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ABSTRACT

Background and Objectives: Peri-implantitis, a significant complication resulting from bacterial colonization on dental im-
plants, presents a challenge in oral healthcare. Developing surfaces that inhibit bacterial adhesion while promoting tissue in-
tegration is crucial for improving implant outcomes. This study aims to evaluate bacterial colonization on a novel passivated
surface for dental implants using an in vitro multispecies biofilm model.

Materials and Methods: Three types of titanium implants (standard, citric acid-passivated, and piranha-passivated) were
characterized by analyzing roughness, contact angle values, and surface energy after the passivation treatments. The capacity
for biofilm formation on these implants was evaluated using quantitative polymerase chain reaction (QPCR), scanning electron
microscopy (SEM), and confocal laser scanning microscopy (CLSM). Bacterial colonization and viability were assessed at 6, 12,
and 24 h. In addition, the protein adsorption capacity of these surfaces was determined.

Results: Treatments increased hydrophilicity and polar surface energy, with no change in roughness. Although no statisti-
cally significant differences were found, a slightly lower concentration of primary and intermediate colonizers was observed
on piranha-treated surfaces compared to citric acid implants, particularly during the 24-h incubation period. CLSM analyses
revealed a higher percentage of dead bacteria on piranha-passivated implants over time. Piranha passivation also resulted in the
lowest fibrinogen adsorption.

Conclusion: These findings suggest that piranha passivation may be a promising treatment for dental implant surfaces, poten-
tially reducing the risk of peri-implantitis. However, the inherent limitations of the in vitro approach necessitate further clinical
trials to validate the efficacy of this surface modification in real-world clinical settings.

1 | Introduction Despite their high success rates, peri-implant diseases remain

the most common complication (Rokaya et al. 2020), with
Dental implants are considered a reliable solution for addressing approximately 29.48% (implant-based) and 46.83% (subject-
edentulism, offering patients enhanced functionality, aesthet- based) of dental implants experiencing peri-implant mucositis
ics, and overall quality of life (Chatzopoulos and Wolff 2024). (Lee et al. 2017), while about 11.5% (implant-based) and 20%
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(subject-based) develop peri-implantitis (Diaz et al. 2022). These
complications not only threaten the success of implants but also
impose significant health and economic burdens on patients
and healthcare systems (Fragkioudakis et al. 2021). The for-
mation and maturation of biofilms on dental implant surfaces
have been associated with the onset and progression of these
diseases (Belibasakis et al. 2015; Busscher et al. 2010; Lang and
Berglundh 2011; Lee and Wang 2010). In fact, their treatment
depends on biofilm removal through the decontamination of the
implant surface, using either nonsurgical or surgical methods
(Rokaya et al. 2020).

Since bacterial adhesion occurs immediately after implant
placement, innovative surface technologies involving texturing,
hydrophilization, and chemical functionalization are being de-
veloped not only to enhance protein adsorption, cell adhesion,
and proliferation (Kunrath et al. 2024), thereby promoting bet-
ter bone-implant contact and accelerating the osseointegration
process, but also to provide antibacterial properties that inhibit
biofilm formation (Esteves et al. 2022).

One approach involves applying coatings with antimicrobial
properties to the surface of implants, including antibiotics and
antimicrobial peptides; however, safety concerns and their
long-term effectiveness present challenges. Another strategy
has been to modify surface topography to minimize bacterial
adhesion, as bacteria can sense and respond to chemical and
mechanical signals from implant surfaces (Zhai et al. 2023).
One such method, passivation, entails an oxidation reaction
that enhances the implant surface topography by forming a
highly hydrophilic protective layer with a negative charge,
which promotes osteoblast differentiation, proliferation, and
the production of extracellular matrix components (Cruz
et al. 2020). A novel passivation technique (Piranha) employs
a solution mixture of sulfuric acid and hydrogen peroxide to
create surfaces with distinct nanotexture and chemical prop-
erties; however, its impact on microbial colonization remains
understudied (Cruz et al. 2022). Therefore, this in vitro inves-
tigation seeks to evaluate the effect of this novel surface on
biofilm formation using a multispecies dynamic subgingival
biofilm model.

2 | Material and Methods

Considering the in vitro nature of the investigations, which did
not involve human or animal subjects or material, no ethical re-
view was required.

2.1 | Material Specimens

The dental implants are made of commercially pure grade 3
titanium manufactured by Klockner Medical Group (Escaldes
Engordany, Andorra). They are bone-level implants of 4mm in
diameter and 10 mm in length, with a moderately rough surface.
Three different surface topographies were used.

- Standard implants as the negative control.

« Passivated with 25% v/v citric acid for 120s as the positive
control (Vilarrasa et al. 2023, 2025).

« Test implants utilizing the new passivation method
(Piranha) (Klockner. Spain, based on immersion in sulfuric
acid and hydrogen peroxide for 2h).

The surfaces obtained through scanning electron microscopy can
be seen in Figure 1. The three surfaces were characterized for their
roughness values using confocal microscopy, wettability, and total
surface energy measured by the sessile drop technique (Table 1).
The determination of the surface free energy was performed using
the Owens and Wendt Equation (1) (Owens and Wendt 1969).

yL(1 + cos ) = 2((},372)1/2 . (yﬁy§)1/2> ©

where y, and ¥, represent the dispersive and polar components
of the liquid surface tension (y; ), respectively. © denotes the con-
tact angle between the liquid (L) and the solid (S).

High-resolution field emission microscopy (Tescan MIRA with
Field Emission Gun Schottky including Beam Deceleration
Technology to enhance imaging performance at lower accelerat-
ing voltages) was utilized to characterize the passivation layer of
the standard, citric acid-treated surfaces and the Piranha tech-
nique (Figure 2). Data were analyzed using SCA 20 software
(Dataphysics). Three measurements were conducted for three
different samples in each series.

2.2 | Protein Adsorption Assay

The protein adsorption capacity of the various implant surfaces
was assessed using human plasma fibrinogen (Sigma-Aldrich,
St. Louis, MO, USA) as a model protein. Each implant was ver-
tically placed in an Eppendorf tube containing 0.5mL of a buff-
ered solution (NaCl 0.9%) with a protein concentration of 1.5mg/
mL. After 2h of incubation at 37°C with agitation (75 r.p.m.), the
implants were retrieved from the protein solution and rinsed with
PBS to remove nonadherent proteins. Subsequently, the adsorbed
proteins were extracted by incubating the implants with 0.5mL
of 1% sodium dodecyl sulfate (SDS) and sonicating for 10min.
The concentration of the extracted protein was quantified using
a colorimetric micro bicinchoninic acid (BCA) assay kit (Cat. No.
Cal5045; Thermo Scientific, Waltham, MA, USA).

2.3 | Bacterial Strains and Culture Conditions

The selected bacterial strains included 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 (Sanchez
et al. 2011). These species were cultivated on blood agar
plates (Blood Agar Oxoid No 2; Oxoid, Basingstoke, UK),
enriched with 5% (v/v) sterile horse blood (Oxoid), 5.0mg/L
hemin (Sigma), and 1.0 mg/L menadione (Merck, Darmstadst,
Germany) under anaerobic conditions (10% H,, 10% CO,, and
the remainder N,) at 37°C for a duration of 24-72h. Pure cul-
tures of each bacterial strain were grown anaerobically for
24h in a protein-rich medium based on modified brain heart
infusion (BHI) (Becton, Dickinson and Company, Franklin
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FIGURE1 | Imagesobtained by scanning electron microscopy (SEM) with 500X magnification of the implant surfaces of the (a) standard, (b) cit-

ric acid and (c) piranha passivated implants. The lower row of images show (d) standard, (e) citric acid and (f) piranha implants at higher magnifi-

cation (n=6).

TABLE 1 | Values of roughness (Ra), contact angle (CA), surface free energy (SFE), and its dispersive (DISP) and polar (POL) components, for
each surface treatment. Statistically significant differences marked as (a) versus standard and as (b) vs. citric acid (p <0.05) (n=3).

Ra (nm) CA (®) SFE (mJ/m?) DISP (mJ/m?) POL (mJ/m?)
Standard 149+ 21 73.5+£7.2 40.8+9.8 349+3.3 7.5+3.4
Citric acid 15432 38.6x5.1a 65.7x1.5a 40.4x£0.2a 253x15a
Piranha 159+29 45.2+6.6a 71.2+2.1a,b 27.2+1.1a,b 44.0+2.2a,b

Lakes, NJ, USA). The medium was enriched with 2.5g/L
mucin (Oxoid), 1.0g/L yeast extract (Oxoid), 0.1g/L cysteine
(Sigma), 2.0 g/L sodium bicarbonate (Merck), 5.0 mg/L hemin
(Sigma), 1.0mg/L menadione (Merck), and 0.25% (v/v) glu-
tamic acid (Sigma). After incubation, bacterial growth was
assessed via spectrophotometry at OD,., nm, and the cultures
were adjusted to achieve a final concentration of 10° colony-
forming units (CFU)/mL for all six bacterial strains.

2.4 | Biofilm Development

An in vitro dynamic biofilm model was utilized, comprising
several key components (Sanchez et al. 2021). The system
begins with a sterile source of modified BHI medium, which
is transferred to the bioreactor containing the bacterial in-
oculum via a peristaltic pump operating at a constant pres-
sure. This bioreactor (Lambda Minifor bioreactor, LAMBDA
Laboratory Instruments, Baar, Switzerland) maintains the
culture medium under controlled environmental conditions
that replicate the oral cavity (37°C, pH7.2, and an anaerobic

atmosphere [10% H,, 10% CO,, and the balance N,]). These
conditions promote the growth of the bacterial mixture over
specific time intervals. Using a peristaltic pump with a contin-
uous flow rate of 30 mL/h, the bacterial mixture is directed to
a custom-designed Robbins device. This device securely holds
dental implants so that their surfaces are positioned within
a flow channel, exposing the bacteria to controlled condi-
tions and facilitating the formation of biofilms on the implant
surfaces.

To evaluate the dynamics of biofilm formation on the implant
surfaces, incubation times were set at 6, 12, and 24 h. Following
this, the implants were removed from the Robbins device and
assessed using the appropriate techniques. All experiments
were carried out on separate days, each time utilizing fresh bac-
terial cultures. For qPCR analysis, experiments were performed
in triplicate—three implants per surface type—across three
independent biological replicates conducted on different days,
resulting in a total of nine samples per time point (n=9). For
CLSM and SEM, two implants per surface type were used in
each of the three independent experiments, also performed on
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FIGURE2 |

separate days, resulting in six samples per time point (n=6). For
microscopic analyses, three representative images were taken
from each implant using the corresponding technique.

2.5 | DNA Isolation and Quantitative Polymerase
Chain Reaction (qQPCR)

The implants extracted from the Robbins device were rinsed three
times with 1.5mL of PBS for 10s each to remove nonadherent bio-
film. Subsequently, they were placed in vials containing 1 mL of
PBS and vortexed for 2min at room temperature to disperse the
biofilms. The resulting suspensions were centrifuged at 13,000
r.p.m. for 3min, and DNA was extracted from the pelleted cells
using an automated DNA extractor (Maxwell RSC Instrument,
Promega, Madison, USA), along with its corresponding commer-
cial kit (Maxwell RSC Genomic DNA Kit, Promega, Madison,
USA). The extracted DNA was analyzed using qPCR to identify
and quantify the bacterial species present in the biofilm model.
Specific primers and probes targeting the 16S rRNA gene of each
bacterial species were employed at optimal concentrations: S.
oralis: 900, 900, and 300nM; A. naeslundii and P. gingivalis: 300,
300, and 300nM; V. parvula: 750, 750, and 400nM; A. actinomy-
cetemcomitans: 300, 300, and 200nM; F. nucleatum: 600, 600, and
300nM (Life Technologies Invitrogen and Applied Biosystems,
Carlsbad, CA, USA; Roche Diagnostic GmbH, Mannheim,
Germany). The primers and probes used were previously de-
scribed (Sanchez et al. 2014). Amplification reactions were con-
ducted in a 10puL volume containing 5pL of a 2 times master mix
(LC 480 Probes Master, Roche). Negative control reactions were
performed using 2.5uL of sterile water as a no-template control
(NTC) (Roche Diagnostic GmbH, Mannheim, Germany).

The qPCR protocol included an initial denaturation step at
95°C for 10 min, followed by 40cycles of 95°C for 15s and 60°C
for 1min. Amplification was carried out using a thermal cy-
cler (LightCycler 480 II, Roche Diagnostic GmbH, Mannheim,
Germany). The plates were sealed with QPCR Adhesive Clear

o
A

100 nm

Passivation layer of (a) standard, (b) citric acid passivated and (c) piranha passivated implants (n =6).

-

«— 100 nm

Seals (4titude) using White FramStar 480 natural frame wells
(4titude; The North Barn, Damphurst Lane, UK).

All DNA samples were analyzed in duplicate. The quantifica-
tion cycle (Cq) values were determined using dedicated software
(LC 480 Software 1.5, Roche Diagnostic GmbH, Mannheim,
Germany), which automatically generated standard curves to con-
vert Cq values into colony-forming units per milliliter (CFU/mL).

2.6 | Scanning Electron Microscope (SEM)
Analysis for Studying the Morphology of Biofilms

Before microscopic analysis, the Robbins device was taken out
of the bioreactor, and the implants were delicately retrieved.
Each implant was rinsed three times with 1.5mL of PBS for
10s per rinse to remove unattached bacteria. The samples
were fixed for 4h at 4°C in a solution containing 4% parafor-
maldehyde (Panreac Quimica, Barcelona, Spain) and 2.5%
glutaraldehyde (Panreac Quimica, Barcelona, Spain). After
fixation, the implants were rinsed twice with sterile water
for 10min each. Subsequently, the samples were dehydrated
using a gradient ethanol series of 30%, 50%, 70%, 80%, 90%,
and 100%, with each step lasting 10 min. The dehydrated im-
plants were dried at the critical point and coated with gold.
The processed samples were examined using a JSM 6400 SEM
(ISM6400, JEOL, Tokyo, Japan) equipped with a backscat-
tered electron detector and operating at an image resolution
of 25kV. Observations were conducted at the National Centre
of Electron Microscopy ICTS (Complutense University of
Madrid, Madrid, Spain).

2.7 | Confocal Laser Scanning Microscopy (CLSM)
Analysis for Studying Biofilm Vitality

A Leica LCS SP8 STED 3x confocal microscope (Mannheim,
Germany) was utilized to image biofilms noninvasively. The
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Leica Application Suite X software (version 3.5.7.23225) was set
up to capture a z-series of scans (XYZ) with a thickness of 1 um (8
bits, 512 x 512 pixels). For confocal analysis, representative areas
of the implant surfaces were chosen, including both the peak of a
thread and the base of the valleys. To visualize and quantify bac-
terial biofilms, the samples were stained with the LIVE/DEAD
BacLight bacterial viability kit solution (Molecular Probes, The
Netherlands), which contains the nucleic acid dyes SYTO 9 and
propidium iodide (PI). This technique differentiates cell viabil-
ity: red fluorescence (PI) signifies dead cells with compromised
membranes, while green fluorescence (SYTO 9) highlights live
cells with intact membranes. The implants were coated with
a 1:1 ratio of the fluorochromes and incubated for 9+ 1 min to
achieve optimal fluorescence signals at the appropriate wave-
lengths (SYTO 9: 515-530nm; PI: > 600nm). Following incuba-
tion, excess dye was removed by rinsing the implants in 1.5mL
of PBS for 10s. The open-source tool Biofilm Viability Checker
(Mountcastle et al. 2021) was employed to quantify the propor-
tions of live and dead bacteria based on the maximum projection
of the acquired images. The macro was refined to align more
closely with the specific magnification conditions of our dataset.
The analysis was conducted at the Biological Research Centre
Margarita Salas (Centro de Investigaciones Biologicas, Consejo
Superior de Investigaciones Cientificas—CIB-CSIC), located at
the Moncloa Campus of the Complutense University of Madrid
(Madrid, Spain).

2.8 | Statistical Analysis

The selected outcome variables for comparing biofilms included
the absorbed protein concentration from the protein adsorption
assay (ug/mL), the bacterial counts for each species per biofilm
(CFUmL™) derived from qPCR results, and the live/dead ratio
obtained from CLSM images. Data are expressed as means and
standard deviations (SD), and their normality was assessed
using the Shapiro-Wilk test. A general linear model was de-
veloped to compare the bacterial counts for each bacterium. To
compare the live/dead ratios from the CLSM data, a one-way
ANOVA with Bonferroni's corrections for multiple compari-
sons was applied. Results were considered statistically signifi-
cant at p<0.05. All statistical analyses were performed using a
software package (IBM SPSS Statistics 29.0; IBM Corporation,
Armonk, NY, USA).

3 | Results
3.1 | Characterization of Material Specimens

Figure 2b illustrates the titanium oxide passivation layer on the
citric acid-treated surfaces, which forms a smooth, homoge-
neous layer that mimics the surface topography. Figure 2c pres-
ents the nanostructure resulting from the Piranha treatments,
where the oxide layer is no longer smooth but features titanium
oxide nanopillars.

Table 1 depicts the roughness, contact angle values, and surface
energy after the passivation treatments. While the roughness
of the samples treated with citric acid and Piranha remained
unchanged compared to the control surface, the contact angle

values differed statistically significantly, exhibiting greater hy-
drophilicity. Additionally, total surface energy increased, partic-
ularly in the polar component.

3.2 | Protein Adsorption Assay

The results showed differences in the adsorption capacity among
the three surfaces (Figure 3). Piranha-passivated implants dis-
played the lowest protein adsorption capacity (15.20pug/mL)
compared to the negative control (17.08 ug/mL) and the citric
acid-passivated implants (20.01 ug/mL). However, the differ-
ences were not statistically significant.

3.3 | Quantitative Analysis by qPCR

All six bacterial species were detected by qPCR on the three
types of implants tested at 6, 12, and 24 h. Figure 4 illustrates the
dynamic formation of biofilms on the surfaces compared over
these time points. When examining the primary colonizers (A.
naeslundii, V. parvula, S. oralis) and the intermediate colonizer
(F. nucleatum), lower bacterial concentrations were observed on
the piranha-treated surface. After 24h of incubation, bacterial
counts for V. parvula and A. naeslundii on the piranha-treated
surface were even lower than those on the negative control (cit-
ric acid) surface, with log,, values of 8.06 vs. 8.27 and 6.42 vs.
6.22, respectively. This trend was more pronounced for S. oralis
and F. nucleatum.

Following the initial increase in bacterial colonization during
the first 6-12h, the bacterial counts plateaued. At 24h, the
counts were noticeably lower on the piranha-passivated implant
compared to the citric acid-passivated implant, with S. oralis
showing log,, values of 6.51 vs. 6.79 and F. nucleatum showing
log,, values of 6.73 vs. 6.97, respectively. This is particularly sig-
nificant for F. nucleatum, as it plays a crucial role in facilitating
the colonization of more bacteria commonly associated with
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FIGURE 3 | Amount of fibrinogen protein adsorbed on the implant
surfaces (represented as mean and standard deviation [SD] in ug/mL).
No statistically significant differences were observed between groups
(p>0.05) (n=8).
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FIGURE 4 | Bacterial counts expressed as the decimal logarithm of colony-forming units (log,, CFU/mL) (represented as mean and standard

deviation [SD] of colony-forming units [CFUs|/mL) of bacterial species, determined by quantitative polymerase chain reaction (QPCR) in 6-, 12- and

24-h biofilms formed on standard, citric acid and piranha passivated implants (n=9), using specific primers and probes directed to the 16 rRNA. No
statistically significant differences were observed between groups (p > 0.05) (n=9).

peri-implant disease. However, none of the differences observed
among the groups were statistically significant.

3.4 | SEM Analysis

Scanning electron microscope (SEM) images showing biofilm
formation on standard, citric acid-treated, and piranha passiv-
ated implants were captured at 6, 12, and 24 h (Figure 5). At the
6-h mark, scattered coccoid bacterial colonies were observed
on all three surfaces, although fewer bacteria were present on
the piranha passivated implant compared to the others. By 12h,
bacterial colonization had significantly increased in the stan-
dard implants, and fusiform-shaped bacteria became more ap-
parent, indicating progress in biofilm development. At 24h, the
biofilm structure became more complex, with a greater number
of interwoven bacterial colonies. Nonetheless, some areas of the
implants remained uncolonized. At this stage, no noticeable
differences were observed among the three types of implants in
terms of biofilm coverage or structural complexity.

3.5 | Confocal Laser Scanning Microscopy (CLSM)

Confocal laser scanning microscopy was used to capture images
of biofilm formation on standard, citric acid-treated, and pira-
nha passivated implants at 6-, 12-, and 24-h intervals. In the cen-
tre of the image, the peak of the dental implant is clearly visible,
with the upper and lower valleys positioned to the left and right
of the peak. This arrangement highlights the spatial distribution

of the bacteria colonizing the implant surface (Figure 6). The
Biofilm Viability Checker software (Mountcastle et al. 2021) was
used to calculate the percentage of live and dead bacteria within
the biofilm. As shown in Table 1, the percentage of dead bacteria
increases over time, correlating with biofilm maturation. At 6h,
both citric acid-treated and piranha passivated implants exhib-
ited a higher percentage of dead bacteria. However, at 12 and
24h, piranha passivated implants consistently show a higher
percentage of dead bacteria compared to citric acid-treated im-
plants (Table 2).

4 | Discussion

This in vitro investigation has evaluated dental implants with
a novel surface passivation method, “Piranha,” in terms of its
protein adsorption capabilities and effectiveness in inhibiting
biofilm formation and viability on the implant surface compared
to a negative control (standard titanium surface) and a positive
control (titanium surface passivated with citric acid).

The Piranha treatments resulted in an oxide layer featuring ti-
tanium oxide nanopillars instead of the smooth, homogeneous
titanium oxide passivation layer found on the citric acid-treated
surfaces. The surface after the Piranha treatments was char-
acterized by a spiky morphology, which likely contributes to
the bactericidal effect, as the bacteria adsorbed on the surface
are likely to be penetrated by these nanopillars. Although the
passivation methods did not affect the surface roughness, the
samples treated with citric acid and Piranha exhibited greater
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FIGURE 5 | Images obtained by scanning electron microscopy (SEM) with 5000x magnification of biofilms developed on standard implants
(a—c), citric acid implants (d-f) and piranha passivated implants (g-i) at 6h (a, d, g), 12h (b, e, h) and 24h (c, f, i) (n=6).

hydrophilicity and elevated surface energy compared to the con-
trol, which may promote osteoblastic cell adhesion, prolifera-
tion, and differentiation (Harnett et al. 2007).

The protein adsorption assay was performed using fibrinogen as
the model protein since this protein is derived from blood and
biological fluids, which quickly adsorb onto implant surfaces
and play a critical role in mediating cell adhesion (Barberi and
Spriano 2021). The Piranha-treated surface exhibited the low-
est capacity for fibrinogen adsorption compared to the citric
acid-treated implant surface. These differences can be linked to
the increased surface hydrophilicity resulting from passivation
(Kujawa et al. 2023), as fibrinogen, being a large protein, tends
to adsorb more easily onto hydrophobic surfaces due to stronger
hydrophobic interactions (Wu et al. 2021). In contrast, citric acid
passivation introduces carboxyl groups, leading to a negatively
charged surface (Burel et al. 2021), which may enhance the bind-
ing of fibrinogen to negatively charged surfaces due to favorable
electrostatic interactions (Zeliszewska et al. 2014). This differ-
ential adsorption of fibrinogen carries significant biological im-
plications, as fibrinogen promotes bacterial adhesion by acting
as a bridge between the biomaterial surface and specific bacte-
rial adhesion receptors (Charville et al. 2008). Additionally, de-
creased fibrinogen adsorption may enhance biocompatibility by

reducing the adhesion of platelets and monocytes/macrophages,
which are key contributors to inflammatory responses on bio-
materials (Horbett 2018; Hu et al. 2001).

To study bacterial colonization, this research utilized a validated
in vitro multispecies biofilm model (Sanchez et al. 2011) to as-
sess biofilm formation on titanium implants with three distinct
surfaces: standard titanium surfaces, a newly developed pas-
sivated surface (Piranha), and citric acid passivated implants.
Biofilm development was assessed at 6, 12, and 24 h to capture
early bacterial adherence, which begins approximately 30 min
after implant placement in the oral environment (Pokrowiecki
et al. 2017). No statistically significant differences were found
between standard and citric acid-treated implants for any bac-
teria at any time, based on bacterial counts determined through
gqPCR analysis. However, Piranha implants contained lower
amounts of primary and intermediate colonizers. These find-
ings align with a prior in vitro study (Cruz et al. 2022) show-
ing reduced bacterial adhesion on piranha-passivated dental
meshes compared to the control group. Yet, this study employed
a mono-species model with a short incubation time that may
not accurately represent mature biofilm status. Multiple stud-
ies have indicated that bacterial adhesion generally increases
with greater surface hydrophobicity (Oh et al. 2018). Since
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Valleys

FIGURE 6 | Images obtained by confocal laser scanning microscopy (CLSM) of biofilms developed on standard implants (a-c), citric acid im-
plants (d-f) and piranha passivated implants (g-i) at 6h (a, d, g), 12h (b, e, h) and 24h (c, f, i). LIVE/DEAD BacLight was used. Live bacteria (green)
and dead bacteria (red). The images were generated using maximum intensity projections of the confocal z-stacks (n =6).

TABLE 2 | Percentage of dead bacteria in biofilms (mean+SD):
analysis of 6-, 12-, and 24-h biofilms on standard, citric acid, and
piranha-passivated implants using CLSM and LIVE/DEAD BacLight
Staining. No statistically significant differences were observed between
groups (p>0.05) (n=6).

Mean
percentage

Incubation Implant of dead
time (h) group bacteria (%) SD
6 Standard 14.3 15.1
Citric acid 27.3 29.2
Pirahna 36.2 28.8
12 Standard 51.1 26.5
Citric acid 44.3 16.6
Pirahna 63.1 28.0
24 Standard 55.6 16.6
Citric acid 449 34.0
Pirahna 63.6 21.9

Piranha treatment enhances surface hydrophilicity (Kujawa
et al. 2023), it is expected to decrease bacterial adhesion while
promoting cell adhesion and proliferation, as hydrophilic sur-
faces are known to encourage these biological interactions

(Klein et al. 2013). This dual benefit makes Piranha-treated
surfaces particularly promising for dental implants, as they not
only reduce bacterial colonization but may also support tissue
integration. In contrast, citric acid-passivated implants showed
lower bacterial counts for A. naeslundii at 6 and 24h, and for
P. gingivalis at 12h compared to the standard group. However,
no statistically significant differences were found. The bacteri-
cidal effect of citric passivation has been previously described,
albeit using a simpler mono-species model with a short incuba-
tion time (Punset et al. 2021). This aligns with an earlier study
that utilized a multispecies oral biofilm model, in which the
citric acid-passivated surface displayed almost no significant
differences compared to the other surfaces tested (Vilarrasa
et al. 2023). The bactericidal effectiveness of the surface signifi-
cantly depends on the concentration of citric acid used during
the passivation process. While higher concentrations reduce
bacterial adhesion more effectively, they also lead to increased
ion release, raising toxicity concerns and rendering them less fa-
vorable (Verdeguer et al. 2022). SEM analysis further supported
these findings, indicating that the implant surface covered by
biofilm increased over time in a similar manner across all three
surfaces. At 6 h, predominantly coccoid bacterial colonies were
observed, with Piranha-passivated implants exhibiting fewer
of them. Since primary colonizers typically display a coccoid
shape, this finding correlates with the lower qPCR counts de-
tected on these implants. As the biofilm matured, the number
of fusiform-shaped bacteria increased, coinciding with a rise
in biofilm complexity. In terms of CLSM images, Piranha im-
plants retained their antimicrobial efficacy over time, while

1582

Clinical Oral Implants Research, 2025

95UB017 SUOLULLOD 9AIIE.1D) 3{cedl|dde au Aq peusenob afe sapie VO ‘8sn JO Sa|nJ Joj Akeid18UIJUO AS]IA UO (SUONIPUOD-PUe-SWLBIALI0D" A 1M ARe.q] [BU UO//STL) SUONIPUOD PUe SIS | 8L 89S *[9202/20/92] Uo Areiqi auljuo AS|Im ‘pUPeIN 8 8suein dwod pepsieAlun A TE00L 1P/TTTT'OT/I0P/W00 A8 M AIq Ul juo//SAny Wwoj pepeojumod ‘ZT ‘SZ0Z ‘T0S0009T



citric acid implants appeared to be less effective at sustaining
bacterial reduction during the later stages of biofilm develop-
ment. The antimicrobial effectiveness of citric acid implants is
closely linked to the pH and concentration of its various ion-
ized forms. It is believed that under low pH conditions, citric
acid can penetrate microbial membranes, cause acidification of
the intracellular environment, and lead to structural damage
to the cell (Burel et al. 2021). Citric acid has been shown to be
effective in eliminating bacteria at the core of biofilm colonies,
but it is ineffective against cells located at the biofilm periphery
(Kundukad et al. 2020). As the biofilm matures and produces
bacterial exopolysaccharides (EPS), these substances can ob-
struct or reduce contact between citric acid and the bacterial
cells (Liu et al. 2024). This may explain the persistence of via-
ble bacteria over prolonged periods of growth. The antibacterial
effect of Piranha implants is likely due to their surface topog-
raphy, mainly caused by spike-like nanopillar nanostructures
that can mechanically break down the bacterial murein wall,
especially in Gram-negative bacteria with thin peptidoglycan
layers (Jenkins et al. 2020). However, this potential mechanism
cannot be proven by the results of this investigation, as we did
not observe a significant increase in dead bacteria on Piranha-
treated surfaces compared to the other implant surface groups
at the 6-h evaluation period. Additionally, since the early colo-
nizers are primarily Gram-positive species, such as streptococci
and actinomyces, which have thicker cell walls and may be less
susceptible to mechanical disruption, the direct bactericidal ef-
fect of the nanopillars during initial biofilm formation is likely
limited. The antimicrobial action of Piranha implants, along
with their mechanical impact (Jenkins et al. 2020), may function
by stimulating an increase in Reactive Oxygen Species (ROS)
production, similar to the mechanisms by which bactericidal
antibiotics operate (Kohanski et al. 2007). Additionally, TiO,
nanotubes have been shown to promote fibroblast proliferation,
establishing them as a beneficial framework for dental implants
(Dias-Netipanyj et al. 2020; Xu et al. 2020). This indicates that
Piranha-treated implants are a promising option since reducing
the viability of bacterial cells during the initial adhesion stage
can help prevent biofilm formation (Ma et al. 2022) and dimin-
ish the risk of peri-implantitis.

5 | Conclusions

The findings from this investigation show trends toward re-
duced fibrinogen adsorption, lower total bacterial counts, and
decreased bacterial viability on the Piranha-treated surface
in vitro; however, these differences were not statistically signif-
icant. Although these findings suggest a potential benefit of the
Piranha treatment for dental implants, further investigation is
needed to reach conclusive results. However, the results of this
study should be interpreted cautiously due to significant lim-
itations in the in vitro experimental design. Samples were not
coated with saliva, as there is no consensus on its impact on bac-
terial colonization. This allowed us to isolate the influence of
surface characteristics without introducing additional variables.
Another limitation of this investigation may be the use of son-
ication as a reliable method to detach proteins and/or bacteria
from the implant surfaces. Although this technique is widely
used and accepted in the literature, its effectiveness in fully
recovering surface-adhered material has not been conclusively

validated. Therefore, the reported results may underestimate
the actual amounts present. Nonetheless, since all surfaces were
processed using the same protocol, the relative comparisons be-
tween groups remain valid. As a result, the findings may not be
fully extrapolable to the clinical context, where salivary pellicle
formation occurs naturally. Therefore, further research is nec-
essary to validate the effectiveness of the Piranha passivation
method. Clinical trials should assess its performance in practi-
cal scenarios alongside foundational research studies to clarify
its underlying mechanisms of action.
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