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Abstract
Objectives: The objective of this study is to qualitatively and quantitatively evaluate 
biofilm formation on hybrid titanium implants (HS), with moderately rough and turned 
surface topographies.
Materials and Methods: A validated dynamic in vitro multispecies biofilm model, 
based on bacterial growth under flow and shear conditions resembling the oral cav-
ity, was used to evaluate biofilm formation on the tested implant surfaces. Scanning 
electron microscopy (SEM) and confocal laser scanning microscopy (CLSM) were used 
to compare the biofilm structure and microbial biomass deposited on either the mod-
erately rough or the turned surface of HS. Quantitative polymerase chain reaction 
(qPCR) was used to evaluate the total bacterial counts and counts of each specific 
bacterium in biofilms formed on implants with either the moderately rough or the 
turned surfaces, as in the hybrid titanium implants, after 24, 48 and 72 h. A general 
linear model was applied to compare the CLSM and qPCR results between the tested 
implant surfaces.
Results: A significantly higher bacterial biomass grew on the moderately rough im-
plant surfaces, compared to the turned surface area of HS implants (p < .05), at all 
incubation times, as evidenced with both CLSM and SEM. qPCR analysis also demon-
strated an important increase in the total and specific bacterial counts in moderately 
rough surface implants at the three incubation times.
Conclusions: Implant surface topography (moderately rough versus turned) signifi-
cantly influenced in vitro biofilm formation in terms of biofilm structure, bacterial 
biomass and quantity of the specific species selected for the model used.
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1  |  INTRODUC TION

Dental implants have become the standard therapy for tooth re-
placement in total and partial edentulism, mainly due to the high 
long-term survival rates (between 82% and 99%) and the signifi-
cant impact in the patient's quality of life (Buser et al., 2012, 2017; 
Corbella et al.,  2021; Francetti et al.,  2019; Gotfredsen,  2012). 
However, despite the high survival rates, it has also become evident 
that dental implants are not free from complications of many types. 
Problems related to implant failure have been associated to many 
factors, such as bone quality and density, smoking habit or diabetes 
mellitus and frequently to the advent of peri-implant diseases (Al 
Ansari et al., 2022; Chrcanovic et al., 2017; Mustapha et al., 2021). At 
the 2017 World Workshop in Periodontology, these diseases were 
clearly defined as inflammatory diseases of the peri-implant tissues 
caused by biofilm bacteria, and precise criteria were established 
to diagnose peri-implant health, peri-implant mucositis and peri-
implantitis (Berglundh et al., 2018). Depending on the degree of the 
inflammatory response triggered by the biofilm accumulation on the 
surfaces of the implant and/or the implant supported restorations, 
it may affect solely the peri-implant mucosa (peri-implant mucositis) 
or progress deeper destroying the implant to bone interface (peri-
implantitis) (Burgers et al., 2010; Ferreira Ribeiro et al., 2016). The 
clinical manifestations of peri-implantitis, therefore, include bleed-
ing on probing and/or suppuration, increased probing depth and 
bone loss (Berglundh et al., 2018; Schwarz et al., 2018). The diag-
nostic accuracy of bleeding on probing as a predictor of peri-implant 
diseases has been evaluated in depth, with different authors advis-
ing caution with the results obtained, since factors such as abutment 
surface, gingival phenotype or even probing depth can influence the 
appearance of bleeding on probing (Coli & Sennerby, 2019; Gothberg 
et al.,  2018; Menini et al.,  2018; Nettemu et al.,  2021). Different 
studies have demonstrated that the implant microsurface topogra-
phy influence bacterial adhesion and biofilm formation, being depen-
dent on its roughness (Bermejo et al., 2019; Bevilacqua et al., 2018; 
Quirynen et al., 2007; Raes et al., 2018; Sanchez et al., 2014).

Most of currently used implants are bone level implants made 
of moderately rough surfaces, as this surface microtopography has 
a significant impact on promoting early osseointegration, and these 
surfaces are meant to be in full contact with bone and never ex-
posed to the oral environment (Cochran, 1999; Polizzi et al., 2013). 
However, this bone to implant contact may be lost, either because 
of early bone remodelling or due to peri-implantitis, what will re-
sult in exposure of the most coronal part of the moderately rough 
implant surface to the oral environment, and hence to bacterial col-
onization, biofilm formation and the subsequent peri-implant tissue 
inflammation (Subramani et al., 2009; Teughels et al., 2006), which 
may potentially progress to peri-implantitis (Esposito et al.,  2007; 
Jemt et al., 2011; Marrone et al., 2013). As a possible solution to this 
problem, hybrid implants have been designed with a turned titanium 
surface in the coronal end of the implant and a moderately rough 
surface in the remaining implant topography. This design of hybrid 
implants, however, is not new, as these implants were developed 

when moderately rough surfaces were introduced with the objec-
tive to improve faster osteointegration through the moderately 
rough surface component (Davies, 1998; Lazzara et al., 1998, 1999; 
Sul et al., 2009; Testori et al., 2002). Currently, the objective of using 
these hybrid implants is to reduce the risk of peri-implant diseases in 
cases where the coronal portion of the implant may be exposed to 
the oral environment, mainly in high-risk populations.

Observational studies have reported that this implant design 
results in higher survival rates and significantly lesser bone loss, 
when compared to the standard moderately rough implants (Gallego 
et al.,  2018). Moreover, a recent randomized clinical trial, evaluat-
ing the short-term clinical and microbiological efficacy of hybrid 
implants compared to conventional implants with identical design, 
has shown similar outcomes and excellent results in terms of the 
maintenance of stable peri-implant bone levels (Serrano et al., 2022). 
Despite these clinical findings, the microbiological colonization pat-
tern of hybrid implants remains unclear, and it has not yet been de-
termined whether this differential implant surface has a significant 
impact on biofilm formation and bacterial colonization. It was, there-
fore, the aim of this experimental study to evaluate the differential 
biofilm formation in hybrid dental implants, comparing the coronal 
turned with the moderately rough surface areas in the remaining 
implant surfaces, using a well validated in vitro multispecies biofilm 
dynamic model.

2  |  MATERIAL S AND METHODS

2.1  |  In vitro multispecies dynamic biofilm model

An in vitro multispecies dynamic biofilm model (Sanchez et al., 2021) 
was used to evaluate biofilm formation on implant surfaces. The 
model consists of a series of different components, starting with 
a sterile recipient from which the sterile liquid culture medium is 
transferred to the bioreactor containing the bacterial inoculum by 
means of a peristaltic pump at constant pressure. This bioreactor 
(Lambda Minifor© bioreactor, LAMBDA Laboratory Instruments, 
Baar, Switzerland) maintains the culture medium under controlled 
environmental conditions that mimic the oral cavity (37°C, pH 7.2 
and an anaerobic atmosphere [10% H2, 10% CO2 and the balance 
N2]) and allows for the growth of the bacterial mixture at specific 
time periods. By means of a peristaltic pump and under continuous 
flow (30 mL/h), the bacterial mixture is transferred to a specifically 
designed Robbins device where the dental implants are held in such 
a way that their surfaces are located within the channel where the 
bacteria flows under controlled conditions and, hence, allows for 
biofilm formation (Sanchez et al., 2021).

To evaluate the dynamics of biofilm formation on the implant 
surfaces, the incubation times were set at 24, 48 and 72 h, after 
which, the implants were removed from the Robbins device and 
assessed by the corresponding technique. For quantitative poly-
merase chain reaction (qPCR), implants with either turned or mod-
erately rough surfaces were used, while for confocal laser scanning 
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microscopy (CLSM) and scanning electron microscopy (SEM) hybrid 
implants were used, because these techniques allow independent 
evaluation of their turned and moderately rough surface areas. For 
each time, the protocol was repeated three times, hence, analysing 
a total of nine implants (n = 9) for qPCR and six implants (n = 6) for 
CLSM and SEM.

2.2  |  Bacterial strains and culture conditions

The following bacterial strains were used: Streptococcus oralis CECT 
907T, Veillonella parvula NCTC 11810, Actinomyces naeslundii ATCC 
19039, Fusobacterium nucleatum DMSZ 20482, Aggregatibacter 
actinomycetemcomitans DSMZ 8324 and Porphyromonas gingivalis 
ATCC 33277. These species were cultured in blood agar plates (Blood 
Agar Oxoid No 2; Oxoid, Basingstoke, UK), supplemented with 5% 
(v/v) sterile horse blood (Oxoid), 5.0 mg/L hemin (Sigma, St. Louis, 
MO, USA) and 1.0 mg/L menadione (Merck, Darmstadt, Germany) at 
37°C for 24–72 h in anaerobic conditions (10% H2, 10% CO2 and bal-
ance N2). Pure cultures of each bacterium were grown during 24 h in 
anaerobic conditions in a protein-rich medium containing modified 
brain heart infusion (BHI) (Becton, Dickinson and Company, Franklin 
Lakes, NJ, USA) supplemented with 2.5 g/L mucin (Oxoid), 1.0 g/L 
yeast extract (Oxoid), 0.1 g/L cysteine (Sigma), 2.0 g/L sodium bi-
carbonate (Merck), 5.0  mg/L hemin (Sigma), 1.0  mg/L menadione 
(Merck) and 0.25% (v/v) glutamic acid (Sigma). After incubation, bac-
terial growth was accessed by spectrophotometry (OD550 nm) until 
reaching a bacterial mixture containing 106 colony forming units 
(CFU)/mL for the six bacterial strains.

2.3  |  Tested implants

The hybrid surface (HS) implants used in this study had all the same 
dimensions (3.75 mm diameter and 10 mm length) and macroscopic 

design (parallel walls and a conical apex). The coronal half of the 
micro-thread portion of the implant (1.5 mm) and a 0.3 mm rim at 
the implant shoulder had a turned surface, with a mean roughness 
of 0.18 ± 0.06 Ra, whereas the rest of the implant had an acid-etched 
moderately rough surface with a mean roughness of 1.53 ± 0.24 
Ra (Ticare Inhex PerioHybrid®, Mozo Grau, Valladolid, Spain). The 
turned portion of the implant was manufactured in the same lathe 
as the moderately rough surface, but it did not receive any further 
surface treatment such as acid-etching. Ra values were obtained by 
interferometric optical profilometry (Model NT1100, WYKO-Veeco, 
processing software Vision 32) by evaluating five different units at a 
random area of the implant surface. HS implants were used for the 
CSLM and SEM experiments. For the quantitative bacterial analysis 
(qPCR), fully turned or fully moderately rough surface implants were 
used (Ticare Inhex, Mozo-Grau, Valladolid, Spain), as it was impos-
sible to isolate the biofilms for subsequent DNA extraction in HS 
implants (Figure 1).

2.4  |  Confocal laser scanning microscopy (CSLM)

For quantifying the biofilm bacterial biomass, confocal im-
ages obtained from a laser scanning confocal microscope (Leica 
SP9, Mannheim, Germany) at the Centre of Microscopy in the 
National Centre for Scientific Research (CSIC) (Moncloa Campus, 
University Complutense of Madrid) were used. In brief, the proto-
col for processing the biofilms on the implant surfaces consisted 
of first, gently rinsing the implant surfaces with sterile phosphate 
buffer saline (PBS) to remove unattached bacteria and then stain-
ing the biofilms with LIVE/DEAD® BacLightTM Bacterial Viability 
Kit solution (Molecular Probes B. V., Leiden, The Netherlands) at 
room temperature. With this technique, a fluorochrome (propid-
ium iodide, PI) was incubated (1:1 ratio) for 9 (±1) min to obtain 
an optimal fluorescence signal at the corresponding wavelengths 
(Syto9: 515–530 nm), thus, differentiating live from dead bacteria 

F I G U R E  1  View of (a) the hybrid implant, (b) the implant with a moderately rough surface and (c) the implant with a smoother, turned, 
surface.
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within the biofilm. Then, the microscope (CLSM) was set up to take 
a series of scans (xyz) of 1  μm thickness (8 bits, 512 × 512 pix-
els) and obtain image stacks that were analysed with a dedicated 
image software (LAS X Leica®, Mannheim, Germany). From these 
CLSM images, the biomass of live and dead cells was calculated in 
micrometres3/micrometres2 (μm3/μm2) using the COMSTAT soft-
ware (www.comst​at.dk).

2.5  |  Scanning electron microscopy (SEM)

HS implants were processed for SEM using the following protocol: 
after rinsing the implants with 2 mL PBS for 10 s, three times, a fixa-
tive solution of 4% paraformaldehyde (Panreac Química, Barcelona, 
Spain) and 2.5% glutaraldehyde (Panreac Química, Barcelona, Spain) 
was used for 4 h at 4°C. Subsequently, the samples were rinsed with 
PBS and sterile water (10 s in both cases) and dehydrated using a 
series of graded ethanol solutions (30, 50, 70, 80, 90 and 100%, 
with an immersion time of 10 min in each case). Finally, the implants 
were dried at critical point and coated with gold. Processed samples 
were observed at the National Centre of Electron Microscopy ICTS 
(University Complutense of Madrid, Madrid, Spain) with a JSM 6400 
SEM, equipped with a backscattered electron detector at an image 
resolution of 25 kV (JSM6400, JEOL, Tokyo, Japan).

2.6  |  Quantitative polymerase chain reaction 
(qPCR)

The implants retrieved from the Robbins device were rinsed with 
2  mL PBS for 10  s, three times, sequentially, to eliminate non-
adherent biofilm, placed in vials containing 1 mL PBS and vortexed 
for 2 min at room temperature. Once the biofilms were dispersed and 
further centrifuged at 13,000 rpm for 5 min, DNA from the result-
ing cells was extracted using a commercial kit (MolYsisComplete5; 
Molzym GmbH & CoKG, Bremen, Germany), following the manufac-
turer's instructions. With the DNA isolated from the biofilm samples, 
qPCR was used for detecting and quantifying the specific bacterial 
species used in the biofilm model. Specific primers and probes were 
directed against the 16 S rRNA gene of each of the bacteria at opti-
mal concentrations (S. oralis: 900, 900 and 300 nM; A. naeslundii and 
P. gingivalis: 300, 300 and 300 nM; V. parvula: 750, 750 and 400 nM; 
A. actinomycetemcomitans: 300, 300 and 200 nM and F. nucleatum: 
600, 600 and 300 nM) [Life Technologies Invitrogen and Applied 
Biosystems (Carlsbad, CA, USA), and Roche (Roche Diagnostic 
GmbH, Mannheim, Germany)] (Sanchez et al., 2014). The amplifica-
tion was performed in a total reaction volume of 10 μL containing 
5 μL of 2 times the master mix (LC 480 Probes Master, Roche). As 
negative control, 2.5  μL of sterile water (NTC) was used (Roche). 
After an initial amplification cycle at 95°C for 10 min, 40 cycles at 
95°C for 15 s and at 60°C for 1 min were carried out. The process was 
done using a thermal cycler (LightCycler® 480 II Roche Diagnostic 
GmbH, Mannheim, Germany). As plates, white FramStar 480 natural 

frame wells were used (4titude; The North Barn, Damphurst Lane, 
UK), sealed by QPCR Adhesive Clear Seals (4titude).

Each DNA sample was analysed in duplicate. The quantifica-
tion cycle (Cq) values were determined on standard curves using a 
dedicated software (LC 480 Software 1.5, Roche Diagnosis GmbH, 
Mannheim, Germany). The translation between Cq values and CFU/
mL was automatically generated by the software.

2.7  |  Statistical analysis

For the analysis, the independent variable was the surface analysed, 
either turned or moderately rough. The primary outcome variable 
was the counts of viable bacteria present in the biofilm of each im-
plant, measured by qPCR (on fully turned or fully moderately rough 
surface implants), for each tested bacterial species: S. oralis, A. naes-
lundii, V. parvula, A. actinomycetemcomitans, P. gingivalis and F. nuclea-
tum. This quantitative data were expressed in CFU per mL (qPCR). 
As secondary outcome variables, from CLSM analysis, bacterial bio-
mass was expressed as live/dead cell ratios obtained from the CLSM 
and reported as means and standard deviations (SDs). Shapiro–Wilk 
goodness-of-fit tests were used to assess the normality of the data 
distribution. Then, the ANOVA test with the Bonferroni correction 
to counteract the multiple comparisons was used for evaluating the 
differences between the two tested surfaces. Statistically significant 
differences were considered for p-values <.05. A software package 
(IBM SPSS Statistics 27.0, IBM Corporation, Armonk, NY, USA) was 
used for all data analysis.

3  |  RESULTS

3.1  |  SEM analysis

Scanning electron microscopy images, depicting biofilm forma-
tion on HS implants, were obtained at 24, 48 and 72 h (Figure  2). 
Differences in the biofilms were observed in the two defined areas 
(moderately rough versus turned) being the biofilms formed on 
turned surface areas thinner and simpler. As the maturation time 
progressed (from 24 to 72 h), the density of the biofilm increased, 
but the differences in complexity and biomass between the two sur-
faces areas remained.

At the highest magnification, biofilms on the turned surfaces 
were observed as thin, scattered along the surface, but without fully 
covering it, whereas biofilms formed on the moderately rough sur-
faces covered the full surface.

3.2  |  CLSM analysis

Confocal laser scanning microscopy images depicting the bio-
film formation on HS implants were obtained at 24, 48 and 72 h 
(Figure 3). After 24 h of incubation, the resulting biofilm biomass on 
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the turned and the moderately rough surface areas were 5.74 μm3/
μm2 (SD = 3.53) and 11.21 μm3/μm2 (SD = 6.38), respectively. The 
live/dead cell ratio demonstrated higher proportion of live cells in 
both surfaces being 2.85 (SD = 1.81) and 3.53 (SD = 3.17) on turned 
and moderately rough surfaces, respectively (Figure 3a,b).

After 48 h of incubation, the total biofilm biomass was similar to 
that observed at 24 h, being 5.72 μm3/μm2 (SD = 2.41) on the turned 
surfaces (Figure 3c) and 12.91 μm3/μm2 (SD = 3.76) on the moder-
ately rough surfaces (Figure 3d). At this time, cell vitality decreased 
with a live/dead cell ratio of 1.80 (SD = 1.19) and 1.57 (SD = 1.33) for 
turned and moderately rough surfaces, respectively.

Finally, at 72 h, biofilm biomass decreased on both surfaces 
(Figure 3e, smooth surface and 3f, rough surface), being 2.19 μm3/μm2 
(SD = 1.86) on the turned surface and 8.98 μm3/μm2 (SD = 3.28) on the 
moderately rough surfaces. Similarly, there was a marked decrease in 
cell viability with ratios of live to dead cells of 0.60 (SD = 0.73) and 0.20 
(SD = 0.10) for turned and moderately rough surfaces, respectively.

Statistically significant differences in microbial density were 
observed between moderately rough versus turned surfaces in all 
three incubation times (p < .05), with higher density in moderately 
rough surfaces. In contrast, no significant differences in cell viability 
were observed at any time (p > .05).

F I G U R E  2  Images obtained by scanning electron microscope (SEM) of biofilms developed after 24, 48 and 72 h over hybrid implants. 
Images (a–c) (50×) and (d–f) (100×) showed biofilms after 24, 48 and 72 h, respectively. Images (g–i) (1000×) showed biofilms developed at 
24, 48 and 72 h, respectively, over smooth surfaces; and images (j–l) showed biofilms developed at 24, 48 and 72 h, respectively, over rough 
surfaces of the hybrid implant. Green arrows delineate the borderline between the moderately rough surface (to the left of the arrow) and 
the turned surface (to the right of the arrow).
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3.3  |  Quantitative analysis by qPCR

All six bacterial species were detected by means of qPCR in both 
types of implants and at all incubation times. Table  1 depicts the 
counts of each bacterial species at both tested implants, at the three 
incubation times. At 24 h, higher amounts of first colonizers (S. oralis, 
A. naeslundii and V. parvula) were found in moderately rough com-
pared with turned surface implants, being these differences statis-
tically significant for S. oralis (p =  .000). In contrast, the counts of 
intermediate and late colonizers (F. nucleatum, P. gingivalis and A. ac-
tinomycetemcomitans) were similar (Table 1). At 48 h, a similar trend 
was observed, with statistically significantly higher counts of S. ora-
lis (p = .003), A. naeslundii (p = .023) and A. actinomycetemcomitans 
(p =  .030) in the moderately rough implants, when compared with 

turned surface (Table 1). After 72 h, counts of F. nucleatum (p = .008), 
P. gingivalis (p = .001) and V. parvula (p = .014) were also significantly 
higher in the moderately rough surface implants (Table 1).

4  |  DISCUSSION

The present study has used a validated in vitro multispecies dy-
namic biofilm model (Sanchez et al.,  2021) to evaluate biofilm 
formation in HS implants, composed of a coronal turned titanium 
surface with the remaining surface being moderately rough. Using 
SEM and CLSM, statistically significant differences between 
surfaces were identified in the biofilm biomass and in patterns 
of surface colonization. Similarly, quantitative differences were 

F I G U R E  3  Images obtained by confocal laser scanning microscopy (CLSM) after 24 h over (a) smooth turned and (b) rough surfaces; after 
48 h over (c) smooth turned and (d) rough surfaces; and after 72 h over (e) smooth turned and (f) rough surfaces of hybrid implants (scale 
bar = 50 μm). LIVE/DEAD® BackLight Kit was used. Live bacteria (green), dead bacteria (red) and implant surface (white) can be observed.
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found when bacterial counts were measured by means of qPCR: 
biofilms formed on moderately rough surface implants harboured 
significantly higher amounts of first colonizers in 24–48 h biofilms 

(S. oralis and A. naeslundii) and of intermediate and late colonizers 
in 48–72 h biofilms (F. nucleatum, P. gingivalis and A. actinomycet-
emcomitans) (Table 1).

TA B L E  1  Counts [expressed as mean and standard deviation (SD) and 95% confidence intervals (CI) for means, of colony-forming units 
(CFUs)/mL] of bacterial species, determined by quantitative polymerase chain reaction (qPCR) in 24-, 48- and 72-h biofilms formed on 
smooth or rough dental implants (n = 9), using specific primers and probes directed to the 165 rRNA gene.

Bacterial species
Incubation time 
(h) Surface

Bacterial concentration (CFU/mL)

95% CI

Mean SD Lower limit
Upper 
limit

Streptococcus oralis 24 Smooth 1.54 × 107 (7.55 × 106) 9.64 × 106 2.12 × 107

Rough 5.78 × 107 (4.21 × 107)* 2.55 × 107 9.02 × 107

48 Smooth 1.37 × 107 (7.03 × 106) 8.27 × 106 1.91 × 107

Rough 4.36 × 107 (2.28 × 107)* 2.61 × 107 6.11 × 107

72 Smooth 1.02 × 107 (6.45 × 106) 5.27 × 106 1.52 × 107

Rough 1.68 × 107 (8.45 × 106)† 1.03 × 107 2.32 × 107

Actinomyces naeslundii 24 Smooth 1.38 × 106 (1.28 × 106) 3.93 × 105 2.36 × 106

Rough 2.56 × 106 (1.46 × 106) 1.43 × 106 3.69 × 106

48 Smooth 1.89 × 106 (1.53 × 106) 7.16 × 105 3.07 × 106

Rough 5.35 × 106 (4.64 × 106)* 1.78 × 106 8.91 × 106

72 Smooth 4.53 × 106 (2.85 × 106) 2.34 × 106 6.72 × 106

Rough 5.85 × 106 (4.77 × 106) 2.18 × 106 9.51 × 106

Veillonella parvula 24 Smooth 9.11 × 106 (6.46 × 106) 4.15 × 106 1.41 × 107

Rough 2.88 × 107 (2.83 × 107) 7.06 × 106 5.05 × 107

48 Smooth 2.60 × 107 (2.65 × 107) 5.65 × 106 4.64 × 107

Rough 3.72 × 107 (3.55 × 107) 9.93 × 106 6.46 × 107

72 Smooth 1.29 × 107 (7.36 × 106) 7.21 × 106 1.85 × 107

Rough 4.51 × 107 (3.80 × 107)* 1.59 × 107 7.43 × 107

Fusobacterium nucleatum 24 Smooth 2.73 × 106 (2.51 × 106) 8.00 × 105 4.66 × 106

Rough 3.73 × 106 (2.76 × 106) 1.61 × 106 5.85 × 106

48 Smooth 2.89 × 106 (1.86 × 106) 1.46 × 106 4.32 × 106

Rough 6.55 × 106 (4.14 × 106) 3.36 × 106 9.73 × 106

72 Smooth 2.99 × 106 (1.77 × 106) 1.63 × 106 4.35 × 106

Rough 8.47 × 106 (8.33 × 106)* 2.06 × 106 1.49 × 107

Porphyromonas gingivalis 24 Smooth 4.71 × 105 (3.02 × 105) 2.39 × 105 7.03 × 105

Rough 6.26 × 105 (5.25 × 105) 2.23 × 105 1.03 × 106

48 Smooth 7.96 × 105 (5.07 × 105) 4.06 × 105 1.19 × 106

Rough 1.09 × 106 (7.14 × 105) 5.40 × 105 1.64 × 106

72 Smooth 1.70 × 106 (1.04 × 106) 9.05 × 105 2.50 × 106

Rough 3.66 × 106 (2.56 × 106)*,† 1.69 × 106 5.63 × 106

Aggregatibacter 
actinomycetemcomitans

24 Smooth 1.73 × 107 (1.80 × 107) 3.48 × 106 3.12 × 107

Rough 2.52 × 107 (1.47 × 107) 1.39 × 107 3.65 × 107

48 Smooth 2.05 × 107 (1.94 × 107) 5.56 × 106 3.54 × 107

Rough 4.04 × 107 (3.01 × 107)* 1.73 × 107 6.36 × 107

72 Smooth 1.43 × 107 (7.13 × 106) 8.85 × 106 1.98 × 107

Rough 2.95 × 107 (1.64 × 107) 1.69 × 107 4.21 × 107

*p < .05, statistically significant differences when comparing CFU/mL over smooth and rough implants at same time interval (inter-group comparison).
†p < .05, statistically significant differences when comparing CFU/mL on the same implant surface (intra-group comparison) between 72 h and 24 and 
48 h of grown.
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These results are in agreement with previous in vitro studies 
demonstrating that the composition and structure of the biofilms 
grown on dental implants are influenced by the implant microsurface 
topography. However, these studies have used simpler in vitro bio-
film models than the one used in the present study, either single spe-
cies biofilms or multispecies biofilms but on static models (Aguayo 
et al., 2015; de Avila et al., 2015; Di Giulio et al., 2016; Papavasileiou 
et al., 2015; Pita et al., 2015; Ready et al., 2015; Sanchez et al., 2021; 
Schmidt et al.,  2017). In fact, our research group, using the same 
bacterial inoculum but in the associated in vitro static biofilm model, 
also showed qualitative and quantitative statistically significant dif-
ferences, when comparing biofilms grown on moderately rough ver-
sus turned implants surfaces (Bermejo et al., 2019). Similarly, these 
results also agree with those of an in vitro model with biofilm for-
mation in layers using four periodontal-associated bacteria, grown 
on discs, and comparing rough versus smooth titanium surfaces, and 
also reporting significantly higher biofilm formation in the rough-
surface discs (Violant et al., 2014). The results from the present in-
vestigation have shown, however, that cell viability ratios, although 
decreasing with time, were similar in both implant surfaces, in con-
trast with the results of a similar in vitro investigation, reporting 
higher cell viability on biofilms grown on rough surfaces (Bermejo 
et al., 2019).

This investigation has also observed that counts of the tested 
bacterial species, as evaluated by means of qPCR, were signifi-
cantly higher in biofilms grown on moderately rough surfaces, 
when compared with turned surface implants, with a differential 
pattern of bacterial colonization, as observed in the differences 
among incubation times. Higher counts of first colonizers, i.e. 
S. oralis and A. naeslundii, were observed in moderately rough sur-
face implants after 24 h, while intermediate and late colonizers, 
i.e. F. nucleatum, P. gingivalis and A. actinomycetemcomitans, were 
detected in higher numbers in moderately rough surface implants 
after 48 and 72 h. Differences in bacterial counts were paralleled 
with SEM images, depicting greater number of aggregated bac-
teria and spindle-shaped bacteria on the moderately rough sur-
faces. These results agree with other descriptive studies, based 
on SEM, showing that the number of adhered streptococcal chains 
depended on the surface topography (Pita et al.,  2015). Other 
in vitro investigations have also reported a predominance of 
Streptococcus species (Bevilacqua et al.,  2018) or P.  gingivalis (Di 
Giulio et al.,  2016), preferentially colonizing rough implant sur-
faces. However, other investigations did not find significant dif-
ferences in microbial loads when comparing biofilms on different 
implant surfaces (Schmidt et al., 2017). In fact, one investigation 
reported higher counts of V. parvula, in smooth compared to rough 
surfaces (Violant et al., 2014). These differences among investiga-
tions probably reflect the heterogeneity of the different in vitro 
models used.

The results from the present investigation are also in agreement 
with data from experimental in vivo investigations, reporting higher 
peri-implantitis severity and increased disease progression, when 
experimental peri-implantitis models have been applied in implants 

with moderately rough compared to turned implant surfaces (Albouy 
et al., 2008). Similarly, human studies evaluating the efficacy of in-
terventions to treat peri-implantitis have shown significantly worse 
treatment outcomes in moderately rough compared with turned 
titanium implants (Carcuac et al., 2017). Although the results from 
the present investigation cannot directly be extrapolated to a clin-
ical scenario, the qualitative and quantitative differences observed 
in the biofilms may provide a reasonable explanation for the results 
found in the quoted clinical studies. When assessing only implant 
survival, a systematic review including 62 clinical studies evaluating 
implants with different surfaces and more than 10 years follow-up, 
observed high survival rates for all surfaces, and more probability 
of failure for turned surfaces; however, when assessing marginal 
bone loss, all surfaces presented poorer prognosis compared to 
the turned implants. The authors remarked the possible impact on 
the results of the differences in follow-up among studies on turned 
implants compared to those on modified surfaces (Wennerberg 
et al., 2018).

The results, however, should be interpreted with caution due to 
the evident limitations of the present research, such as the in vitro 
experimental design, or the many different variables and factors 
affecting the oral cavity, that cannot be reproduced in an in vitro 
model, which may be one of the explanations of the variability in 
the reported results and the heterogeneity among similar inves-
tigations (Deo & Deshmukh,  2019). Conversely, some strengths 
need to be highlighted, such as the use of a dynamic in vitro biofilm 
model, with adjusted pH, temperature and fluid dynamics, aiming 
to mimic the environmental conditions in the mouth. Moreover, the 
use of a bacterial inoculum, including first, intermediate and late 
colonizers, allows for studying the dynamics of bacterial coloniza-
tion and biofilm formation at the different incubation times used. 
Furthermore, the use modified BHI culture medium on the biore-
actor helps to simulate the nutrient sources available in the oral 
cavity (An et al., 2022; Rudney et al., 2012; Sanchez et al., 2021; 
Touzel et al., 2016).

Considering the listed limitations and based on the results of 
the present in vitro experimental study, it can be concluded that the 
differences in implant surface topography (moderately rough versus 
turned) in hybrid implants significantly influenced biofilm formation, 
in terms of biofilm structure, bacterial biomass and counts of specific 
bacterial species.
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