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ABSTRACT 

The microbiota that forms on implant surfaces placed in the human body can be 

highly resistant to antimicrobial agents and in some cases cause life-threatening 

infections. Consequently, to limit bacterial attachment to these surfaces and thereby 

minimize the risk of implant infection, the process of biofilm formation and bacterial 

attachment must be well-understood. The oral environment is considered to be an 

excellent model for research into biofilm formation and implant infection, accounting 

for many studies carried out in the field of dental medicine. Those studies show that 

the roughness, free energy, and material characteristics of the implant surface 

largely determine initial bacterial adhesion. This article reviews the relevant literature 

on these aspects of biofilm formation. 



INTRODUCTION 

Under favorable conditions, bacteria are able to attach to the surfaces of medical 

devices implanted in the human body, such as prosthetic heart valves and coronary 

stents. Bacterial adhesion on an implant surface is often the initial step in implant 

infection and can lead to biofilm formation (1). The biofilm provides a protective 

environment for the bacteria, making them much more resistant to antimicrobial 

agents (2-5). Therefore, infections that derive from biofilm formation on implant 

surfaces are often life-threatening (6) and their prevention requires a detailed 

understanding of the processes involved. 

Infections in the oral cavity are also caused by biofilms that form on some oral 

tissues; for example, periodontitis is initiated by supra- and subgingival dental 

plaques that adhere to the surfaces of the teeth, and peri-implantitis is triggered by 

dental plaques that have become established on the surfaces of a dental implant (7, 

8). The oral cavity is, however, an open growth system, in contrast to most of other 

structures within the human body (9). In fact, more than 500 microbial species 

constantly inhabit the oral cavity, in addition to those specifically bound to salivary 

proteins (9-12). Many of the organisms infecting the periodontium are able to survive 

in the oral cavity only when they can adhere to non-shedding surfaces, which is one 

of the characteristics of dental hard substances (7, 9). Microbial adhesion capacity in 

the oro-pharyngeal system forms a dynamic balance with various removal forces, 

such as swallowing, frictional removal by oral hygiene, masticatory friction between 

foods and oral structures, and salivary rinsing (10). Dentistry makes use of a wide 

variety of materials, such as metals, ceramics, and polymers, which are applied to 

restore the hard and soft oral tissues. For all these reasons, the oral cavity is 



considered to be an excellent model for investigating biofilm formation and implant 

infection (7). 

Biofilm formation on implant surfaces is similar to that on tooth surfaces in the oral 

cavity, although a previous study reported that the colonization pattern differs (13, 

14). The biofilm microflora that colonize titanium dental implants include the same 

species that are found on tooth surfaces in both healthy and inflamed gingivae (13, 

15-17). The first step in biofilm development on the dental implant surface is the 

formation of an acquired pellicle, which is bacteria-free and contains various salivary 

proteins, such as -amylase, albumin, and proline-rich proteins (7, 18-24). The 

pellicle provides the interface between the implant surface and early colonizers (25) 

such as Streptococci and Actinomyces species, which reach the pellicle and the 

titanium surface by Brownian motion, liquid flow, and chemotaxis (1, 9). Bacterial 

adhesion is initiated by van der Waals forces, electrostatic forces, hydrogen bonding, 

and ionic bonding (9), and is further mediated by proteins in the pellicle (9, 26). The 

early attachment of Streptococci and Actinomyces species facilitates the late 

colonization by Aggregatibacter actinomycetemcomitans, Porphyromonas gingivalis, 

and Fusobacterium nucleatum, which are periodontal pathogens and the causative 

agents of peri-implantitis and other periodontal infections (27-29). This sequence of 

events points out the need to develop implant surfaces that discourage initial 

attachment of the early colonizers, thereby weakening both late colonization and 

infectious biofilm formation (1). 

Surface material composition, roughness, and free energy are the three major 

factors known to determine initial bacterial adhesion on implant surfaces (1, 9, 28, 30, 

31). In the following, we review the pertinent literature on their roles in the initial 



phase of bacterial adhesion and therefore on biofilm formation. Our aim is to provide 

the reader with insights into the surface characteristics of implants that result in 

implant infections and, perhaps, into novel means that can prevent their 

development. 

 

PERI-IMPLANTITIS 

Peri-implantitis is defined as an inflammatory process affecting the tissues 

surrounding an osseo-integrated implant, resulting in the loss of supporting bone. 

According to the definition of the 6th European Workshop, peri-implant mucositis is 

limited to the soft tissues, while peri-implantitis includes the supporting bone (32). 

Peri-implantitis occurs in 28–56% of patients who receive an implant, and peri-

mucositis occurs in about 80%. The causal relationship between biofilm formation 

and periodontal inflammation is well established (33-35). As mentioned above, the 

proportion of periodontal pathogens, e.g., Porphyromonas gingivalis, Prevotella 

intermedia, and Fusobacterium nucleatum species as well as Aggregatibacter 

actinomycetemcomitans, motile organisms, and spirochetes (27, 28), increases 

during biofilm formation, gradually replacing streptococci and other early colonizers. 

The neighboring tissues respond to the infection such that inflammatory infiltrates 

develop in proximity to the biofilm. The inflammation is initially constrained to the soft 

tissues (peri-implant mucositis) but then extends to involve the hard tissues (peri-

implantitis), with the resulting bone damage being proportional to the burden of 

periodontal pathogens (28).  

Various studies have supported the resemblance between the processes of 



periodontitis and peri-implantitis (15-17, 36-40). In one of several studies comparing 

the microbiota of the teeth vs. that of implants, microbiological data from both the 

teeth and 127 implants in 56 subjects were evaluated by DNA-DNA checkerboard 

hybridization. No significant differences between the two sites were found. Other 

studies reached comparable conclusions (37, 40). 

Due to the similar colonization of the teeth and dental implants, pre-existing 

periodontitis is regarded as a risk factor for peri-implantitis (41). In an in vivo study, 

plaques from 15 patients were examined by polymerase chain reaction and culture 

techniques. The bacterial population was shown to comprise Porphyromonas 

gingivalis (80.0%), Prevotella intermedia (53.3%), Aggregatibacter 

actinomycetemcomitans (46.7%), Bacteroides forsythus (60.0%), and Treponema 

denticola (40.0%). Pulsed-field gel electrophoresis analysis showed that the isolated 

Porphyromonas gingivalis and Prevotella intermedia strains were identical among 

the patients. Again, the results were confirmed in other studies (42-44).  

An additional important reason for treating pre-existing periodontitis in patients 

receiving a dental implant was provided in another study, in which the early 

colonization of installed implants was investigated in 22 patients treated for 

advanced aggressive periodontitis and receiving supportive maintenance (45). The 

plaque scores of all 22 patients were below 20%. After installation of 68 non-

submerged implants, the presence of five periodontal pathogens was analyzed by 

DNA-probes. Only five patients showed large differences in the proportion of these 

species compared with the baseline, while in the remaining 17, the composition and 

concentration of the microbiota were essentially unchanged. Moreover, 6 months 

later, no further changes around the implants were identified. This study 



demonstrates that both the quality and the quantity of the microbiota are important in 

the early stage of implant placement. 

Several animal studies using microswine, beagles, and monkeys have been carried 

out to investigate the progression of peri-implantitis (46-49). These animal models 

were determined to be appropriate for this purpose. In these studies, the progression 

of peri-implantitis was shown to be generally similar to that of periodontitis occurring 

around a natural tooth. Importantly, however, a previous study in cynomolgus 

monkeys (Macaca fascicularis) pointed out that an implant lacks a periodontal 

ligament (50). Accordingly, subsequent experiments addressed the development of 

peri-implantitis in the absence of the periodontal ligament system. Peri-implantitis, 

induced by a subgingival ligature wire resulted in more severe destruction of the 

marginal tissue than periodontitis. The absence of the periodontal ligament was 

considered to accelerate the pathogenic process. Lindhe et al. also showed that the 

inflammatory response around the implant was more pronounced and destructive 

than that around the tooth (49). 

 

SURFACE ROUGHNESS 

Extensive research shows that both the amount of plaque formation and the maturity 

of the plaque, with increasing numbers of motile rods, increase in proportion to the 

roughness of the surface (51). Several studies have investigated roughness and 

bacterial adhesion by altering a titanium surface. According to Pier-Francesco et al. 

(52), the adhesion of Porphyromonas gingivalis, as a cause of periodontal disease, 

significantly declined on a "very smooth" titanium surface, i.e., much smoother than 



the one commonly used as an implant abutment (Ra = 34.57 vs. 350 nm, 

respectively). A similar decline in bacterial adhesion was not observed on smooth, 

rough, or very rough surfaces. 

The dependence of bacterial adhesion on titanium-surface roughness was confirmed 

in a recent in vitro study (53). Among three titanium disc surfaces, an acid-etched 

and blasted surface showed significantly higher roughness and proportionately 

higher adhesion by Streptococcus mutans, Porphyromonas gingivalis, and 

Fusobacterium nucleatum than either a machined or acid-etched surface. A 

comparison of the purely machined titanium surface with the sand-blasted and acid-

etched titanium surface, in which the surface energy was lower but the roughness 

was higher, showed greater bacterial adhesion on the latter, both in vivo and in vitro. 

The authors concluded that roughness (Ra) rather than surface energy is more 

important in promoting adhesion (54). A retrospective scanning electron microscopy 

study investigated 45 failed implants removed from 40 patients (55). Both the surface 

roughness of the implant components and the microgap between them were 

considered to have contributed to biofilm formation and thus to subsequent implant 

infection. 

In an in vitro study, Annunziata et al. examined whether the biological response to a 

titanium plasma sprayed (TPS) surface could be altered by a titanium nitride coating 

(56). Indeed, the coating significantly decreased the roughness of the original TPS 

surface and reduced the adhesion and proliferation of the investigated streptococcal 

strains (Streptococcus pyogenes and Streptococcus sanguinis). Another in vitro 

study evaluated the attachment of Streptococcus sanguis to titanium surfaces of 

varying roughness (57). Attachment of the investigated bacteria to the titanium 



surface exponentially increased with increasing surface roughness. 

An animal experiment using canine mandible was performed in a study of peri-

implantitis (58). Titanium implants of different surface roughness were installed at the 

sites of the pre-molars, which had been previously extracted. Peri-implantitis was 

then intentionally induced by placing cotton ligatures in a subgingival position around 

the neck of the inserted implants, all made of the same grade of titanium. An 

examination of plaque accumulation identified a larger number of plaques, greater 

marginal bone loss, and more severe peri-implant inflammation on the rougher 

implants. 

A recent study using an in vivo model evaluated the effects of titanium surface 

roughness on initial bacterial adhesion by Streptococcus sanguinis, Actinomyces 

naeslundii, and Lactobacillus salivarius (59). The rougher blasted surface, with a Sa 

of about 1.5 m, showed greater bacterial adhesion than the turned surface, with an 

Sa of 0.18 m. An anodically oxidized surface (Sa = 0.4 m) also promoted greater 

microbial attachment than the turned surface. The augmented resistance of the 

rougher surfaces to shear forces was suggested to cause the increased bacterial 

adhesion. 

While bacterial adhesion declines as surface roughness decreases, there is a lower 

limit to this relationship, at a roughness called the “threshold Ra.” Bollen et al. 

reported that neither in the short- nor in the long-term was there an effect on supra- 

and subgingival microorganism composition when the Ra was < 0.2 m (60). In that 

study, the authors connected the titanium abutment (Ra = 0.2 m) to the fixture and 

sufficiently grounded the ceramic abutment (Ra = 0.06 m) also to the fixture. After 



intraoral exposure of these set-ups for 3 and 12 months, the clinical periodontal 

index and plaque samples were compared. Both the number and the composition of 

the pathogenic bacteria were found to depend on the roughness of the abutments, 

with an increase in probing depth and greater bleeding in response to probing 

determined on rougher vs. the smoothest abutments. This result was in concordance 

with those of the in vivo study by Quirynen et al. (61), who monitored the clinical and 

microbiological findings obtained with four grounded titanium abutments, with Ra 

values ≤ 0.2 m, for 3 months. While spirochetes were observed only around the 

roughest abutment, there were no other differences in subgingival bacterial 

composition, providing further evidence for a threshold level below which reduced 

bacterial adhesion no longer confers a clinical benefit. Also, the results of this study 

showed that although some attachment gain (0.2 mm) was achieved in the roughest 

abutment, the other abutments had at least 0.8 mm of attachment loss, indicating 

that a certain degree of roughness may be needed for resistance against probing. 

Although rough surfaces support biofilm formation in the oral cavity, surface 

roughness seems to have no effect on the affinities of the microbial species that 

cause the oral infections (late colonizers). An excellent in vivo study evaluated 

biofilm formation on titanium and zirconia surfaces of various surface morphologies, 

roughness, and composition (62). The investigation concluded that the roughness 

and composition of the surface material had little influence on biofilm formation as 

the biofilm matures. 

At an international congress, the surface roughness of a dental implant was reported 

to be the primary factor influencing bacterial biofilm formation (63). However, this 

conclusion was contradicted in an in vitro study showing that roughness is less 



important in bacterial adhesion than the physicochemical properties of the blasted 

particles modifying titanium surfaces and affecting the surface energy (64). In an in 

vivo human study using healing screws, anatase (a form of titanium dioxide)-coated 

surfaces were shown to be more resistant to bacterial adhesion than commercially 

available pure titanium surfaces, despite the fact that the former (Ra = 0.73  0.05 

m) are rougher than the latter (Ra = 0.86  0.06 m) (65). A recent randomized 

controlled trial with split-mouth design obtained interesting results (66). Implants with 

a smooth turned surface and with a moderately rough anodized surface were placed 

in the patients’ mouths. Subsequent analysis of the subgingival biofilm found no 

significant differences in the subgingival microbiota of the two surfaces, although the 

samples were taken from the subgingival area under the abutments not on the 

implant surfaces. Additional and more carefully designed clinical studies are required 

to clarify the extent to which the various properties of dental implants influence 

biofilm formation and the process of infection. Table 1 summarizes the above 

mentioned studies dealing with surface roughness and bacterial adhesion. 

 

SURFACE FREE ENERGY 

The sessile drop technique is frequently used to determine the energy of solid 

surfaces. It involves measurement of the contact angle between a droplet of liquid 

with known surface energy and the solid surface of interest. Because roughness is 

one of several factors affecting the contact angle, roughness itself will affect the 

surface free energy (SFE). Busscher et al. reported that the effects of roughness on 

the contact angle disappeared when Ra was < 0.1 m (67). Thus, while the SFE is 

independent of roughness below certain values of Ra, further experiments must be 



conducted to interpret this finding. 

Recent in vitro research has evaluated SFE and bacterial adhesion using disc 

samples whose surfaces consisted of polished, partially stabilized zirconia, titanium 

blasted with zirconia, titanium blasted with zirconia and then acid-etched, or polished 

titanium (68). The surfaces of polished partially-stabilized zirconia and titanium 

blasted with zirconia had a lower SFE and decreased bacterial adhesion 

(Streptococcus mitis and Prevotella nigrescens). The authors concluded that SFE is 

the most important factor determining initial bacterial adhesion. 

Sardin et al. identified a relationship between SFE and streptococcal adhesion in an 

in vitro test (26). Samples of titanium, ceramic, and enamel, all of which are used as 

prosthetic materials, were produced whose roughness was controlled to be 

approximately 0.05 m. The contact angle of each sample was measured and the 

SFE was calculated with the van Oss equation. The samples were then exposed to a 

culture of Streptococcus mitis, a species dominant in early plaque formation, and 

bacterial adhesion was measured. Bacterial adhesion was shown to correlate with 

the total SFE and the proportion of the nonpolar component of the material. These 

findings are partially in concordance with those of Pereni et al., in which an 

association between SFE and bacterial retention was demonstrated, albeit using 

other bacterial species (69). 

Almaguer-Flores et al. reported that the composition of the initial biofilm may change 

on the basis of surface hydrophilicity, as may the effects of microstructure and SFE 

according to the test species (70). However, with respect to SFE, the findings of 

laboratory tests do not differ significantly from those of in vivo studies. In a 

randomized controlled clinical trial evaluating bacterial adhesion on implant surfaces 



(71), 12 patients each received two implants in the posterior mandible. Abutments 

were connected to the implants 3 months after implant insertion, with the zirconia 

abutment connected to one implant and the titanium abutment to the other. Five 

weeks later, the abutments were collected and the adhesion of Aggregatibacter 

actinomycetemcomitants, Porphyromonas gingivalis, and universal bacteria on each 

surface was analyzed. While the SFE of the zirconia surface was lower than that of 

the titanium surface, no significant differences between the surfaces were found with 

respect to the adhesion of the investigated bacterial species. Another in vivo human 

study also suggested that SFE has only a minor influence on initial bacterial 

adhesion, compared with surface roughness (54). 

Contradictory results were obtained in an in vivo study suggesting that SFE affects 

the plaque microbiology of the supragingival area (72). Supra- and subgingival 

plaques were examined on a titanium abutment vs. a fluor-ethylene-propylene 

(FEP)-coated abutment with similar surface roughness after 3 months of habitual 

oral hygiene. The FEP abutment, with a lower SFE, resulted in a supragingival 

plaque with a greater representation of coccoid microorganisms, while spirochetes 

and motile organisms were detected only around the titanium abutment. However, 

the difference was slight in the subgingival areas, and clear overall effects were not 

evident because of the large difference between subjects. In addition to SFE, other 

surface characteristics, such as roughness, were reported to play a less significant 

role in plaque formation in subgingival than in supragingival areas (72, 73). 

The SFE of the substratum is also related to the SFE of bacterial clusters. On low-

SFE surfaces, bacterial clusters with lower SFEs were shown to predominate (74). In 

addition to the SFE of the substrate and of the bacteria, that of the suspending 



medium is also important. In addition, the pellicle coating was shown to have 

homogenizing effects on the SFE, indicating the complexity of SFE effects even 

under defined conditions. Table 2 summarizes the above mentioned studies dealing 

with SFE and bacterial adhesion. 

 

MATERIALS 

Titanium is commonly used as the abutment material because of its superior 

biocompatibility. Recently, however, zirconia has been increasingly preferred for 

esthetic reasons; thus, many studies have compared zirconia and titanium. The 

results of Scarano et al. supported the use of zirconia (75). In that in vivo human 

study, an intraoral device adhered with either zirconia or titanium disc samples was 

exposed for 24 h, after which the surface was analyzed with SEM to measure the 

rate of bacterial covering. Significantly less adhesion was observed with zirconia 

(12.1%) than with titanium (19.3%), indicating the appropriateness of the former as 

an abutment material. 

Nonetheless, many researchers reported no differences between the two materials 

(21, 31, 76, 77). Rasperini et al. conducted a microbiological analysis of samples 

collected from titanium and zirconia abutments at 6 h, 24 h, 7 days, and 14 days (76). 

Maximum colonization occurred after 24 h of intraoral exposure and was maintained 

consistently until the 14th day, with no differences between the two materials. A 

similar study by Brakel et al. prolonged the observation period. Bacterial composition 

and soft-tissue health at the 2nd post-operative week and 3rd post-operative month 

were not significantly different in the zirconia vs. the titanium group (77). In an in vitro 



study comparing pellicle composition and bacterial binding properties, zirconia and 

titanium yielded similar results that were significantly different from those obtained 

with hydroxyapatite (21). 

A recent in vivo study compared dental ceramics with respect to biofilm formation 

(78). Glass ceramic, lithium disilicate glass ceramic, yttrium-stabilized zirconia (Y-

TZP), pressed Y-TZP ceramic, and a pressed mixed ceramic with Y-TZP and 25% 

alumina, all with similar surface roughness (mean Ra = 0.04 m), were tested. 

Plaque accumulation was lowest in the pressed Y-TZP ceramic and highest in the 

lithium disilicate glass-ceramic, suggesting that the material itself also has an effect 

on biofilm formation, although this is partly related to its surface energy. The use of a 

gold alloy as an abutment material analogous to the use of zirconia and titanium has 

been examined in several animal and clinical studies aimed at estimating its 

biological reliability by measuring the periodontal index and assessing soft-tissue 

stability (79, 80). 

The surface quality of a nitride coating was evaluated in vitro with respect to bacterial 

attachment (24). Commercially available, pure titanium discs were modified by four 

different surface treatments: laser radiation, thermal oxidation, and physical vapor 

deposition with titanium nitride (TiN) or zirconium nitride (ZrN). The modified surfaces 

were exposed to Streptococcus mutans and Streptococcus sanguis and then 

analyzed by fluorescence microscopy. Bacterial adhesion on the TiN and ZrN hard 

coatings was significantly reduced. Similar results were also shown in other in vivo 

studies (81, 82). 

Bacterial adhesion on zirconia and titanium was also examined in controlled studies, 

as the composition of surface materials influences their corrosion behaviors, 



porosities, and microstructures following exposure to the oral environment (83, 84). 

The observed effects on bacterial adhesion can be explained with or without 

reference to changes in surface roughness or SFE (78, 83, 84). Therefore, further 

studies, in which these variables are meticulously controlled, are needed. Table 3 

summarizes the above mentioned studies dealing with the material composition and 

bacterial adhesion. 

 

CONCLUSIONS 

Biofilms formed on implant surfaces induce inflammation and dental-implant infection. 

Decreasing initial bacterial adhesion to the surface may help to restrict their 

formation. Surface roughness, SFE, and surface material composition are 

considered to be the three most important factors determining bacterial attachment 

to the implant surface. Overall, the rougher the surface, the greater the amount of 

plaque accumulation. Surface roughness is generally considered to play a larger role 

in biofilm formation than SFE, but some studies have reached the opposite 

conclusion. Surface characteristics and chemistry, such as porosity, corrosion 

behavior, and the composition of the surface materials, also influence bacterial 

adhesion to the implant surface. However, these material factors are likely to be 

ultimately related to surface roughness or SFE. While there have been many in vitro 

studies examining bacterial adhesion to implant surfaces, additional, clinical 

investigations are still required. 
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Table 1. Summary of the reviewed articles evaluating the Influence of surface 

roughness on biofilm formation. 

Authors Experimental 

condition 

Sample morphology Sample material Range of surface 

roughness (Ra) 

Influence of roughness 

for biofilm formation 

Quirynen et al. 

1993 

In vivo (human) Implant abutment Titanium 0.35 µm - 0.81 µm Major 

Amoroso et al. 

2006 

In vitro 10 X 10 X 1 mm 

Square 

cp-Titanium 0.035 µm - 0.450 µm Major 

Badihi Hauslich et 

al. 2011 

In vitro Ø  6mm Disc Titanium alloy (Ti6Al4V) 0.054 µm - 0.183 µm Major 

Bürgers et al. 

2010 

In vivo (human) 

and in vitro 

Ø  9 X 2 mm Disc Titanium 0.15 µm - 0.95 µm Major 

Annunziata et al. 

2011 

In vitro Ø  15 X 1 mm Disc Titanium alloy (Ti6Al4V) 

– TiN coating 

3 µm – 6 µm (Sa) Moderate* 

Pereira da Silva et 

al. 2005 

In vitro 10 X 10 X 1 mm 

Square 

cp-Titanium 0.17 µm - 3.17 µm Major 

Albouy et al. 2012 In vivo (Labrador 

dog) 

Implant fixture Titanium N/A Major 

Fröjd et al. 2011 In vitro Ø  8mm Disc cp-Titanium 0.18 µm - 2.0 µm (Sa) Moderate* 

Bollen et al. 1996 In vivo (human) Implant abutment cp-Titanium , ceramic 0.06 µm - 0.21 µm Minor (below a certain 

“threshold Ra ”-0.2 µm) 

Quirynen et al. 

1996 

In vivo (human) Implant abutment cp-Titanium 0.05 µm - 0.21 µm Minor (below a certain 

“threshold Ra ”-0.2 µm) 

Al-Ahmad et al. 

2010 

In vivo (human) Ø  5 X 1 mm Disc Titanium, zirconia 0.014 µm - 0.544 µm Minor 

Rodriguez-

Hernandez et al. 

2011 

In vitro Ø  5 X 2 mm Disc cp-Titanium 0.34 µm - 8 µm Minor 

Quirynen et al. 

2012 

 

In vivo (human) Implant fixture,  

implant abutment 

Titanium 0.05 µm - 32 µm Minor 

cp-Titanium, commercially pure titanium. 

Moderate* is used when other factors affect similar influence on biofilm formation as surface roughness exist. 

 



Table 2. Summary of the reviewed articles evaluating the Influence of surface free 

energy on biofilm formation.  

Authors Experimental 

condition 

Sample 

morphology 

Sample material Range of surface 

roughness (Ra) 

Influence of surface free 

energy for biofilm formation 

Sardin et al. 2004 In vitro Ø  11 mm Disc Casting alloys, 

Ceramic, Titanium 

0.03 µm - 0.13 µm Not significant 

Al-Radha et al. 

2012 

In vitro Ø  5 mm Disc 

Ø  6 mm Disc 

Titanium, 

Zirconia 

0.043 µm - 0.15 

µm 

Major 

Pereni et al. 2006 In vitro 30 X30 X 1 mm 

Square 

Stainless steel, 

Silicone 

0.08 µm - 0.25 µm Major 

Almaguer-Flores 

et al. 2012 

In vitro Ø  15 X 1 mm Disc Titanium Pretreatment 

titanium – < 0.2 µm 

Acid etched – < 

0.8 µm 

SLA or hydrophilic 

SLA – 3.2 µm 

Positive correlation 

Salihoglu et al. 

2011 

In vivo (human) Implant abutment Titanium, Zirconia N/A Not significant 

Quirynen et al. 

1994 

In vivo (human) Implant abutment Titanium 0.81 µm - 0.82 µm Major (supragingiva) 

Not significant (subgingiva) 

Weerkamp et al. 

1988 

 

In vitro 4 X 4 mm Square Human teeth N/A Moderate* 

Moderate* is used when other factors affect similar influence on biofilm formation as surface free energy exist 

 



Table 3. Summary of the reviewed articles evaluating the influence of material 

compositions on biofilm formation.  

Authors Experimental 

condition 

Sample 

morphology 

Compared sample 

material 

Range of surface 

roughness (Ra) 

Influence of material composition 

for biofilm formation 

Lima et al. 2008 In vitro Ø  10 X 2 mm Disc Titanium, Zirconia N/A Not significant 

Lee et al. 2011 In vitro Ø  12 mm Disc Resin, Titanium 

Zirconia 

0.059 µm - 0.179 

µm 

More attachment on resin 

Similar between titanium and 

zirconia 

Scarano et al. 

2004 

In vivo (human) Disc Titanium, Zirconia 0.73 µm - 0.76 µm Less attachment on zirconia 

Rasperini et al. 

1998 

In vivo (human) 4 X 3 X 1 mm 

rectangular form 

Titanium,  

Novel ceramic  

0.6 µm - 0.7 µm Not significant 

van Brakel et al. 

2011 

In vivo (human) Implant abutment Titanium, Zirconia 0.21 µm - 0.236 

µm 

Not significant 

Bremer et al. 1994 In vivo (human) 3 X 3 X 1.5 mm 

Square 

Glass ceramic, 

Lithium disilicate 

glass ceramic, 

Zirconia,  

HIP zirconia,  

HIP zirconia with 

25% alumina 

0.04 µm Least attachment on zirconia 

Größner-Schreiber 

et al. 2001 

In vitro Ø  10 X 2 mm Disc Titanium nitride 

Zirconium nitride 

Oxidized titanium 

Titanium 

0.14 µm - 0.20 µm 

1.00 µm (laser- 

radiated titanium) 

Less attachment on titanium- and 

zirconium-nitride coatings 

Scarano et al. 

2003 

In vivo (human) Ø  4 X 13 mm 

Implant 

Titanium-nitride 

Titanium 

0.76 µm - 0.79 µm Less attachment on titanium-

nitride coating 

Größner-Schreiber 

et al. 2009 

In vivo (human) Ø  10 X 2 mm Disc 

(titanium) 

0.7 to 0.9 cm2 

(area) X 1 mm 

(thickness) Square 

to rectangular 

(glass) 

Zirconium-nitride 

Roughened 

titanium 

Polished titanium 

Glass 

0.03 µm - 0.1 µm 

0.19 µm 

(roughened 

titanium) 

Less attachment on zirconium-

nitride coating 

Meier et al. 2008 In vitro 14.4 X 14.4 X 0.2 

mm  

Square 

Glass,  

Glass ceramic,  

In-ceram alumina, 

In-ceram zirconia, 

Zirconia 

0.24 µm - 1.34 µm  Not significant 

HIP zirconia, a hot isostatically pressed zirconia ceramic. 

 


