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Abstract
Objectives: The purpose of this study was to investigate the efficiency of different 
implant-decontamination methods regarding biofilm modification and potential cy-
totoxic effects. Therefore, the amount of biofilm reduction, cytocompatibility, and 
elementary surface alterations were evaluated after decontamination of titanium and 
zirconium surfaces.
Material and Methods: Titanium and zirconium disks were contaminated with 
a newly developed high-adherence biofilm consisting of six microbial species. 
Decontaminations were performed using titanium curette, stainless steel ultrasonic 
scaler (US), glycine (GPAP) and erythritol (EPAP) powder air-polishing, Er:YAG laser, 
1% chlorhexidine (CHX), 10% povidone-iodine (PVI), 14% doxycycline (doxy), and 
0.95% NaOCl solution. Microbiologic analysis was done using real-time qPCR. For 
assessment of cytocompatibility, a multiplex assay for the detection of cytotoxicity, 
viability, and apoptosis on human gingival fibroblasts was performed. X-ray photo-
electron spectroscopy (XPS) was used to evaluate chemical alterations on implant 
surfaces.
Results: Compared with untreated control disks, only GPAP, EPAP, US, and Er:YAG 
laser significantly reduced rRNA counts (activity) on titanium and zirconium (p < .01), 
whereas NaOCl decreased rRNA count on titanium (p < .01). Genome count (bacte-
rial presence) was significantly reduced by GPAP, EPAP, and US on zirconium only 
(p < .05). X-ray photoelectron spectroscopy analyses revealed relevant re-exposure 
of implant surface elements after GPAP, EPAP, and US treatment on both materials, 
however, not after Er:YAG laser application. Cytocompatibility was impaired by CHX, 
PVI, doxy, and NaOCl. CHX and PVI resulted in the lowest viability and doxy in the 
highest apoptosis.
Conclusions: Within the limits of this in vitro study, air-polishing methods and ultra-
sonic device resulted in effective biofilm inactivation with surface re-exposure and 
favorable cytocompatibility on titanium and zirconium. Chemical agents, when ap-
plied on implant surfaces, may cause potential cytotoxic effects.
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1  |  INTRODUC TION

Peri-implant mucositis and peri-implantitis are the most frequent bi-
ological complications of dental implants that are primarily caused 
by a non-specific polymicrobial biofilm (Daubert & Weinstein, 2019; 
Renvert et al.,  2018). Prevention and therapy of peri-implant dis-
eases focus on removal or disruption of the peri-implant biofilm in 
order to re-establish a biocompatible implant surface. However, the 
structure and the wide spectrum of microorganisms in this biofilm 
(Charalampakis & Belibasakis, 2015; Padial-Molina et al., 2016; Rakic 
et al., 2016) together with the limited access to contaminated implant 
surfaces (Sanz-Martín et al., 2021; Steiger-Ronay et al., 2017) repre-
sent a challenge for every therapy. Non-surgical treatment has been 
shown to yield favorable results for peri-implant mucositis (Heitz-
Mayfield & Salvi, 2018; Schwarz et al., 2015). By contrast, for peri-
implantitis, mechanical non-surgical therapy alone was reported to 
be not efficient and inferior to surgical approaches with regenera-
tive or resective measures (Chan et al., 2014; Schwarz et al., 2015) 
because mechanical instrumentation using curettes or ultrasonic 
devices is complicated by the design of macro- and microthreads of 
the implants (Sanz-Martín et al.,  2021). To compensate this prob-
lem, alternative decontamination methods such as air-polishing, 
laser-assisted therapies, and the application of different antimicro-
bial agents (e.g., chlorhexidine) or local antibiotics (e.g., doxycycline) 
have been recommended (Faggion et al., 2014; Schwarz et al., 2015).

Several in vitro studies have investigated the efficiency of biofilm 
removal on titanium implant surfaces. While Er:YAG laser (AlMoharib 
et al.,  2021; Eick et al.,  2017) and air-abrasive devices (Keim 
et al.,  2019; Leung et al.,  2022; Tuchscheerer et al.,  2021) proved 
to be effective, curettes and sonic / ultrasonic devices cleaned the 
surfaces poorly (AlMoharib et al., 2021; Keim et al., 2019; Sahrmann 
et al., 2015). Chemotherapeutic agents such as chlorhexidine, phos-
phoric acid (Dostie et al.,  2017) citric acid (Cordeiro et al.,  2021; 
Kotsakis et al.,  2016), and NaOCl-EDTA (Kotsakis et al.,  2016) 
demonstrated modest and favorable antimicrobial effects on bio-
films on titanium surfaces. Thereby, a few of the aforementioned 
studies used multispecies biofilm models (Cordeiro et al., 2021; Eick 
et al., 2017) or plaque samples from subjects (AlMoharib et al., 2021; 
Dostie et al., 2017; Wheelis et al., 2016). Furthermore, there is grow-
ing but still limited evidence about cytocompatibility of decontami-
nation methods (Kotsakis et al., 2016; Ungvári et al., 2010; Wheelis 
et al.,  2016). Modification of implant surfaces, such as dissolution 
of titanium components (Wheelis et al., 2016) and cytotoxic effects 
on fibroblasts or osteoblasts (Kotsakis et al., 2016), may impair re-
osseointegration or induce inflammatory effects.

Moreover, all previous studies on the efficiency of decontamina-
tion were performed on titanium materials, whereas for zirconium, 
equivalent data are not available yet. There is growing evidence that 
zirconium implants might be a promising alternative due to their 

favorable biocompatibility and esthetic benefits (Comisso et al., 2021). 
However, since peri-implant diseases may also affect zirconium im-
plants (Becker et al., 2017; Fretwurst et al., 2021), information about 
appropriate decontamination measures for these surfaces is needed. 
Therefore, the aim of the present study was to investigate the effi-
ciency of biofilm reduction and cytocompatibility of different implant-
decontamination methods on both titanium and zirconium surfaces.

2  |  MATERIAL S AND METHODS

Titanium and zirconium disks (15 mm diameter, 1 mm thickness) 
were used for all decontamination tests with (microbial and XPS 
analysis) and without (cell culture analyses) prior biofilm contamina-
tion. Titanium material fulfilled the requirements for grade 4 com-
mercially pure titanium (standards ISO 5832-2 and ASTM f67). The 
surface was corundum blasted and acid etched with a roughness 
average (RA) value of 1.3  μm. Zirconium disks were composed of 
yttria-stabilized zirconium and had a RA value of 1.1 μm. All disks 
were autoclaved before their use. After autoclavation, all disks were 
stored in separate wells of a 12-well microtiter plate avoiding con-
tamination and disk–disk contact. Although oxygen was present 
near the surface of all disks in compound form (TiO2; ZrO2), for sim-
plification, the terms titanium and zirconium shall be used through-
out the following text.

2.1  |  High-adherence biofilm model

To develop a peri-implantitis-biofilm model for testing implant-
decontamination conditions under harsh conditions, a new approach 
was applied combining microbial species with the most aggregation 
(Aggregatibacter actinomycetemcomitans, Fusobacterium nucleatum), 
adhesive (Streptococcus sanguinis/oralis), and net-forming (mycelia by 
Candida albicans, pseudo-mycelia by Actinomyces oris) potential (Chen 
et al., 2022; D'Ercole et al., 2020; Hauser-Gerspach et al., 2007). The pri-
mary goal was to create a manageable, reproducible, and robust, water-
insoluble biofilm to challenge any implant-decontamination method to 
the most. As natural, fresh isolates have more surface antigens for me-
diating adherence/aggregation than laboratory strains, the strains were 
re-activated by adding sterile-filtered saliva and horse blood.

2.2  |  Contamination protocol

The test species from our stocks (Aggregatibacter actinomycetemcom-
itans ATCC 33384 T, Actinomyces oris OMI 235, Candida albicans OMI 
286, Fusobacterium nucleatum ATCC 25586 T, Streptococcus sanguinis 
OMI 332, and Streptococcus oralis ATCC 35037 T) were primarily 

K E Y W O R D S
biofilm, decontamination, peri-implantitis, titanium, zirconium
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    |  3STEIN et al.

grown at 37°C in an appropriate medium at appropriate conditions 
(see Table 1). After sufficient growth (24-72 h), five colonies of each 
test species were separately and homogeneously suspended in 5-ml 
saline solution (0.9%). The exact cell concentrations were deter-
mined by plating an aliquot. A volume between 100 and 200 μl of 
theses suspensions with the CFU numbers given in Table 1 was used 
for inoculating the disks (placed in 12-well microtiter wells and over-
laid with 1 ml Mueller–Hinton Bouillon as well as 40 μl 50% sucrose 
solution). On Day 1, firstly, a volume of 70-μl sterile-filtered saliva 
and 70-μl horse blood was added and—as the first two species—C. al-
bicans and A. oris were inoculated, allowing formation of both a wide-
meshed and closed-meshed net. Microtiter plates were incubated 
anaerobically by using the BD GasPak EZ anaerobe gas generation 
pouch system (Thermo Fisher Scientific, Dreieich, Germany) for 
7 days. On Day 2, slow-growing A. actinomycetemcomitans and F. nu-
cleatum were added. Both species form aggregates and are known to 
co-adhere with other bacteria. Finally, on Day 3, the two fast-growing 
streptococcal species were added and the—in total—six-species bio-
film grown for an additional 4 days (Figure S1a). At Day 7, the appro-
priateness of biofilm was ensured by live-/dead- and Gram staining 
(Figure S1b,c), and the culture terminated. The biofilm-covered disks 
were removed, cleaned, and dried only on the (almost biofilm-free) 
underside by the aid of an absorbent paper and ethanol, and trans-
ferred and fixed—with a little silicon on the underside—in the lid of 
a 12-well plate to ease handling later (Figure S1d). Disks were incu-
bated for around 10 min. at 37°C until excess water was removed 
(Figure S1e). The lid with fixed disks was closed with the plate (upside 
down as the plate is usually closed with its lid), and the stack of plates 
(Figure S1f) was frozen at −80°C until further procedures [staining 

for quality control, decontamination (example given in Figure S1g), 
X-ray photoelectron spectroscopy analysis, see below].

2.3  |  Decontamination protocol

Titanium and zirconium disks were decontaminated using the fol-
lowing procedures:

•	 Titanium curette (Langer curette IMPLG1/2  T, Hu-Friedy, 
Frankfurt, Germany)

•	 Stainless steel ultrasonic scaler [US (Piezon Master® with PS tip, 
EMS, Nyon, Switzerland)]

•	 Glycine powder air-polishing [GPAP (Air-Flow® with Air-Flow 
Perio®, EMS)]

•	 Erythritol powder air-polishing [EPAP (Air-Flow® with Air-Flow 
Plus®, EMS)]

•	 Er:YAG laser [100 mJ, 5 W, 50 Hz (LightTouch™, Yokneam, Israel)]
•	 1% chlorhexidine (CHX) solution (1.0  g Chlorhexidingluconat 

20%, Fagron GmbH & Co.KG, Barsbüttel, Germany, ad 100.0  g 
aqua injectabilia for 50 ml volume)

•	 10% povidone-iodine (PVI) solution (Betaisodona®, Mundipharma, 
Frankfurt, Germany)

•	 14% doxycycline (doxy) suspension (35 tablets DoxyHexal 
200 mg, Hexal AG, Holzkirchen, Germany; ad 50.0 g aqua inject-
abilia for 50 ml volume)

•	 0.95% NaOCl solution (AppliChem GmbH, Darmstadt, Germany)

All mechanical decontaminations (curette, US, GPAP, and EPAP) 
and Er:YAG laser irradiation were performed for 20 s under 0.9% 
NaCl cooling (except for curette) with equal instrumentation of the 
disk surfaces. Application of all chemotherapeutic agents (CHX, 
PVP, doxy, and NaOCl) was done using disposable syringes with 
sterile cannulas. Care was taken to ensure that disks were equally 
and completely covered by the agents without mechanical detach-
ment of the biofilm. Exposure time was 2 min. Those disks that were 
used for microbiologic analyses were subsequently rinsed with six 
increments of 1 ml 0.9% NaCl according to the protocol of Dostie 
et al. (2017) in order to stop the antimicrobial activity. All other disks 
(used for cytocompatibility and surface analyses) were processed 
without subsequent rinsing. In total, experiments were performed 
on 153 titanium and 153 zirconium disks. For each decontamination 
per material, four disks were used for qualitative and quantitative 
microbiologic analysis, 12 for cell culture experiments (triplets for 
live/dead staining after 24 h, multiplex assays after 24 h and 48 h, 
and SEM microscopy after 24 h), and one for elementary analysis. 
Further, five positive (untreated biofilm contaminated) control disks 
per material were referred to microbiologic analysis (N = 4) and el-
ementary analysis (N  =  1), while eight negative (untreated sterile) 
control disks per material were used for cell culture tests.

All decontaminations were performed by two persons (JMS 
performed all mechanical procedures, SM conducted the laser and 
all chemical treatments). Prior to the study, all tests were exercised 

TA B L E  1  Microbial strains, growth medium, conditions, and 
inoculum used in this study

Species and strain
Medium and growth 
condition

CFU$ 
number for 
inoculum

Aggregatibacter 
actinomycetemcomitans

ATCC 33384T

BHI, capnophilic§, 
72 h

2.34 × 104

Actinomyces oris
OMI 235

MH, capnophilic§, 
72 h

1.56 × 104

Candida albicans
OMI 286

Saboraud, 
capnophilic§, 24 h

1.08 × 104

Fusobacterium nucleatum
ATCC 25586T

BHI, anaerobic*, 24 h 2.10 × 104

Streptococcus oralis
ATCC 35037T

MH, capnophilic§, 
24 h

1.05 × 104

Streptococcus sanguinis
OMI 332

MH, capnophilic§, 
24 h

1.06 × 104

Note: CFU$ colony-forming units; §7%–8% CO2; *by BD GasPak EZ 
anaerobe gas generation pouch system with indicator (order # 260683), 
Becton–Dickinson.
Abbreviations: ATCC, American Type Culture Collection; BHI, 
Brain Heart Infusion broth; MH Mueller–Hinton broth; OMI, Oral 
Microbiology Immunology division (RWTH Aachen University, 
Germany).
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4  |    STEIN et al.

by the same persons in order to get familiar with the procedures 
and to achieve an acceptable reproducibility of the performances. 
Treatments with curette, US, GPAP, EPAP, and Er:YAG laser were 
performed with controlled movements achieving maximum possible 
contact with the decontaminated disk surfaces, while all chemical 
agents were applied covering the whole disk surface.

2.4  |  Microbiological analyses

A LIVE/DEAD Biofilm Kit (Filmtracer™ LIVE/DEAD™ Biofilm Viability 
Kit, Thermo Fisher Scientific, Dreieich, Germany) and epifluores-
cence microscopy (Microscope DMRX, Leica, Wetzlar, Germany) 
were used to visualize and semi-quantify the composition and viabil-
ity of the high-adherence biofilm. Gram staining was performed to 
estimate gram-negative, gram-positive, and fungal cells ratio.

For quantitative analysis, the high-adherence biofilm was dis-
persed from test specimens with and without decontamination, 
the samples were centrifuged, and the pellets were washed with 
bidistilled water and frozen at −72°C until further processing. The 
pellets were resuspended in 200 μl bidistilled water. DNA and RNA 
were isolated using a DNA/RNA Extraction Kit (NucleoSpin RNA 
XS, Macherey-Nagel, Düren, Germany). For the initial lysis with ly-
sozyme and mutanolysin (3-mg lysozyme, 100-U mutanolysin, in 
200-μl Tris EDTA buffer, and 20 μl added to every sample), all sam-
ples were incubated at 37°C for 10  min and further isolation was 
performed according to the manual with elution volumes of 100 μl. 
Subsequently, 10  μl of the total RNA (1:10 dilution) was reversely 
transcribed into cDNA, using random hexamer primers (60 μM) with 
a cDNA Synthesis Kit (Transcriptor First Strand cDNA Synthesis Kit, 
Roche, Mannheim, Germany) according to the manual.

A qRT-PCR (QuantStudio 3, Thermo Fisher Scientific, Dreieich, 
Germany) was performed to measure (i) the bacterial genome num-
bers equivalent to cell numbers applying using universal, broad-
spectrum bacteria-primers according to Nadkarni et al.  (2002) and 
(ii) the bacterial activity represented by rRNA numbers, derived 
from cDNA quantification (Henne et al., 2016; Walther et al., 2021), 
in every treatment and control sample. DNA of a stock suspen-
sion (reference strain Streptococcus oralis ATCC 35037; 8.0x108/
ml) was serially diluted in tenfold steps with nuclease-free water 
and served as a standard curve. Every sample and control were 
measured in technical triplicates. Each well contained 20 μl of the 
reaction mix with the following components: 10-μl gene expres-
sion master mix (PowerUp™ SYBR™ Green Master Mix, Thermo 
Fisher Scientific, Dreieich, Germany), Nadkarni-Forward Primer (5’ 
TCCTACGGGAGGCAGCAGT 3′, 0.1  μl), Nadkarni-Reverse Primer 
(5’ GGACTACCAGGGTATCTAATCCTGTT 3′, 0.1 μl), 8-8 μl nuclease-
free water, and 1-μl template. The concentration of both primers (TIB 
Molbiol, Berlin, Germany) was 100 μM. The qRT-PCR was performed 
with the following temperature profile: initial denaturation at 95°C 
(2 min); 40 cycles of 95°C (10 s), Ta = 60°C (10 s), 72°C (25 s); and 
final elongation at 72°C (10 min). As a negative control, nuclease-
free water was added instead of the template.

In the case of the net-forming yeasts, a conventional colony-
forming unit determination on Saboraud-Agar was performed. Since 
the number of yeast cells was below the number of bacteria by the 
magnitude of two logs, the C. albicans count could be neglected.

2.5  |  Cell culture and cytocompatibility analyses

For cytocompatibility analyses, decontamination measures of all 
disks were performed as described above, however without prior 
contamination. Test samples were seeded with immortalized human 
gingival fibroblasts (hGF; 50.000 cells/sample; Immortalized Human 
Gingival Fibroblasts- hTERT, BioCat, Heidelberg, Germany) and 
cultured in 600 μl DMEM (Dulbecco's Modified Eagle Medium; 
Invitrogen AG, Carlsbad, USA) supplemented with 10% fetal bovine 
serum and 0.25 mg/mL gentamicin (both Invitrogen AG). Samples 
were incubated at 37°C under a supply of 5% CO2 and removed after 
24 or 48 h, respectively, for subsequent analyses. All measurements 
were performed in triplicates.

Pictures were performed to visualize effects of decontamination 
methods on hGF cell morphology, and surface characteristics of 
the two materials after decontamination treatments using a scan-
ning electron microscope (ESEM XL30 FEG, FEI, Philips, Eindhoven, 
Netherlands) were performed for demonstration of morpholog-
ical differences. The preparation of the samples was carried out 
by fixation with glutaraldehyde followed by critical point drying. 
Differences in viability were detected with live/dead staining. To this 
end, the samples were cultured in a 12-well plate containing 3 ml 
medium/well, rinsed with PBS after 24 and 48 h, respectively. After 
subsequent overlay with live/dead assay (LIVE/DEAD™ Cell Imaging 
Kit, Invitrogen AG), digital images of the stained disks were taken 
with an epifluorescence microscope (Microscope DMRX, Leica) 
within 1 h.

For the assessment of cytotoxicity, viability, and apopto-
sis in hGF cells on decontaminated samples, three indepen-
dent fluorescence-based assays (CytoTox-ONE Homogeneous 
Membrane Integrity Assay, CellTiter-Blue Cell Viability Assay, 
and Apo-One Homogeneous Caspase-3/7 Assay, all Promega, 
Mannheim, Germany) were combined and adapted to analyze 
the three different parameters from one single sample, con-
secutively. The samples were measured on a multi-mode micro-
plate reader (Spectramax ID3 with Software Soft Max Pro 7.1, 
Molecular Devices, San Jose, USA). For cytotoxicity, cell culture 
supernatant was mixed with CytoTox-ONE reagent after 24 and 
48 h of cell growth, transferred to a 96-well plate, and measured 
at 540 Ex/580 Em after an incubation time of 10  min. For the 
subsequent measurements of viability, fresh medium was added 
to the samples together with CellTiter-Blue reagent incubated 
for 2  h and measured after transfer to a 96-well plate at 540 
Ex/580 Em. To quantify caspase 3/7 activity, the Apo-ONE re-
agent was added to the remaining medium. After 18 h incuba-
tion, medium was transferred to a 96-well plate and measured 
at 485Ex/527Em.
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    |  5STEIN et al.

2.6  |  Analysis of elementary composition using X-
ray photoelectron spectroscopy (XPS)

For evaluation of the chemical alterations of the surface of the de-
contaminated disks, the atomic composition was examined using 
XPS technology. In order to evaluate alterations on biofilm-covered 
and biofilm-free surfaces, all decontamination tests were performed 
on disks with and without prior contamination. Measurements were 
carried out in an XPS spectrometer (Ultra AxisTM spectrometer, 
Kratos Analytical, Manchester, UK). The excitation area of XPS was 
approximately 1 × 1 mm2. This area was chosen arbitrarily on the ho-
mogeneous surfaces in the central area of the disks. The samples 
were irradiated with monoenergetic Al Kα1,2 radiation (1486.6 eV), 
and the spectra were taken at a power of 144 W (12 kV × 12 mA). The 
aliphatic carbon (C-C, C-H) at a binding energy of 285 eV (C 1 s pho-
toline) was used to determine the charging. The spectral resolution—
that is, the Full Width of Half Maximum (FWHM) of the Ester carbon 
from PET—was better than 0.68 eV for the elemental spectra. The 
elemental concentration is given in atom%, but it should be consid-
ered that this method can detect all elements except hydrogen and 
helium. The information depth was around 10 nm for polymers and 
6 nm for metallic/inorganic materials.

2.7  |  Statistical analyses

All results are presented as means or percentages with standard de-
viations (SD). Quantitative microbiologic and cell culture data were 
analyzed using a statistical software (GraphPad Prism, Version 9.0.0, 
San Diego, CA). Data were unpaired and not normally (not Gaussian) 
distributed. Therefore, the Kruskal–Wallis test was performed. For 
each material (titanium and zirconium), the mean rank of each treat-
ment was compared with the mean rank of a negative control group 
(biofilm without treatment). For pairwise comparisons, Dunn's test 
including Bonferroni correction of the p-value was used. A probabil-
ity of p < .05 was considered statistically significant.

3  |  RESULTS

3.1  |  Microbiologic results

Results of qualitative analysis of the high-adherence biofilm by live/
dead and Gram staining are visualized in Figure  S1b,c. The pseu-
domycelium of Candida albicans established the basic structure of 
the biofilm. Actinomyces oris formed bundles, cross-linking the yeast 
mycelium, while Fusobacterium nucleatum served as “bridging bacte-
rium” mediating co-adhesion. Streptococcus sanguinis, S. oralis, and 
Aggregatibacter actinomycetemcomitans produced extracellular poly-
saccharides and/or served as filler.

Quantitative results of the decontaminations comprising reduc-
tion in the genome (or cell) and of the rRNA count, the latter an es-
tablished parameter representing bacterial activity, are illustrated 

in Figure 1. While on titanium disks, all decontamination measures 
did not lead to significant differences, zirconium disks US, GPAP, 
and EPAP led to significantly higher reductions compared with the 
untreated control disk (Figure  1a). Considering bacterial activity, 
US, GPAP, EPAP, and Er:YAG laser led to significant reductions in 
rRNA counts both on titanium and zirconium surfaces, with even 
more pronounced reductions in GPAP, EPAP, and Er:YAG laser on 
zirconium disks. Besides, rRNA counts were significantly reduced by 
NaOCl on titanium surfaces, but not on zirconium (Figure  1b). All 
other measures did not show any significant deviations.

3.2  |  Results of cytocompatibility analyses

Lactate dehydrogenase (LDH) secretion (measure for cytotoxicity), 
cell viability, and caspase 3/7 activity (measure for apoptosis) were 
determined for hGF seeded onto zirconium and titanium samples 
after different decontamination treatments. Results of this multi-
variate analysis are shown in Figure 2. Additional live/dead staining 
was performed to assess cytocompatibility qualitatively for all treat-
ments and untreated controls. Figure 3 shows representative images 
of live/dead staining with viable (green) and dead (red) cells.

In general, the mechanical treatments (curette and US), both 
air-polishing abrasives and laser irradiation, showed the highest cell 
viability along with low cytotoxicity and apoptosis values (Figure 2). 
There was a reduced number of viable cells on zirconium samples 
after mechanical treatment and laser irradiation after 24 h of cultiva-
tion (Figure 2c,d). This effect, however, could not be observed after 
live/dead staining (Figure 3) or in SEM pictures (Figure 4). Among 
chemotherapeutic agents, CHX application induced a cytotoxic ef-
fect of 27% on zirconium and 41% on titanium samples (Figure 2a,b). 
This went along with a significantly reduced number of viable cells 
(Figure 2c,d) and high number of dead cells in the live/dead stain-
ing (Figure 3). There seemed to be a relief of this cytotoxic effect 
over time since the cells slightly recovered after 48 h (Figure 3a,b). 
NaOCl produced a minor cytotoxic effect on titanium, together with 
a reduced number of viable cells and a moderately increased signal 
for apoptosis. This effect could only be observed on titanium sam-
ples. On zirconium, by contrast, there was only a minimal increase 
in apoptosis. Interestingly, doxycycline treatment of the samples 
showed a slight cytotoxic effect but a significantly reduced number 
of viable cells and a pronounced apoptotic signal. It seems that dox-
ycycline induced apoptosis in the cells, which even increased over 
time. PVI treatment led to low cytotoxicity, viability, and apoptosis 
signals, while live/dead staining resulted in nearly 100% dead cells 
24 h after seeding onto PVI-treated titanium and zirconium samples 
(Figure 3).

3.3  |  Results of elementary analysis (XPS)

Elementary composition of all decontaminated surfaces is shown 
in Tables 2 and 3. XPS analysis on titanium disks with prior biofilm 
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6  |    STEIN et al.

contamination showed a slightly increased percentage of Ti after de-
contamination with US, GPAP, and EPAP, while control disks and all 
other methods had no Ti signal (0%). Since XPS had a detection depth 
of 6–10 nm, missing Ti signals can be attributed to the presence of 
biofilm and, therefore, insufficient decontamination. Analysis of ti-
tanium disks without prior biofilm contamination showed moderate 
reductions in the Ti signal after GPAP, EPAP, CHX, and doxycycline 
as well as a higher N signal (28.0%) for CHX. While the percentage 
of C was slightly decreased by US, EPAP, and GPAP, it was increased 
by CHX, doxycycline, NaOCl, and laser therapy. Traces of Si, which 
is part of the air-polishing powders, were found after air-polishing 
treatments (Table 2).

Adequately, on zirconium surfaces with biofilm, GPAP, EPAP, and 
NaOCl led to increased Zr signals corresponding to increased biofilm 
reduction compared with control disks and other decontaminations. 
Zirconium disks without biofilm showed a decreased frequency of Zr 
after US and CHX treatment. US-treated surfaces also included Fe 
and Cr, which are components of the stainless steel tips. Yttrium, a 
part of the elementary composition of all zirconium disks, was found 

in all biofilm-free samples. The presence of C signal was increased 
after CHX treatment, whereas all other treatments did not show 
striking deviations (Table 3).

4  |  DISCUSSION

Decontamination of implant surfaces is a key factor for the suc-
cess in the treatment of peri-implant mucositis and peri-implantitis 
(Daubert & Weinstein, 2019; Koo et al., 2019). Thereby, efficient 
biofilm reduction from implant surfaces with minimal or no ad-
verse effects of surrounding soft and hard tissues is highly de-
sirable. To the best of our best knowledge, the present study is 
the first investigating the efficiency of different decontamina-
tion methods and their biocompatibility using cell culture and 
elementary structure analyses on both titanium and zirconium 
surfaces. Most of the previous in vitro studies on biofilm reduc-
tion in implant surfaces used mono- (Batalha et al., 2021; Ichioka 
et al.,  2021) or multispecies biofilms (Cordeiro et al.,  2021; Eick 

F I G U R E  1  Reduction in genome (cell) 
count (a on titanium and b on zirconium) 
and or rRNA count (representing 
bacterial activity, c on titanium, and d 
on zirconium) of high-adherence biofilm 
after decontamination compared with 
untreated control. *p < .05, **p < .01, 
***p < .001, ****p < .0001. The Y-axis 
represents the log10 transformed 
bacterial genome/rRNA counts.
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    |  7STEIN et al.

et al., 2017; Leung et al., 2022), which might not meet the com-
plexity of peri-implant biofilms in patients with peri-implant in-
flammatory diseases (Padial-Molina et al., 2016; Rakic et al., 2016). 

Therefore, a new and robust high-adherence biofilm comprising 
species with high aggregation, adhesion, and net-forming charac-
teristics (Figure S1b,c) was established.

F I G U R E  2  Cytocompatibility of decontamination methods on zirconium and titanium samples as combination of three independent test 
kits for cytotoxicity (a and b), cell viability (c and d), and apoptosis (e and f) analyzing three different parameters from one single sample, 
consecutively. Experiments were divided into two separate approaches including the representative controls a and b (untreated samples) 
shown in different shades of gray. Measurements were done using an immortalized hGF cell line. Results are displayed as means with 
representative standard deviation based on triplet measurement for 24 h (left bar) and 48 h (right bar). Statistically significant differences 
(p < .05) of the treatment method compared with the untreated control are marked with asterisks. The dotted area illustrates a range that 
deviates more than 25% from the controls. Values within this range are considered as relevantly increased or decreased values.
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8  |    STEIN et al.

Microbiologic data show that US, GPAP, and EPAP treatment led 
to quantitative biofilm reduction (genome count) on zirconium im-
plants; however, on titanium, no significant changes were found. The 
latter may reflect the high stability of the presented biofilm model 
and points to promising benefits of the aforementioned methods 
on zirconium implants. It may also point to the fact that zirconium 

allows weaker biofilm adhesion than titanium (do Nascimento 
et al., 2016; Mathew et al., 2020; Roehling et al., 2017) which, there-
fore, may facilitate the mechanical biofilm removal on zirconium 
surfaces. Significant reduction in bacterial activity (rRNA count) was 
observed for US, GPAP, EPAP, and Er:YAG laser on both titanium and 
zirconium surfaces. Thus, the physicomechanical treatments were 

F I G U R E  3  Live/dead staining of gingival fibroblasts 24 h seeded on titanium samples for identification of cytotoxic effects of different 
mechanical and chemical decontamination pre-treatments. Cytocompatibility can be detected using a live/dead staining with calcein AM 
and BOBO-3-iodide. This staining results in green, fluorescent viable cells, and red-fluorescent dead cells. Mechanical treatments including 
powder air-abrasive devices are clearly cytocompatible since all adherent cells are viable (Curette, US, LASER, EPAP, GPAP). PVI treatment 
results in exclusively dead cells. After CHX, doxy, and NaOCl treatment both, viable and dead cells are present. Microscope objective ×10. 
Scale bar = 100 μm.

F I G U R E  4  Selection of characteristic SEM images of gingival fibroblasts on titanium (top row) and zirconium (bottom row) specimens. 
Titanium shows a rough and fissured material surface; the zirconium surface appears amorphous. On titanium, the cells stand out clearly 
from the background, while on zirconium, the cells appear less clear and shadowlike. Healthy cells (Control, EPAP) show the typical flat 
fibroblast-like morphology with cell protrusions and filopodia. After PVI treatment, cells are spherical and only loosely attached to the 
surface. Also, after doxycycline treatment, only cell remnants are visible (doxy). NaOCl and CHX treatment led to mixed cell morphologies of 
impaired cells. All images at ×1000, scale bar = 20 μm.
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    |  9STEIN et al.

Decontamination 
method

Elementary composition (atomic percentage, %)

Ti N C O Others

Control − biofilm 11.7 1.2 38.3 45.1 P (1.2), Na (1.7), Ca (0.8)

Control + biofilm 0 15.4 66.5 18.1

Curette − biofilm 9.1 3.6 39.3 46.1 Na (1.9)

Curette + biofilm 0.2 10.7 67.1 22.0

US − biofilm 16.3 1.8 25.3 56.1 Ca (0.5)

US + biofilm 8.3 3.8 52.9 34.5 Na (0.5)

Laser − biofilm 9.0 2.7 43.9 44.4

Laser + biofilm 0 14.5 64.1 21.4

GPAP − biofilm 8.1 9.5 33.7 42.8 Na (1.2), Si (4.7)

GPAP + biofilm 3.4 3.3 58.8 29.0 Si (5.5)

EPAP − biofilm 5.6 2.5 29.9 47.6 Si (14.4)

EPAP + biofilm 2.8 4.9 64.2 19.4 Si (0.4)

CHX − biofilm 8.1 28.0 45.1 42.5 Na (1.6)

CHX + biofilm 0 13.5 62.0 24.1

Doxy − biofilm 8.1 1.2 53.3 35.2 Si (2.2)

Doxy + biofilm 0.3 12.8 63.9 23.0

PVI − biofilm 14.0 1.3 39.8 42.7 Na (1.7), Ca (0.5)

PVI + biofilm 0 15.5 64.0 20.3 I (0.2)

NaOCl − biofilm 10.7 0 45.5 41.4 Na (1.5), Ca (0.9)

NaOCl + biofilm 0 13.7 63.5 21.3 Cl (1.5)

TA B L E  2  XPS analyses on titanium 
disks

Decontamination 
method

Elementary composition (atomic percentage)

Zr N C O Others

Control − biofilm 12.9 0 23 54 Y (1.8), P (2.7), Na (5.6)

Control + biofilm 0 15.1 65.7 19.2

Curette − biofilm 13.5 0 22.5 57.1 Y (2.1)

Curette + biofilm 0.2 8.5 70.2 22.0

US − biofilm 7.0 0 34.6 48.3 Y (0.9), Cr (2.4), Na (1.6), Fe (5.2)

US + biofilm 0.2 0 82 17.8

Laser − biofilm 18.0 0 29.1 50.3 Y (2.6)

Laser + biofilm 0.8 11.9 65.3 21.4

GPAP − biofilm 12.1 3.8 33.0 48.3 Y (1.9), Na (0.9)

GPAP + biofilm 5.6 0 61.6 28.3 Si (4.5)

EPAP − biofilm 17.5 5.1 24.6 49.3 Y (2.4), Na (1.1)

EPAP + biofilm 5.8 0 67.0 27.2

CHX − biofilm 7.0 0.9 55.2 35.8 Y (1.1)

CHX + biofilm 0.7 14.1 64.2 21.0

Doxy - biofilm 18.1 0 27.2 51.7 Y (3.0)

Doxy + biofilm 0.8 15.4 62.6 21.2

PVI − biofilm 19.6 0 29.0 48.4 Y (3.0)

PVI + biofilm 0.9 13.1 61.9 24.0 I (0.1)

NaOCl − biofilm 18.0 0 29.3 50.0 Y (2.7)

NaOCl + biofilm 7.0 9.5 49.0 31.8 Y (0.9), Na (0.9)

TA B L E  3  XPS analyses on zirconium 
disks
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10  |    STEIN et al.

effective as they disintegrated the biofilm best but not entirely, as 
1 (EPAP) – 10% (Er:YAG laser, US) remained (Figure  1a,b). The re-
maining biofilm was further and considerably affected in activity. 
The ionic strength of glycine and erythritol, as well as the light and 
heat of the laser—all water-reducing, drying processes—reduced 
bacterial activity, even more than with chemical agents/antibiotics. 
Superior decontamination effects are known for GPAP and EPAP on 
titanium implants (Mensi et al., 2020) and on zirconium surface for 
GPAP (John et al., 2016). Thereby, Mensi et al. (2020) noted that in a 
simulated peri-implant pocket model, a longer treatment time (45 in-
stead of 5 s) even more improved biofilm removal. Pham et al. (2021) 
demonstrated at zirconium surfaces that both ultrasonic and Er:YAG 
laser proved better in biofilm reduction than manual instruments, 
while Eick et al. (2017) and AlMoharib et al. (2021) reported favor-
able biofilm reduction for Er:YAG on titanium surfaces. Interestingly, 
out of the chemical decontaminations, only NaOCl showed a sig-
nificantly higher rRNA count reduction at titanium disks, which is 
in accordance with previous reports demonstrating effective dis-
infection by NaOCl in multispecies biofilms on titanium in vitro 
(Homayouni et al., 2019) and in vivo (Gosau et al., 2010). All other 
therapies did not provide any significant improvements. The very 
low (PVI, doxycycline) or missing (CHX) decontamination effects on 
rRNA count at both materials might be caused by the stability of 
the established biofilm with a strong diffusion barrier created. This 
points to the meaning of chemical agents as adjunctive to mechan-
ical decontamination rather than sole therapy. For CHX, which pro-
vided least efficiency in our study, a weak antimicrobial effect on 
single- and multispecies biofilms has already been shown in other 
studies (Kotsakis et al., 2016; Widodo et al., 2016), while for PVI and 
doxycycline, only limited data about antibacterial effects are avail-
able (Barrak et al., 2020; Bernardi et al., 2019).

Cell culture analyses resulted in low cytotoxicity and apoptosis 
and high viability for fibroblasts after mechanical treatments (curette 
and US), GPAP, EPAP, and Er:YAG laser. Even if there was a reduced 
viability after mechanical and laser treatment on zirconium compared 
with control disks, this observation should not be considered clini-
cally relevant since it could not be confirmed by the live/dead staining 
and the SEM images. By contrast, chemotherapeutic agents caused 
defined effects in cell culture experiments. CHX had the highest cy-
totoxic effect, which was even more pronounced on titanium and 
seemed partly reversible after 48 h. This observation is supported by 
other studies showing a cytotoxic effect of CHX on fibroblasts and 
osteoblasts (Kotsakis et al., 2016; Rajabalian et al., 2009). Thereby, 
an effective adsorption of CHX on titanium and zirconium surfaces 
and a high substantivity might explain its persistently high cytotoxic 
effect, which has already been demonstrated for titanium implants 
(Kozlovsky et al., 2006; Ryu et al., 2015). Also, PVI showed a detri-
mental effect on fibroblasts. Obviously, it caused a prompt dead of 
the cells, so that LDH secretion (cytotoxicity) and caspase 3/7 ac-
tivity (apoptosis) were prevented. Also, live/dead staining revealed 
almost 100% dead cells after 24 h. This confirms that the cells were 
directly affected, and that absorbance measurement was not dis-
turbed by the PVI color. Cytotoxic effects of povidone-iodine on 

gingival fibroblasts have been reported by other studies (Barnhart 
et al., 2005). Beside the moderate cytotoxic potential of NaOCl on 
titanium-seeded cells, the increasingly high apoptosis values of doxy-
cycline on titanium and zirconium have not been reported. However, 
since the apoptotic effect of doxycycline is known from tumor cells 
(Alexander-Savino et al., 2016), it should be verified in future studies 
and, at least, be carefully considered when slow-release drug devices 
are applied in dental applications.

In general, the effects of the chemical decontaminations were 
more pronounced on titanium specimens than on zirconium. This 
might be based on the higher roughness of the etched titanium sur-
faces (Figure 4), on which the drugs adhere better and retain longer 
than on smooth and hydrophobic ceramic surfaces.

Elementary analysis using XPS was performed in a setting with 
and without prior biofilm contamination. This allowed us to verify 
and extend microbiologic evaluation of biofilm reduction (with prior 
contamination) and alterations of elements on the implant surfaces 
(without prior contamination). On contaminated titanium disks, de-
contamination with US, GPAP, and EPAP partly re-exposed titanium 
surfaces (positive titanium signals), while on contaminated zirco-
nium, GPAP, EPAP, and NaOCl showed elevated zirconium signals 
compared with untreated control disks. Thus, elementary analysis 
supported the microbiologic findings regarding an effective biofilm 
inactivation by GPAP and EPAP on both materials and for US on tita-
nium. Interestingly, XPS pointed to a moderate biofilm reduction in 
NaOCl on zirconium (but not on titanium) contrasting the microbio-
logic outcomes. However, the extent of biofilm reduction in NaOCl 
remains unclear and needs to be further elucidated. Interestingly, the 
favorable biofilm inactivation by Er:YAG laser was not reflected by 
the re-exposure of titanium or zirconium in the XPS analysis. Missing 
re-exposure of implant surfaces (persistence of inactivated, carbon-
ized, or modified biofilm remnants) could hinder re-osseointegration 
(Kamionka et al., 2022) or soft tissue attachment (Lang et al., 2000). 
From this point of view, curette, CHX, doxycycline, PVI, and Er:YAG 
laser might be considered inferior to air-abrasives. XPS analyses on 
disks without prior contamination revealed a decrease in carbon 
after application of US, EPAP, and GPAP. In an in vitro study, Hori 
et al.  (2011) have demonstrated that cell attachment on titanium 
surfaces was impaired by increasing percentage of carbon. It can be 
supposed that decontamination of titanium surfaces with US, EPAP, 
and GPAP might promote osseointegration and/or fibroblast attach-
ment, while CHX, doxycycline, NaOCl, and laser therapy (higher 
carbon values) might impair cell attachment. On zirconium, these ef-
fects might not be presumed since no relevant carbon changes were 
observed.

5  |  CONCLUSIONS AND LIMITATIONS

The results of the present study revealed that mechanical decontam-
ination using GPAP, EPAP, ultrasonic, and Er:YAG laser effectively 
inactivated a very robust high-adherence biofilm without any ef-
fect on cytocompatibility and without relevant differences between 
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    |  11STEIN et al.

titanium and zirconium surfaces. However, only air-abrasives and 
ultrasonic led to a relevant re-exposure of implant surfaces and, 
therefore, might promote cell re-attachment. By contrast, chemical 
agents had no (doxycycline, CHX, and PVI) or only limited (NaOCl) 
antimicrobial effect with impaired cytocompatibility. Thus, consider-
ing characteristics of most effective biofilm modulation and lowest 
impairment of biocompatibility, data of the present study support 
the recommendation of ultrasonics and air-abrasives for both tita-
nium and zirconium implant surfaces.

There are a few limitations and practical implications that should 
be considered. First, it should be noted that in the cell culture test 
agents were not inactivated by rinsing. In a pre-test series of this 
study, the same cell culture experiments have been performed with 
subsequent rinsing of the decontaminated disks after an expo-
sure time of 2 min using 6x1-ml NaCl. In these tests, no significant 
changes were found regarding cytotoxicity, viability, and apoptosis 
(data not shown). Thus, the presented unfavorable cell responses 
by CHX, PVI, and doxycycline may only be expected when inacti-
vation by subsequent rinsing is not performed. During non-surgical 
treatments, clearance of the sulcus fluid will inactivate the applied 
agent shortly (Oosterwaal et al.,  1990), whereas in surgical situa-
tions, agents should be removed after a limited exposure time by 
careful rinsing. Second, in the present study, combinations of me-
chanical and chemical decontaminations were not investigated. 
However, while mechanical or physical decontamination aim to dis-
rupt the biofilm, adjunctive application of chemical agents (such as 
PVI or doxycycline) might support its inactivation in areas of residual 
biofilm remnants. Thus, combined approaches might be more ben-
eficial (Büchter et al., 2004; Stein et al., 2017) compared with me-
chanical means only. Finally, the present study did not consider the 
macrostructure of implants, which limits efficiency of ultrasonic and 
curettes. In implant pocket models, previous studies showed dis-
advantages of curettes and ultrasonic compared with air-abrasives 
(Keim et al., 2019; Sahrmann et al., 2015) since instrumentation be-
tween implant threads was inferior. Therefore, the here presented 
positive effects of ultrasonic and laser therapy may not or only partly 
be achieved in vivo dependent on the accessibility of the implants.
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