there is no strong evidence to suggest the 
most effective treatment for peri-implantitis [48]. Surface 
topographic features may significantly modify the ability 
of the titanium surfaces to allow the attachment of bac-
terial biofilm, hence implying that the roughness of the 
surfaces were highly correlated with bacterial adhesion 
[2]. With regards to this, numerous innovative topographic 
surfaces have been developed and reported in the scien-
tific literature and international patents to prevent the 
development of microbial biofilm [45–47]. A hypothesis 
was developed that certain surface topography can pro-
vide a surface with minimal bacterial biofilm. Therefore, 
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this review focused on the surface topography of the den-
tal implant, highlighting the importance of combating 
dental implant failures caused by peri-implantitis.

The arithmetical mean roughness  (Ra) is used as a 
parameter to describe the implant surface roughness, 
which can be measured via stylus profilometry [52]. Dif-
ferences in surface roughness are sensitive to the differ-
ent sizes and external membrane compositions of bac-
terial, mammalian or eukaryotic contaminants [39]. An 
 Ra value of less than or equal to 0.088 µm can strongly 
inhibit bacterial adherence during early biofilm formation 
[40]. However, an  Ra value of 0.2 µm has been widely sug-
gested as a threshold surface roughness under which any 
further surface smoothing (i.e. lowering of the  Ra value) 
did not have an impact on the sub- and supra-mucosal 
microbial composition [7]. This was based on the idea that 
an increase in the surface roughness and the surface free 
energy is equal to an increase in the biofilm formation [19]. 
A high roughness not only provides a large surface area for 
bacterial adhesion and additional niches, but also reduces 
shearing forces and therefore, assists bacteria to escape 
from the host defense mechanisms during the initial adhe-
sion phase [1]. However, a recent study has shown that 
an  Ra value of 0.2 µm could not properly predict biofilm 
formation and did not encourage osseointegration [21]. 
Therefore, a moderate  Ra value of 1–2 µm was suggested 
as a pre-requisite for the long-term success of implant-
supported prostheses [10]. Various methods have been 
developed to create a moderately rough surface and to 
promote the osseointegration of implants, such as plasma-
spraying, blasting with ceramic particles, acid-etching and 
anodization using specific instruments and chemical treat-
ments [28].

This systematic review aimed to compare the bacterial 
biofilm on the different types of dental titanium implant 
surfaces reported in the literature.

2  Method

A systematic search of the English-language literature 
indexed in PubMed, Science Direct and Springer Link was 
conducted from their respective inception up to 1 January 
2019. The studies had to be published in English language. 
The search terms used were “dental” AND “implant” AND 
“titanium” AND “bacteria” AND “biofilm” AND “treatment” 
OR “decontamination” OR “eradication” OR “cleaning” OR 
“remove”. Wildcards such as an asterisk (*), a question mark 
(?), or other designated symbols of each selected database 
were applied. Original research papers (i.e. experimental 
studies) that applied titanium-based materials for dental 
studies were selected for this review. The studies had to 
report the existence of microbial biofilm and focused on 
the different types of dental implant surface topographies. 
Biofilm by both bacteria and fungi were included. The data 
was extracted and entered into a structured data extrac-
tion form using Microsoft Excel facilitating data summari-
zation and the writing of the final report. Data analysis was 
performed using SPSS Software Version 23 (IBM Corp) and 
PRISM Software Version 7 (GraphPad Inc.).

3  Results

3.1  Search results

The electronic search yielded four hundred results from 
three databases (n = 400, Fig. 1). After removing duplicates 
and further screening, thirty-eight studies were included 
in this review (n = 38, Table 1). These 38 studies specifically 
focused on the surface topography profiles and modifi-
cations of titanium materials, and compared against the 
amount of bacterial biofilm attachment on the surfaces. 

Fig. 1  Flowchart of the study 
selection process
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3.2  Types of titanium implant surfaces

In this review, the common types of titanium surfaces 
being investigated were machined titanium, sandblasted, 
large-grit, acid-etched titanium (SLA), untreated and pure 
titanium, polished titanium, physically textured titanium, 
anodized titanium and laser-modified titanium (Table 2). 
The machined surfaces had a pattern of unidirectional 
grooves and showed anisotropic irregularities [57]. The 
SLA titanium surfaces also had an irregular surface [19], 
which were found to contain voids and open spaces at the 
surface [57]. The irregularities of an SLA surface can also be 
reduced by exposure to nitrogen gas [34]. The untreated 
and pure titanium were not modified and usually included 
in the investigations as a control. The polished titanium 
had a flat surface without evident texture and served as 
the smoothest surface, regardless of its  Ra value, when 
compared to machined and SLA [8]. Physically textured 
titanium represented the surfaces with nanostructures 

comprising thin spears and uniform nanotubular struc-
tures [8, 32]. The anodized titanium surfaces had a bone-
like apatite formation on its surface and a rough homog-
enous and isotropic structure [9, 55]. The laser-modified 
surfaces had a controlled geometry consisting of micro-
metrical holes symmetrical in dimension, shape and dis-
tribution [19].

One of the studies also compared the difference 
between Grade 2 and Grade 4 titanium as these grades 
have slight differences in their chemical composition [50] 
(Table 2). Grade 2 titanium has a content of 0.1% carbon 
(C), 0.3% iron (Fe), 0.015% hydrogen (H), 0.03% nitrogen 
(N), 0.25% oxygen (O) and 99.2% titanium (Ti), whereas 
grade 4 titanium has 0.08% C, 0.5% Fe, 0.015% H, 0.05% 
N, 0.40% O and 98.9% Ti [24]. These slight chemical dif-
ferences between titanium purities could have an impor-
tant effect on surface properties when titanium was 
treated with different chemical or physical processes, 
and therefore, also cause an impact on the early bacterial 

Table 2  Characteristics of the included studies

Variable Frequency (%) References

Physical structure of titanium
Discs 30 (78.9) [2, 5, 6, 8, 9, 11, 14, 16, 18, 19, 22, 23, 26, 29, 30, 32, 34, 35, 37, 40–42, 49, 50, 52, 54–57]
Not discs 8 (21.1%) [1, 4, 12, 13, 15, 32, 44, 51]
Not stated 1 (2.6%) [33]
Nature of experiment
In-vitro 27 (71.1%) [2, 4–6, 8, 9, 11, 12, 16, 18, 19, 26, 29, 30, 32, 33, 35, 41, 42, 49, 50, 52, 54–57]
In-vivo 14 (36.8%) [1, 2, 5, 13–15, 22, 23, 33, 34, 37, 40, 44, 51]
Types of titanium surfaces
Machined titanium 15 (16.3%) [1, 5, 9, 11–14, 22, 29, 35, 37, 50, 57]
Sandblasted, large-grit, acid-

etched titanium
10 (10.9%) [6, 14, 26, 34, 42, 44, 54]

Untreated/pure titanium 10 (10.9%) [4, 15, 18, 33, 34, 41, 51, 52, 55, 56]
Polished titanium 9 (9.8%) [4, 6, 8, 26, 37, 40, 44, 49, 57]
Physically textured titanium 9 (9.8%) [1, 2, 8, 32, 49, 54]
Acid-etched titanium 8 (8.7%) [2, 22, 30, 44, 57]
Anodized titanium 5 (5.4%) [9, 18, 22, 55]
Laser-modified titanium 3 (3.3%) [2, 5, 19]
Other titanium surfaces 22 (24.2%) [5, 6, 13, 19, 23, 32, 33, 35, 37, 41, 44, 49, 50, 55, 56]
Not stated 1 (1.1%) [16]
Titanium grade
Grade 1 1 (1.1%) [52]
Grade 2 26 (28.6%) [6, 12, 14, 26, 34, 35, 41, 42, 44, 50]
Grade 4 11 (12.1%) [16, 19, 40, 50, 57]
Grade 5 17 (18.7%) [2, 18, 29, 37, 49]
Not stated [1, 4, 5, 8, 9, 11, 13, 15, 22, 23, 30, 32, 33, 51, 54–56]
Roughness value (Ra)
0–1 µm 50 (54.9%) [1, 2, 4–6, 11–13, 22, 23, 26, 29, 32, 34, 35, 40, 41, 44, 49, 51, 52, 54–57]
> 1 µm 13 (14.3%) [2, 5, 6, 8, 13, 22, 26, 41, 44, 49, 54]
Not stated 28 (30.8%) [9, 14–16, 18, 19, 30, 33, 34, 37, 42, 44, 50]
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attachment. Conversely, element alloying by adding cop-
per (Cu) in titanium to develop Ti–Cu alloys, presented a 
very stable and strong anti-bacterial ability to obstruct 
biofilm attachment efficiently by damaging bacterial cell 
walls, better wear resistance, higher mechanical proper-
ties and better anti-corrosion resistance than commercially 
pure titanium [33]. The anti-bacterial rate was found to be 
greater than 90% when the Cu content in Ti–Cu alloy was 
at least 3 percent by weight (wt%) [3]. This finding is similar 
to another included study in this systematic review which 
confirmed the strong antibacterial property of Ti–3Cu alloy 
[56].

The titanium surfaces can also be treated with an addi-
tional layer of coating, which acts as a physical barrier 
against early bacterial attachment before the formation 
of biofilm. For example, one study focused on  Avantblast®, 
a thermal treatment surface that combines an increment 
in the surface roughness by chemical etching with an 
increased thickness and crystallinity of the titanium oxide 
layer [50]. A different study focused on anti-bacterial bio-
active glass, which is composed of silica  (SiO2), calcium 
(Ca), sodium (Na), and phosphorus (P) [30]. This forms a 
silica-rich hydroxyl carbonated apatite that resembles 
hydroxyapatite of a bone when in contact with biological 
fluids [30]. In another investigation, titanium oxide  (TiO2) 
as a coating of the titanium, was also able to produce a 
surface with grain size textures to allow improved osse-
ointegration [55]. Titanium nitride (TiN), also as a coating, 
permitted lower bacterial biofilm compared to pure tita-
nium coating [23].

3.3  Comparison of titanium with other implant 
surface materials

Fifteen studies compared titanium implants with other 
implant materials, such as zirconia and copper (n = 15, 
39.5%). Twelve studies in this systematic review compared 
titanium surfaces with zirconia. Zirconia is an alternative 
to titanium materials in implant dentistry mainly due to 
its esthetic properties [37]. In six studies out of thirty with 
beneficial effects of surface topographies (i.e. studies with 
significant findings in Table 1), zirconia-based implant 
surfaces resulted in lower bacterial counts than titanium-
based surfaces, implying that zirconia reduces the risk of 
peri-implantitis [11, 15, 23, 26, 37, 43]. However, four of 
these studies did not disclose the  Ra values of the tita-
nium [15, 23, 37, 43]. Therefore, it was difficult to conclude 
whether the roughness of the surface played an important 
role in their investigations.

There are four other studies which found titanium to 
be significantly superior (i.e. less bacterial counts) than 
zirconia, even when their  Ra values were similar to one 
another [1, 12, 52, 57]. Additionally, two studies did not 

find significant superiority between titanium and zirco-
nia [42, 51]. When compared to a different dental mate-
rial called hydroxyapatite, only zirconia, not titanium, 
displayed superiority in lowering bacterial biofilm on the 
implant surfaces [13, 43]. In another study, copper-based 
surfaces exhibited greatly decreased bacterial biofilm 
compared to titanium [16].

4  Discussion

In this review, all of the tested titanium implant surfaces 
permitted the formation of bacterial biofilm. However, the 
bacterial count, depth, morphology or viability differed 
between the surfaces. Thirty studies found that surface 
topographies have a beneficial effect on the biofilm for-
mation and in the surface ability to allow lower biofilm 
attachment (n = 30, 78.9%). This review did not observe 
one specific type of titanium surface, which was found to 
exhibit lower bacterial counts or biofilm mass than the 
other surfaces. Several studies came to the same conclu-
sion that anodized titanium surfaces exhibited lower bac-
terial biofilm mass than untreated titanium surfaces [9, 18, 
55] and machined titanium had a lower bacterial biofilm 
than other types of implant materials (e.g. zirconia, copper) 
[1, 12, 29]. Polished titanium surfaces had lower bacterial 
biofilm than untreated titanium with rougher surfaces [4, 
6, 26, 40, 49, 52]. The differences (p value) in the compari-
sons between the surfaces were not consistent in all of 
these studies (Table 1). This implies that the superiority of 
a specific surface may not be concluded.

Sixty-eight percent of the titanium surfaces with ben-
eficial surfaces (i.e. studies with significant findings in 
Table 1, labelled with ‘Yes’ in the final column) had a rough-
ness value  (Ra) of less than 1 µm, 8% had an  Ra value of 
more than 1 µm, while 24% did not disclose the  Ra value 
(n = 68%, Tables 1, 2). In-vivo experiments confirmed that 
bacterial colonization starts on sites of surface roughness 
[5]. Conversely, there are also studies which found that 
surface topography did not cause any difference to the 
amount of microbial biofilm (i.e. studies with no significant 
findings in Table 1, labelled with ‘No’ in the final column). 
Eight studies found that surface topographies of the den-
tal implants have no significant effect on the formation 
and attachment of biofilm (n = 8, 21.1%). Only 16% of the 
titanium surfaces in these findings had a roughness value 
 (Ra) of more than 1 µm. 50% of the surfaces had an  Ra value 
of less than 1 µm, while no  Ra values were disclosed for 
the remaining 33.3% of the surfaces. Figure 2 shows the 
 Ra values of the titanium implant surfaces. The  Ra value in 
the studies with insignificant findings signifies that a low 
 Ra did not necessarily affect the growth of bacterial biofilm 
or in reducing the amount of bacterial biofilm.
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Figure 2 shows that there is no definite pattern in the 
 Ra values regarding surface topography and its effects 
on biofilm counts.  Ra values of 1 µm and 2 µm were indi-
cated in Fig. 2 as these values have been considered to 
be a pre-requisite roughness for the long-term success of 
implant-supported prostheses [10]. The figure shows that 
a majority of the titanium surfaces had an  Ra value of 1 µm 
in studies with both significant and non-significant find-
ings, while a minority of the surfaces with non-significant 
findings had an  Ra value of 2 µm (Fig. 2). These studies also 
suggest that surface topography was not the only impor-
tant factor for biofilm accumulation. In addition, a study 
found that different surface treatments of the titanium 
implants (i.e. alkali-heat treatment and anodization) can 
produce two different surfaces but with approximately 
the same mean roughness value [55]. In another unre-
lated studies, ‘pickled’ and chemically polished titanium 
implants were both reported to have an  Ra value of 0.3 µm, 
regardless of their dissimilarity in the surface topography. 
This shows that the mean roughness is not very sensitive 
against specific changes in surface topography.

A certain surface topography may permit bacterial 
biofilm growth for a specific structure according to the 
pattern of roughness. Schwarz et al. [44] showed that 
microtopography had a highly uneven and unpredict-
able influence on supragingival plaque biofilm formation 
[44]. For example, Staphylococcus aureus growth (localiz-
ing almost completely into the surface holes) was found 
on laser-modified surfaces, while the biofilm covered the 
entire disc area as a more homogeneous layer on the 
sandblasted surfaces [19]. With regards to morphology, 
the bacterial biofilm was found to form a crater-like archi-
tecture on titanium surfaces (mimicking a honeycomb), 
while zirconium surfaces mimicked a complex cobweb-like 
structure [43]. In another study, bacterial microcolonies 
were more abundant along the grooves of machined discs, 
while in laser-treated discs, they were located within all of 
the holes formed by laser treatment [5]. In sand-blasted 
discs, they were randomly distributed on the surface [5].

The rationale for texturing the implant surfaces was to 
mimic the natural bone architecture, so osteoblast pro-
liferation can be improved [27]. In this review, one study 
found that the micro-texturing of the titanium surfaces 
was also able to successfully reduce the attachment of 
bacteria when compared to the classical abrasive-blasted 
surfaces [49]. The modification of the titanium surface can 
increase the thickness of its oxidation layer, which can 
cause an interference with cell-to-cell communications in 
biofilm development, leading to a significant reduction 
in bacterial adhesion in comparison to its unmodified 
titanium surfaces [19]. However, regardless of the tita-
nium’s surface roughness, bacterial colonization of dif-
ferent implant materials was observed to be similar over 

time. One study focused on machined and SLA titanium 
surfaces and found that these surfaces were colonized 
by similar counts of bacteria after 24 h of exposure to the 
oral environment. Also, the different surface topographies 
did not significantly influence the colonizing microbiota 
[14]. In another investigation, the smoothing of a surface 
(polishing) did not reduce the ability of bacteria to adhere 
to metallic surfaces [29]. This is because smooth surfaces 
were still capable of attracting substantial levels of specific 
bacteria.

A number of limitations in this review need to be 
acknowledged. Firstly, ‘turned’, ‘polished’ or ‘milled’ sur-
faces are also called ‘machined’ in oral implantology and 
these machined surfaces are often used as a control since 
they serve as rougher surfaces [53]. The terminology is 
inconsistent in the included studies, therefore comparison 
of the studies could be misleading.

In twelve studies, the actual  Ra value was not reported 
by the authors (‘not stated’ in Table 1) [9, 14–16, 18, 19, 30, 
33, 37, 42, 50]. Therefore, we could not strongly confirm the 
 Ra value of the surfaces which can encourage the lowest 
bacterial biofilm. The terms ‘smooth surfaces’ and ‘rough 
surfaces’ were employed to represent their differences in 
the surface roughness in these studies. The microbial com-
position has been found to differ significantly between 
individuals who were healthy and those diagnosed with 
peri-implantitis [38]. However, ten studies in our review 
performed their biofilm experiments using saliva which 
were collected from healthy individuals [12–15, 22, 23, 37, 
40, 44, 51]. Therefore, whether their established biofilms 
on the implant surfaces can mimic clinically diagnosed 
peri-implantitis remains doubtful. Additionally, the com-
position and the proportion of the species that initially 
colonize titanium implant surfaces are influenced by the 
periodontal status than the surface topography of the 
implant [34]. One study stated that the implant surface 
chemical properties, surface treatment and titanium purity 
can also influence early bacterial colonization [50]. Actions 
can be taken to provoke chemical changes in the oral 
environment to restrict bacterial adhesion after implant 
placement in order to promote healing [9]. Additionally, 
the development of in vitro biofilm was more easily influ-
enced by the surface features of the dental implants than 
biofilm formed by complex communities in the mouth [5]. 
This may be because of the presence of a wide range of 
nutrients and conditions, allowing colonization by bacteria 
[5]. Therefore, it is important to remember that the differ-
ences observed using in vitro experiments in the differ-
ent implant surface topographies might not represent the 
in vivo colonization rates. Moreover, surgical techniques, 
soft and hard tissue characteristics, and residual precipi-
tants (e.g. residual cement and residual floss) may also 
be the predisposing factors to biofilm adherence around 
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dental implants [36]. Additionally, a high level of protease 
activity may be a predictive factor for disease progression 
in peri-implantitis [38]. Rougher implant surfaces were 
found to cause reduced treatment efficacy, for example 
in the treatment of biofilm by chlorhexidine, but no influ-
ence on the amount of biofilm formation [54].

5  Conclusion

This systematic review compared the amount of bacterial 
biofilm on the different surface topographies of titanium 
implants used in dentistry. The roughness value  (Ra) of the 
implants was also discussed and compared to their abil-
ity to allow low bacterial attachment and biofilm forma-
tion. An  Ra value of less than 1 µm constituted the major-
ity of the dental implant surfaces included in this review. 
A majority of the studies agreed that different surface 
topographies had an effect on reducing the bacterial bio-
film growth. However, due to inconsistent significant find-
ings, it is suggested that more experiments be performed 
comparing specific types of surface (e.g. polished surfaces 
against sand-blasted surfaces). Also, more information on 
the experiments (e.g.  Ra values) should be disclosed for a 
more thorough review. Additionally, existing periodontal 
health may be a strong predisposing factor for bacterial 
colonization of implant surfaces.
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