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ABSTRACT
Aim: To evaluate in vitro the antibacterial efficacy and cytocompatibility of different implant-decontamination methods, using 
both 2D and 3D peri-implant mucosa models.
Methods: Four decontamination methods [chlorhexidine (CHX), electrolytic treatment (GS), curcumin (CUR), xanthohumol 
(XN)] were compared in four independent experiments, three with a 2D peri-implant mucosa model on titanium surfaces and 
another on a 3D peri-implant mucosa model. These decontamination procedures were tested for their antibacterial effect using 
a multispecies biofilm model with Streptococcus oralis, Actinomyces naeslundii, Veillonella dispar, and Porphyromonas gingivalis 
for 24 h. Direct cytocompatibility evaluating the impact of the treatments on tissue cells as well as indirect cytocompatibility (col-
onization of treated implant surfaces by tissue cells) were also tested. Both outcomes were assessed by confocal laser scanning 
microscopy supported by neural networks.
Results: CHX demonstrated a strong alteration of cytocompatibility and antibacterial effect, but did not remove biofilm biomass. 
XN and CUR demonstrated antibacterial effect and biofilm removal action, as well as cytocompatibility. GS showed antibacterial 
capacity with a combination of areas completely clean of biofilm with others in which a non-vital biofilm remained. In the 3D 
peri-implant mucosa model, XN and CUR showed maintenance of the mucosa integrity after treatment, whereas CHX and GS 
displayed disruption in the mucosal layers.
Conclusions: Phytotherapeutics (CUR and XN) were the most cytocompatible substances and showed the largest antimicro-
bial effect. GS displayed antibiofilm activity with a localized “bubble-shaped effect” and impaired tissue cell morphology and 
integrity, compromising cytocompatibility, and CHX showed antimicrobial capacity, without reducing biofilm biomass and with 
altered cytocompatibility.
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1   |   Introduction

Peri-implantitis is a chronic inflammatory disease of the hard 
and soft peri-implant tissues triggered by bacterial colonization 
and biofilm formation on the implant and implant component 
surfaces. Its treatment is based on arresting the inflammation 
by eliminating or removing the biofilm deposits (surface de-
contamination). However, the achievement of the disease res-
olution with these methods is currently not highly predictable 
(Berglundh et al. 2019).

The arrest of the peri-implant tissue inflammation depends 
on a thorough decontamination of the implant surface and the 
prevention of subsequent bacterial re-colonization. However, 
the complexity of the subgingival microbiome associated with 
peri-implantitis (Charalampakis and Belibasakis  2015; Padial-
Molina et al. 2016; Rakic, Grusovin, and Canullo 2016) and the 
challenges associated with the limited access to contaminated 
areas (Sanz-Martin et al. 2021; Steiger-Ronay et al. 2017) repre-
sent relevant difficulties in this process.

Various implant surface decontamination approaches, such as me-
chanical/physical (de Tapia et al. 2019), use of laser/photodynamic 
devices (Ramanauskaite et al. 2023), locally delivered antimicro-
bials (Al-Hashedi et al. 2016; Machtei et al. 2021), systemically de-
livered antimicrobials (Carrillo de Albornoz et al. 2024), probiotics 
(Gennai et  al.  2023), and different chemical agents (Dommisch 
et al. 2023; Wilensky et al. 2023), have been proposed and evaluated 
independently or in combination with submarginal peri-implant 
tissue instrumentation (Renvert and Polyzois  2018). However, 
their efficacy in arresting peri-implantitis has been shown to be 
heterogeneous and inconclusive (Cosgarea et  al.  2023). The re-
cently published clinical practice guideline for the treatment of 
peri-implant diseases emphasizes the need for further research in 
these interventions, especially randomized clinical trials (Herrera 
et al. 2023). However, before evaluating their efficacy using well-
designed clinical research, innovative or alternative decontami-
nation protocols must be carefully tested using validated in vitro 
models to determine their potential antimicrobial effect, and at the 
same time, their safety, assuring that there is no harm to implant 
surfaces and surrounding tissues (Al-Hashedi et al. 2016; Hakki 
et al. 2017; Luengo et al. 2022; Sahrmann et al. 2021; Sanz-Martin 
et al. 2021).

One of the recently proposed alternative approaches, the use of 
electrolytic decontamination methods (Bosshardt et  al.  2022), 
is based on the application of low-voltage electrical currents to 
decontaminate the implant surfaces. Although the results from 
in vitro studies are encouraging regarding biofilm removal (Virto 
et  al.  2023), there is limited evidence on its cytocompatibility 
(Kotsakis et  al.  2016; Ungvari et  al.  2010; Wheelis et  al.  2016). 
Recently, a device based on this electrochemical concept has been 
made commercially available for the treatment of peri-implantitis 
(GalvoSurge, Institut Straumann AG, Basel, Switzerland).

Similarly, natural vegetal-based extracts, such as curcumin 
(CUR) and xanthohumol (XN), have been tested in vitro for their 
antimicrobial properties against potential pathogenic bacterial 
species. A recent report from our research group using a dy-
namic multispecies biofilm model, has reported a significant an-
timicrobial effect when applied on contaminated dental implant 

surfaces (Alonso-Espanol et  al.  2023). However, the cytocom-
patibility of these applications has not been addressed. In fact, 
a recent in vitro study evaluating the efficacy of different com-
mercialized chemical agents used as implant decontaminants, 
cautioned against their potential cytotoxicity (Stein et al. 2023).

It was, therefore, the aim of the presented in vitro investigation 
to evaluate the potential antimicrobial and biofilm reduction ef-
fect, as well as their cytocompatibility of three innovative implant-
decontamination methods, when applied on titanium surfaces.

2   |   Methods

Four independent in  vitro experiments were designed and con-
ducted, three using a 2D peri-implant mucosa model on titanium 
surfaces and another using a 3D peri-implant mucosa model. No 
ethics approval was required due to the in vitro nature of the study.

To understand how the decontamination treatments affect 
both on the biofilm formed on the implant surfaces and on the 
subsequent recolonization of the surface by tissue cells, the 2D 
peri-implant mucosa model was used. The rationale for this 
method was that both the biofilm contamination and the im-
plant surface may be affected by the proposed treatments, what 
may have a subsequent impact on tissue healing. However, to 
study the direct interaction between the treatments and both 
the formed biofilms and the peri-implant tissues, the 3D peri-
implant mucosa model was used. The hypothesis was based on 
the assumption that antimicrobial treatments as chlorhexidine 
(CHX) or the electrolytic treatment (GS) would demonstrate an 
antimicrobial effect but a concomitant significant impact on cell 
viability, while the phytochemical treatments of XN and CUR 
would demonstrate a similar antimicrobial effect with signifi-
cantly lesser cytotoxicity.

2.1   |   Experiment Designs Using the 2D Model

Three independent experiments were carried out at the Center 
for Biomedical Engineering, Implant Research and Development 
(NIFE) in Hannover, Germany.

Experiment 1 (Figure 1, Exp. 1) aimed to assess the antimicro-
bial effect of the proposed decontamination protocols, while 
experiment 2 (Figure 1, Exp. 2) was designed to assess the be-
havior of tissue cells after treatment of the surfaces. Experiment 
3 (Figure 1, Exp. 3) aimed to evaluate the colonization by tissue 
cells human gingival fibroblast (hGF) of successfully decontam-
inated implant surfaces evaluating their morphology, vitality, 
and cytocompatibility.

In the 2D peri-implant mucosa model (Figure  1), 10 discs were 
exposed to the multispecies bacteria, and biofilms were formed. 
Then, 5 were used in Exp. 1 and Exp. 5 in Exp. 3, whereas Exp. 
2 used five discs without inoculating bacteria (15 discs in total). 
Subsequently, the proposed decontamination methods (CUR, XN, 
GS) and phosphate buffer saline (PBS, as negative control) and 
CHX (as positive control) were applied to one disc in each exper-
iment. After 2 min of treatment and thorough washing hGF cells 
were seeded in Exp. 2 and Exp. 3. Then, all samples were assayed 
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for bacterial and/or cell adhesion assessment by microscopical 
analysis. Each experiment was repeated five times, independently.

2.2   |   Experiment Design Using the 3D 
Peri-Implant Mucosa Model

The peri-implant oral mucosa model assembly was based on 
the model developed in Hannover Medical School (Ingendoh-
Tsakmakidis et  al.  2019; Mikolai et  al.  2020) with slight 
modifications.

In brief, hGF cells (passage 9 or 10) were added to a collagen 
hydrogel and poured into culture inserts (PIHA 03050, Merck 
Millipore or 3414, Corning B.V. Life Sciences). Titanium sam-
ples were pre-colonized with hGF cells (1 × 106 cells/mL). At day 
5, titanium samples were integrated into the fibroblast-collagen 
gel. For this purpose, the models were punched with a 2.5 mm 
diameter biopsy punch and the titanium samples were placed 
in the resulting holes. After 3 days, 1.2 × 106 oral keratinocytes 
(OKF6/TERT-2, Passages 19–26) were seeded on the top of each 
fibroblast-collagen gel. At day 12, the models were raised to an 
air-liquid interface and cultivated for 13 days with a specific 
Airlift (AL) medium to obtain a multilayered peri-implant mu-
cosa model (Figure 2A). These 3-D models were used in each 
replication (Figure 2, Exp. 4), one for each of the tested treat-
ment groups.

For testing implant-decontamination procedures, co-cultures 
of the 3D mucosa with a multispecies biofilm were performed. 
First, the 3D model was washed with PBS prior to co-culture. 
Then, a mixture of four bacterial species taken from agar plates 
was smeared on each titanium insert (Figure  2B). Airlift was 
continued with AL-medium without antibiotics. A drop of BHI 
was placed on top of the biofilm-contaminated end of the insert 
(to keep it moist and nutrified) and was replaced every day. Then, 
one sample of each experiment was treated with one of four dif-
ferent decontamination protocols (CUR, XN, GS, CHX) and one 
more with PBS as a negative control (Figure 2C). After 2 min of 
treatment, analyses of all samples microscopically for bacterial 
and/or cell adhesion assessment took place (Figures 2D,E and 
S1). Exp. 4 was also repeated five times.

2.3   |   Experimental Procedures

2.3.1   |   Titanium Samples

Titanium discs (machine-cut from 12 mm diameter bars to 3 mm 
thickness) were utilized for testing in all 2D experimental setups 
(Exp. 1, Exp. 2, and Exp. 3). For the 3D experiment, titanium 
inserts (machine-cut from 3 mm diameter bars to 4.5 mm thick-
ness) were used (Exp. 4). Titanium material fulfilled the require-
ments for grade 4 commercially pure titanium (standards ISO 
5832-2 and ASTM f67). The surface was polished with an area 

FIGURE 1    |    Schematic illustration of the 2D model Experiment 1 (Exp. 1), Experiment 2 (Exp. 2), and Experiment 3 (Exp. 3). CHX, chlorhexidine; 
CLSM, confocal laser scanning microscopy; CUR, curcumin;GS, electrolytic treatment; PBS, phosphate buffer saline; XN, xanthohumol.
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roughness (SA) value of 1.3 μm. All samples were autoclaved be-
fore their use.

2.3.2   |   Bacterial Strains

Streptococcus oralis (ATCC 9811) was obtained from the 
American Type Culture Collection (Manassas, Virginia, USA). 
Actinomyces naeslundii (DSM 43013), Veillonella dispar (DSM 
20735), and Porphyromonas gingivalis (DSM 20709) were ob-
tained from the German Collection of Microorganisms and Cell 
Cultures (Braunschweig, Germany).

Bacteria were grown on blood agar plates (Blood Agar Oxoid No 
2; Oxoid Limited, Wesel, Germany), supplemented with 5% (v/v) 
sterile horse blood (Oxoid Limited), 5.0 mg/L hemin (Sigma-
ALDRICH Steinheim, Germany) and 1.0 mg/L menadione 
(Merck) in anaerobic conditions (10% H2, 10% CO2, and balance 
N2) at 37°C for 24–72 h. They were then stored as glycerol stocks 
at −80°C and precultured in brain heart infusion medium (BHI; 
Oxoid Limited) supplemented with 10 μg/mL vitamin K (Carl 
Roth GmbH & Co. KG, Karlsruhe, Germany).

2.3.3   |   Cultivation of Multispecies Biofilm

A multispecies biofilm was grown on titanium surfaces as previ-
ously reported by Kommerein et al. (2017). Briefly, the four dif-
ferent bacterial pre-cultures were adjusted to an optical density 

at 600 nm of 0.01 per bacterium. Then, they were mixed with 
equal volumes in BHI/vitamin K medium supplemented with 
5 mg/L hemin.

The titanium discs for the 2D experiment were positioned in 
sterile 24-well plates (Greiner Bio-One International GmbH, 
Kremsmünster, Austria). Each well was inoculated with 1 mL 
of the bacterial suspension and incubated under anaerobic con-
ditions (10% H2, 10% CO2, and N2 in balance) at 37°C for 24 h. 
Regarding the 3D experiment, 1 mL of the four bacteria mixture 
was spread on blood agar plates and grown for 24 h. From these, 
a mixed colony was taken with a loop and smeared on the tita-
nium insert.

2.3.4   |   Titanium Decontamination

All treatments of samples were performed by one trained op-
erator (A.A.-E). Decontamination protocols consisted on the 
application of the chemical product or the treatment with 
an electrolytic device, thus creating the following treatment 
groups in each experiment: PBS, as negative control; 5 mM 
CUR (Sigma-ALDRICH Steinheim, Germany); 100 μM XN 
(NATECO GmbH&Co, Wolnzach, Germany); electrolytic de-
contamination (GalvoSurge – GS) and CHX as positive control 
(Dynexidin Forte oromucosal solution 0.2%, Kreussler & Co. 
GmbH, Chemische Fabrik, Wiesbaden, Germany). CHX was 
applied as a ready-to-use mouth rinse. Concentrations of CUR 
and XN were selected according to their minimum inhibitory 

FIGURE 2    |    Schematic illustration of Experiment 4 (Exp. 4): (A) 3D model; (B) co-culture of the 3D peri-implant mucosa model with the multi-
species biofilm; (C) application of decontamination protocols on the titanium inserts of the 3D peri-implant mucosa biofilm model; confocal laser 
scanning microscopy (CLSM) analysis of the 3D models, including two different areas of analysis: (D) mucosa part and (E) biofilm colonized part. 
PBS, phosphate buffer saline; CUR, curcumin; XN, xanthohumol; GS, electrolytic treatment; CHX, chlorhexidine.
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concentrations (MIC) and minimum bactericidal concentra-
tions (BIC) against biofilm-forming bacterial strains, as de-
fined in a previous study (Alonso-Espanol et al. 2023). GS was 
used by placing the tip of the device directly in contact with 
the titanium sample.

Samples were rinsed twice with 2 mL of PBS before the treat-
ments (10 s immersion per wash) and once after the treatments. 
Care was taken to ensure that titanium was equally and com-
pletely covered by the agents without mechanical detachment 
of the biofilm. All decontamination procedures lasted 2 min per 
treatment.

2.3.5   |   Eukaryotic Cell Culture

Human gingival fibroblasts (121 0412, Provitro AG, Berlin, 
Germany) (passage 9) were cultured in Dulbecco's modified 
Eagle's medium (DMEM, FG0435, Biochrom AG), supple-
mented with 10% fetal bovine serum (FBS, P30-3309, PAN-
Biotech GmbH, Aidenbach, Germany), 100 U/mL penicillin, 
and 100 μg/mL streptomycin (A2212; Biochrom AG, Berlin, 
Germany). The cells were incubated at 37°C in a 5% CO2 hu-
midified atmosphere.

The immortalized human oral keratinocyte cell line (OKF6/
TERT-2; Dickson et al. 2000) was cultured in KerSFM medium 
(10725-018, Gibco, Fisher Scientific, Schwerte, Germany), sup-
plemented with 0.3 mM CaCl2, 0.2 mg/mL EGF, 25 μg/mL BPE, 
100 U/mL penicillin, and 100 μg/mL streptomycin.

2.3.6   |   CLSM Analysis

After the treatments, the multispecies biofilms and cells were 
washed once with PBS. They were then stained with the LIVE/
DEAD BacLight Bacterial Vitality Kit (SYTO9 and propidium 
iodide dyes, Life Technologies, Carlsbad, CA, USA) and with 
Calcein-AM (Sigma-ALDRICH) according to the manufac-
turer's instructions. Stained biofilms/cells were then observed 
with a CLSM (Leica TCS SP8, Leica Microsystems, Mannheim, 
Germany). SYTO9 and Calcein-AM were excited using a 488 nm 
laser line and emission was detected at 500–550 nm. Propidium 
iodide was excited using a 552 nm laser line and emission was 
detected at 650–750 nm. In addition, surface reflection was de-
tected at 485–490 nm. For each sample, at least five z-stack im-
ages were acquired with a z-step size of 5 μm for both X10 and 
X40 magnification. The ImageJ2 2.14.0/1.54f software package 
(Rasband  2012) was used to calculate the total surface cover-
age percentage and the percentage of LIVE/DEAD distribution. 
For this purpose, the integrity (SYTO9; green) or non-integrity 
(propidium iodide; red) of the cell membrane, and colocalized 
(SYTO9 + propidium iodide; green + red) areas of the resulting 
biofilms were quantified. As propidium iodide could enter the 
cells, colocalized areas were counted as dead and subtracted 
from the viable proportion.

Surface coverage analysis by ImageJ2 provided data on the 
overall coverage, including both bacteria and cells. To addi-
tionally obtain the percentage of titanium surface just covered 

by eukaryotic cells, a neural network image analysis (Cellpose 
package—anatomical segmentation algorithm) was used as pre-
viously described by Stringer et al. (2021), Stringer et al. (2021). 
Example images of segmented cells are shown in Figure  S2. 
With this neural network, it was possible to differentiate the 
surface just covered by hGF cells and subtract it from the whole 
amount of coverage by biofilm and cells.

2.4   |   Statistical Analysis

Each individual experimental setup/decontamination combi-
nation resulted in N = 5 technical replicates, analyzed in N = 5 
microscopic images. Thus, the total N accounts for 25 per exper-
iment. Data analysis was done using SPSS (IBM SPSS Statistics 
27.0, IBM Corporation, Armonk, NY, USA) and data presenta-
tion with GraphPad Prism software (9.2.0v, GraphPad Software, 
San Diego, California, USA). The Shapiro–Wilk goodness-of-fit 
test was used to assess for normality in the data distribution. 
Comparisons were tested applying one-way ANOVA tests with 
post hoc Bonferroni corrections for each of the experiments. 
Statistically significant differences were considered for p-values 
< 0.05. Data were expressed as means with standard devia-
tions (SD).

3   |   Results

3.1   |   Antibacterial Effect of the Different 
Decontamination Procedures on Multispecies 
Biofilms in a 2D Model (Exp. 1)

The quantitative results from the decontamination procedures 
in Exp. 1 were depicted as total percentage of surface covered by 
bacteria and percentage of living bacteria, as shown in Table S1. 
The treatments with CUR, XN, GS, and CHX led to statistically 
significant reductions in the proportion of living bacteria, when 
compared with the PBS control group (Figure 3A). CUR and XN 
caused the highest shifts in the percentage of reduction of living 
bacteria, compared with PBS (82.70% and 82.10%, respectively), 
followed by GS and CHX (77.23% and 78.30%, respectively). In 
terms of percentage of surface covered, XN had the highest ef-
fect, demonstrating statistically significant differences between 
XN-PBS and XN-CHX after post hoc Bonferroni corrections 
(Figure  3B and Table  S1). The antibacterial effect evaluated 
by CLSM analysis depicted a higher disruption of the biofilm 
biomass by CUR and XN (Figure 3D,E, respectively), while GS 
showed a “bubble-shaped effect”, depicting localized areas in 
the discs covered with a non-vital biofilm, together with adja-
cent areas of higher antimicrobial activity where biofilm bio-
mass has been completely cleared (Figure 3F).

3.2   |   Effect of the Different Decontamination 
Methods on Subsequent Tissue Cell Adhesion in a 
2D Model (Exp. 2)

The results in percentage of surface covered by hGF cells after 
the exposure of the titanium discs to the four treatments, eval-
uated by quantitative CLSM is shown in Table S2. GS and CHX 
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showed a decreased cell adhesion, although without being 
statistically significant (Figure  4A,E,F and Table  S2). XN and 
the negative control (PBS) stimulated surface coverage by cells 
(Figure 4B,D); in contrast, CUR still resulted in a trend towards 
reduced cellular adhesion (Figure 4C). Regarding cell morphol-
ogy, compared to the PBS control, there were more rounded cells 
or cells without cytoplasm observed for CUR, GS, and CHX 
(Figure 4C,E,F, respectively).

3.3   |   Effect of the Different Decontamination 
Methods on Cell Adhesion After Multispecies 
Biofilm Removal in a 2D Model (Exp. 3)

In the third 2D experiment, the results on the effect of the dif-
ferent decontamination methods on the multispecies biofilm 
were evaluated by measuring multispecies biofilm removal and 
subsequent cell adhesion, as shown in Table S3. These results 
confirmed previous observations from Exp. 1, with CUR, XN, 
GS, and CHX demonstrating a significant antimicrobial effect, 
with reductions in viable counts of 75.06%, 74.70%, 67.16%, and 
77.68%, respectively, when compared with the PBS control group 
(Figure 5A).

In contrast to Exp. 1, where significant reductions in the per-
centage of surface coverage were only observed in the XN group, 
in Exp. 3, CUR and XN treatments led to statistically signifi-
cant reductions in surface coverage, versus the positive control, 
CHX (Figure 5B). GS-treated samples showed also a decrease in 
biofilm, but to a lower extent and not being significantly differ-
ent when compared with the other groups (Figure 5B,G). CHX 

showed a similar surface coverage to the negative control (PBS), 
indicating that biofilm biomass was not disrupted by this treat-
ment (Figure 5B,H).

The analysis of the microscopic images depicted that in the 
PBS group, an intact and completely viable biofilm prevented 
hGF cells from colonizing the titanium surfaces, (Figure 5D). 
CUR and XN enabled a certain amount of cell attachment 
(Figure  5E,F, respectively). CUR treatment depicted changes 
in the cell morphology and loss of the cytoplasm, indicating 
a higher degree of cytotoxicity or less cytocompatibility, com-
pared with XN (Figure  5E). In the GS group, the number of 
viable cells after 24 h of cultivation seemed reduced, with the 
presence of the cells adhering to the titanium discs in areas 
where the biofilm biomass had been removed (Figure  5G). 
The “bubble-shaped effect”, described in Exp. 1, enabled the 
attachment of hGF cells; however, in adjacent areas with se-
vere remains of nonvital biofilms, there was a clear negative 
impact of GS-treated surfaces on cell attachment (see Exp. 2 
and Figure 5G). Almost no fibroblasts were able to adhere after 
CHX treatment (Figure 5H) and the few cells identified demon-
strated signs of loss vitality, due to morphology alterations and 
loss of cytoplasm.

To quantify the attachment and subsequent proportion of ti-
tanium surface covered only by fibroblasts, in images with 
mixed coverage of bacterial biofilm and tissue cells after de-
contamination treatments, neural network analysis was ap-
plied (Figure S2). There was a clear trend towards less number 
of cells on the surface of the titanium after PBS and CHX 
treatments, although no statistically significant differences 

FIGURE 3    |    Effectiveness of decontamination procedures on multispecies biofilms as 2D model analyzed by LIVE/DEAD and calcein staining 
(Experiment 1): (A) LIVE/DEAD distribution percentage: *p < 0.05 of all the experimental groups versus PBS control; (B) surface coverage percent-
age: *p < 0.05 to PBS as negative control; #p < 0.05 to CHX as positive control; (C–G) representative microscopic images of the different experimen-
tal groups. Locations (Loc.) 1 and 2 are from one sample. Viable bacteria are shown in green; dead bacteria are shown in orange/red. Microscope 
objective X40. Scale bar = 50 μm. CHX, chlorhexidine; CUR, curcumin; GS, electrolytic treatment; PBS, phosphate buffer saline; XN, xanthohumol.
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between the treatment protocols were found. As depicted 
in Figure  5C, higher percentages of hGF cell surface cover-
age were demonstrated in CUR, XN, and GS. Overall, when 
less bacteria were present on the surface, there were higher 

chances for hGF cells to colonize. Also, the presence of a com-
pletely viable biofilm prevented hGF colonization, while the 
presence of higher proportions of dead bacteria allowed some 
tissue cell attachment.

FIGURE 4    |    Effect of decontamination procedures on subsequent tissue cell adhesion in a 2D model analyzed by LIVE/EAD and calcein staining 
(Experiment 2): (A) surface coverage percentage, no statistically significant differences were detected; (B–F) representative microscopic images of 
the different experimental groups. Location (Loc.) 1 and 2 are from one sample. Microscope objective X40. Scale bar = 50 μm. PBS, phosphate buffer 
saline; CUR, curcumin; XN, xanthohumol; GS, electrolytic treatment; CHX, chlorhexidine.

FIGURE 5    |    Effect of decontamination methods on cell adhesion after multispecies biofilm removal in a 2D model (Experiment 3): (A) LIVE/
DEAD distribution percentage: *p < 0.05 of all the experimental groups versus PBS control; (B) surface coverage percentage: #p < 0.05 to CHX as a 
positive control; (C) cell surface coverage percentage: No statistically significant differences were observed; (D–H) representative microscopic imag-
es of the different experimental groups. Locations (Loc.) 1 and 2 are from one sample. Viable bacteria and cells are shown in green; dead bacteria and 
cells are shown in orange/red. Microscope objective X40. Scale bar = 50 μm. CHX, chlorhexidine; CUR, curcumin; GS, electrolytic treatment; PBS, 
phosphate buffer saline; XN, xanthohumol.
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3.4   |   Effect of the Different Decontamination 
Methods on Tissue Cells and Biofilm in the 3D 
Co-Culture Model (Exp. 4)

3.4.1   |   Effect on the Peri-Implant Mucosa Area 
of the 3D Model

The CLSM results, expressed as percentages of viable hGF 
cells in the 3D mucosa model, the integrity of the mucosa,  
as well as the percentages of surface covered by tissue cells, 
after the exposure to the different decontamination groups 
on the peri-implant mucosa, are illustrated in Figure  6 and 
Table S4.

The impact on cell vitality of CUR and XN was minimal, 
with reductions of 5.18% and 4.29%, respectively (Figure  6A). 
However, when compared to the negative control (PBS), GS 
and CHX showed significant reductions of 84.86% and 87.67% 
vital cells, respectively (Figure 6A). After post hoc Bonferroni 
corrections, statistically significant differences were also found 
between GS versus CUR, XN, and PBS (Figure 6A). The percent-
age of surface covered by the cells showed the same tendency 
among the groups, without any statistically significant differ-
ence (Figure 6B).

Regarding tissue integrity, as observed in the microscopic images, 
the peri-implant mucosa without treatment (PBS control) showed 
tissue integrity, with maintenance of the different tissue layers 
(Figure 6C) depicting on top an intact and densely packed epithe-
lium layer, with a mix of green and yellow appearing cells (kerati-
nocytes) and underneath an area with dispersed green cells (hGF 
cells) within the hydrogel. CUR and XN groups also depicted the 
different layers of keratinocytes and hGF cells (Figure 6D,E, re-
spectively). However, in the 3D peri-implant mucosa after GS and 
CHX treatments, as shown in Figure 6F,G, there was a disruption 
of the structural layers. Specifically, in the GS group, there was 
partial removal of the mucosa from the implant surface, indicating 
the loss of implant–mucosa binding (as observed in Figure S1D).

3.4.2   |   Effect on the Biofilm Formed on Titanium 
Surfaces Within the 3D Model

Figure 7 and Table S5 depict the results of different decontami-
nation protocols on the biofilms formed on the titanium area of 
the insert evaluated with quantitative CLSM.

In terms of bacterial viability, the results in the 3D co-culture 
setting confirm the observations reported in Exp. 1, with a 

FIGURE 6    |    Effect of decontamination methods on the peri-implant mucosa area of the 3D model: (A) LIVE/DEAD distribution percentage: 
*p < 0.05 versus CUR, XN, and PBS; #p < 0.05 versus CUR, XN, and PBS; (B) surface coverage percentage: No statistically significant differences were 
observed; (C–G) representative microscopic images of the different experimental groups. Locations (Loc.) 1 and 2 are from one sample. Viable bacte-
ria and cells are shown in green; dead bacteria and cells are shown in orange/red. Microscope objective X10. Scale bar = 200 μm. CHX, chlorhexidine; 
CUR, curcumin; GS, electrolytic treatment; PBS, phosphate buffer saline; XN, xanthohumol.
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significant decrease in viability after the four decontamination 
protocols (Figure 7A). Similarly, the evaluation of the percentage 
of surface coverage resulted in comparable results (Figure 7B). 
The negative control group depicted mainly bacteria but also 
some hGFs cells directly on the titanium (Figure 7E), while in 
the treated samples, the biomass consisted of a combination of 
mainly dead bacteria and hGFs cells (Figure 7E–H). GS depicted 
again the referred “bubble-shaped effect”, combining areas with 
intense antimicrobial activity and areas with remaining biomass 
subsequently covered with hGFs cells (Figure 7G). With the use 
of neural networks, it was confirmed that the negative control 
groups allow the attachment of significantly higher number of 
cells than the rest of treatments (Figure 7C).

4   |   Discussion

This in vitro investigation has evaluated the antibacterial effects 
and the impact on cytocompatibility of three implant surface de-
contamination methods (CUR, XN, and GS) on multispecies bio-
films developed in both 2D and 3D peri-implant mucosa models, 
when compared to a negative (PBS) and a positive (CHX) con-
trol method. The antibacterial effect assessed in Experiment 1 
showed a significant antimicrobial effect of the three treatment 

groups and the positive control, when compared to the negative 
control group, mainly in terms of reducing the proportion of 
living bacteria, although XN, followed by CUR had the highest 
effect in terms of the impact on the surface covered with biofilm. 
The alteration of the recolonization of tissue cells reported as 
the percentage of surface covered by hGFs cells after exposing 
the titanium discs to the different treatments was evaluated in 
Experiment 2. CHX demonstrated a significant alteration of via-
bility with a significant decrease in cell adhesion. Similarly, GS 
showed a clear detrimental effect on tissue cell vitality, but in 
distinct areas within the discs. In contrast, CUR, XN, and the 
negative control group (PBS) did not show alterations of tissue 
cell viability, with assessment of the discs covered with viable 
tissue cells. Experiment 3 evaluated the extent to which success-
ful decontamination of implant materials can lead to improved 
colonization by tissue cells. The results confirmed that the four 
interventions tested had a significant antimicrobial effect, when 
compared with the PBS control group. This differential antimi-
crobial effect influenced the cytocompatibility of the different 
treatments, since in the PBS group, an intact and completely vi-
able biofilm prevented hGF cells from colonizing the titanium 
surfaces. Similarly, no viable fibroblasts were able to adhere to 
the titanium after CHX treatment (Figure 5H) due to its effect on 
the alteration of cytocompatibility. CUR and XN demonstrated a 

FIGURE 7    |    Effect of decontamination methods on the titanium colonization by multispecies biofilm of the 3D model: (A) LIVE/DEAD distribu-
tion percentage: *p < 0.05 of all the experimental groups versus PBS control; (B) surface coverage percentage: No statistically significant differences 
were observed; (C) cell surface coverage percentage: *p < 0.05 of all the experimental groups versus PBS control; (D–H) representative microscopic 
images of the different experimental groups. Locations (Loc.) 1 and 2 are from one sample. Viable bacteria and cells are shown in green; dead bacteria 
and cells are shown in orange/red. Microscope objective X40. Scale bar = 50 μm. CHX, chlorhexidine; CUR, curcumin; GS, electrolytic treatment; 
PBS, phosphate buffer saline; XN, xanthohumol.
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higher degree of cytocompatibility depicting attached cells with 
positive signs of vitality, while the GS group showed a “bubble-
shaped effect”, with clear alteration of the viability of tissue 
cells in areas with a high antimicrobial effect, with adjacent 
areas showing signs of cytocompatibility. When using the 3D 
co-culture model, in the control group without treatment, the 
background showed attachment of live fibroblasts. In contrast, 
when the tested treatments were applied, the adherence of via-
ble hGFs cells was significantly altered by the presence of a bio-
mass, mainly composed of dead bacteria. However, while in the 
CUR and XN groups, there was a minimal impact on the mucosa 
structure and vitality, in the GS and CHX groups, there was a 
clear impact in the mucosa integrity, what evidenced their effect 
on the alteration of the cytocompatibility, previously described 
in the 2D model. These results confirmed the hypothesis.

The use of LIVE/DEAD staining does not allow for an accurate 
evaluation of eukaryotic cells, since these cells only intercalate 
with double-stranded deoxyribonucleic acid, and hence they do 
not stain sufficiently the whole cell body. The addition of calcein 
staining, was, therefore, applied to better discriminate the cel-
lular body and the nucleus, as well as discriminate the impact 
of the treatments on cell morphology and integrity of the cell 
membranes.

These results clearly show that the impact of the different decon-
tamination methods on tissue cells was directly influenced by 
their respective cytotoxic effect or indirectly through the effect 
of their relative antimicrobial effect on the titanium surfaces 
and subsequent cell colonization patterns. These effects demon-
strated in the 2D peri-implant model were further corroborated 
in a modified 3D model (Ingendoh-Tsakmakidis et  al.  2019; 
Mikolai et al. 2020), and the antimicrobial and cytotoxic effects 
of the tested interventions can be investigated simultaneously.

Previous in vitro studies have also reported the anti-microbial 
effect of different implant surface decontamination protocols 
using either physical or microbiological evaluation methods, 
such as removal of permanent ink coated over the implant 
surface (Luengo et al. 2022), or assessing their effect on mono 
(Batalha et al. 2021; Ichioka et al. 2021), or multispecies in vitro 
biofilm models (Cordeiro et  al.  2021; Eick et  al.  2017; Leung 
et al. 2022). However, none of these studies evaluated the com-
bined effect of these interventions on contaminated titanium 
discs using biofilms and living cells in co-culture using well-
designed in vitro mucosa model's relevance for the treatment of 
peri-implant diseases in humans. To overcome this limitation, 
we used in the present study a modification of the preexistent 
2D model (Kommerein et al. 2017), combining hGF cells in co-
culture with a treated multispecies biofilm. Furthermore, we 
used a well-established multispecies biofilm model consisting of 
S. oralis, A. naslundii, V. dispar, and P. gingivalis (Kommerein 
et al. 2017).

The reported in vitro antimicrobial and antibiofilm effects of the 
two natural extracts used (CUR and XN) have been previously 
reported, using mono-species biofilm models of Aggregatibacter 
actinomycetemcomitans and P. gingivalis (Maleki Dizaj 
et  al.  2022), as well as muti-species biofilms (Alonso-Espanol 
et  al.  2023), in which a clear bactericidal effect of CUR and 
XN on the six bacteria tested forming a mature biofilm was 

observed. This effect was similar compared to CHX, and even 
slightly higher for some of the bacterial species used in this 
in vitro biofilm model. Their mechanism of action has been at-
tributed to its inhibiting effect on dipeptidyl peptidases, which 
interferes with the bacteria nucleic acid synthesis and central 
metabolic pathways (Murai et al. 2024).

In vitro studies with mono-species, multispecies, and natural 
biofilms have also been used to evaluate the efficiency of dif-
ferent electrochemical implant-decontamination methods (Al-
Hashedi et al. 2016; Sahrmann et al. 2014). These studies have 
shown significant bacterial and biofilm reductions. However, 
these investigations have applied different electrochemical pa-
rameters in terms of the current (continuous versus alternate), 
amperage (from 3 to 600 mA) and the electrolyte used. Our 
research group has recently reported a clear bactericidal effect 
on a multispecies subgingival in  vitro biofilm model, when 
using an electrochemical construct using currents of 12.9 mA 
(Virto et al. 2023). In this investigation, however, we used a 
commercially available implant-decontamination device, also 
based on the same electrolytic concept (GS) but using high 
electrical currents (600 mA). GS has been evaluated both in 
preclinical (Assuncao et al. 2023) as well as in clinical stud-
ies demonstrating its efficacy to detach biofilms adhered to 
implant surfaces (Schlee et al. 2019, 2021). Its mechanism of 
action is based on the hydrolysis of the surrounding liquid by 
the applied electric energy, what releases highly reactive sub-
stances such as I2, H2O2, and hydroxyl radicals with proven 
antimicrobial activity (Ehrensberger et  al.  2015; Schneider 
et al. 2018; Wang et al. 2013). Also, the resulting changes in 
pH and temperature, as well as the gas formed in the local en-
vironment, may also explain its “bubble-shaped effect” what 
leads to physical detachment of the biofilm in localized sur-
face areas (del Pozo et al. 2009; Mohn et al. 2011). However, 
there is scarce knowledge on the likely direct and indirect 
impact of this applied electrochemical effect on the adjacent 
peri-implant tissues.

Similarly, the use of CHX has shown a significant antimicro-
bial effect in multiple clinical settings (Loesche  1979; Sekino 
et al. 2003), and hence, it is usually used as positive control in 
both in vitro and in vivo studies. However, in this investigation, 
the CHX treatment did not elicit a significant decrease in the 
implant surface biofilm coverage. This effect can be explained 
by the lack of effect of CHX on the biofilm matrix, since its main 
antibacterial mechanism is based in the ability of this mole-
cule to bind reversibly to oral tissues (Bonesvoll, Lokken, and 
Rolla 1974; Bonesvoll et al. 1974) and slowly release a molecule 
that interferes with bacterial vitality. Hence, despite a signifi-
cant reduction in the biofilm vitality, the biofilm biomass was 
not reduced, as it has been demonstrated in previous studies 
(Martinez-Hernandez, Reda, and Hannig  2020). Furthermore, 
different studies have reported the cytotoxicity of CHX on dif-
ferent cell types such as fibroblasts and osteoblasts using sim-
plified cell culture conditions (Brunello et  al.  2021; Giannelli 
et al. 2008; Kotsakis et al. 2016; Lee et al. 2010; Monje et al. 2022; 
Stein et al. 2023). This combined effect of cytotoxicity and the 
inability to remove the biofilm biomass by CHX resulted in a 
synergistic effect on cell behavior since it prevented their attach-
ment and affected the integrity of the 3D peri-implant mucosal 
construct (Kozlovsky et al. 2006; Ryu et al. 2015).
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In contrast, the two natural extracts used, CUR and XN, 
demonstrated a higher cytocompatibility, favoring fibroblast 
cell adhesion and preservation of their integrity and vitality. 
This effect can be explained by their mechanism of action, 
mainly through inhibiting quorum sensing and cell wall de-
stabilization (Adamczak, Ozarowski, and Karpinski  2020; 
Hu, Huang, and Chen  2013; Leoni and Landini  2014; Sakai 
et  al.  2012). Since eukaryotic cells lack these targets, CUR 
and XN have a higher cytocompatibility compared with CHX. 
When comparing the differential effect on the cells by CUR and 
XN, XN demonstrated a better cytocompatibility, since fibro-
blasts depicted morphological signs of cell damage after CUR 
treatment. These results are to some extent in contradiction 
with a previous study in which CUR nanoparticles and CUR 
with and without photoactivation did not alter the cytocompat-
ibility of periodontal ligament fibroblast cells, but at the same 
time showed antimicrobial and antibiofilm-like properties 
(Tonon et al. 2022). In this study, up to 500 μg/mL CUR were 
used and these higher concentrations could explain these dif-
ferential effects on cytocompatibility. With GS treatment, the 
biofilm was only partially removed and the cells mainly settled 
in these freed areas. The treatment also led to changes in the 
implant material, which often resulted in a rounder cell mor-
phology. Although there is not much information found in the 
literature that gives an explanation to this, it might be related 
to changing surface groups, changing crystal structure, distri-
bution of the titanium grains, or charging of surface (Ciarolla 
et al. 2022). In all cases, it was very clear that the antibacterial 
capacity of the individual treatments increased obviously when 
fibroblasts subsequently seeded and successfully attached to 
the surfaces. Similar observations of an improved cytocom-
patibility and simultaneously increased antibacterial effects in 
co-culture conditions have been described before (Doll-Nikutta 
et al. 2024). This highlights the relevance of co-culture models 
when the effects on peri-implant infections are the subject of 
investigations in vitro.

The experiments with the modified 3D model allowed us to 
study the direct effects of the different decontamination proce-
dures in a peri-implant co-culture setting that includes a multi-
species biofilm as well as a structured mucosa, which is clearly 
a step closer to the anticipated clinical situation (Ingendoh-
Tsakmakidis et al. 2019; Mikolai et al. 2020). This model reit-
erated the results reported with the 2D model demonstrating a 
net cytotoxic effect after CHX application. Also, the GS treat-
ment showed clear antibacterial and cytotoxic effects in this 3-D 
model with disruption of the tissue layers and even detachment 
of the entire tissue from the titanium surfaces. In contrast, CUR 
and XN preserved the integrity of the mucosa structural layers 
even in a direct application. However, in this 3D co-culture set-
ting, both substances also demonstrated less antimicrobial effect 
than in the 2D experiments, especially regarding the ability to 
remove the biofilm. This differential effect can be attributed to 
the interference of the living cells with the antibiofilm effect of 
the natural extracts.

The strength of this in vitro investigation resides in the use of 
a complex construct to study the concomitant antimicrobial 
and cytotoxic effect of different implant surface decontamina-
tion methods, demonstrating that a chemical (CHX) or elec-
trochemical (GS) treatment with proven antimicrobial effects 

showed direct and indirect deleterious effects on living tissues. 
Conversely, the use of phytotherapeutics (CUR and XN) demon-
strated a similar antimicrobial and antibiofilm effect with a sig-
nificantly higher cytocompatibility. However, despite using 3-D 
peri-implant mucosa models, the in vitro nature of this investi-
gation does not allow a direct translation of these results to the 
clinical practice. Further in vivo studies are needed to evaluate 
the concomitant antimicrobial and tissular effects of commonly 
used implant surface decontamination protocols. Besides, using 
GS on a 2D sample (discs or inserts) bears the risk to miss the 
effect that would occur over real dental implants, where the sur-
face is not homogeneous, and hence, the density of the current 
would change from exposed areas like thread tips to less active 
areas like the valleys between the threads.

5   |   Conclusions

Within the limitations of the present study, it can be con-
cluded that all tested implant surface decontamination treat-
ments showed statistically significant differences compared 
to the negative control in terms of antimicrobial activity. 
Phytotherapeutics, CUR and XN, were the most cytocompat-
ible substances and showed the largest antimicrobial effect. 
GS displayed antibiofilm activity with a localized “bubble-
shaped effect” and impaired hGFs cell morphology and integ-
rity, compromising tissue cell cytocompatibility. CHX showed 
antimicrobial capacity, without reducing biofilm biomass and 
demonstrating altered cytocompatibility. As these effects have 
not only been observed in 2D but also in a 3D in vitro model, 
they are even more promising for future clinical studies.
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