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INTRODUCTION

Peri-implantitis is defined as a plaque-induced, progres-
sive, and irreversible inflammatory process affecting soft 
and hard tissues surrounding dental implants [1]. Clinically, 
it is characterized by redness and swelling in peri-implant 
mucosa, suppuration, and/or bleeding on probing, along 
with increased clinical attachment loss and radiographic 
bone resorption [2,3]. Moreover, based on recent clas-
sification and diagnostic criteria, a threshold of ≥6  mm 
pocket depth together with the presence of bleeding and/

or suppuration along with as ≥3 mm of marginal bone loss 
around the implant is the accepted criterion for the diagno-
sis of peri-implantitis [1,3]. Pathogenic biofilm formation 
on the implant surfaces due to the inadequate plaque con-
trol and irregular maintenance therapy are considered main 
etiologic factors for the establishment and advancement of 
peri-implantitis [1,2].

Supra- and subgingival oral microbial biofilms are mul-
tilayered and well-structured bacterial communities adhered 
on the tooth and dental implant surfaces [4–8]. The basic 
elements of biofilm formation on teeth and dental implant 
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Abstract
This aim of this study was to investigate the effects of three types of air-abrasion 
particles on dual-species biofilms of Fusobacterium nucleatum and Porphyromonas 
gingivalis, both of which were cultured on sandblasted and acid-etched (SA) titanium 
discs. Out of 24 SA discs with biofilm, 18 were exposed to either air-abrasion using 
Bioglass 45S5 (45S5 BG; n = 6), novel zinc (Zn)-containing bioactive glass (Zn4 BG; 
n = 6), or inert glass (n = 6). The efficiency of biofilm removal was evaluated using 
scanning electron microscopy (SEM) imaging and culturing techniques. Air-abrasion 
using 45S5 BG or Zn4 BG demonstrated a significant decrease in the total number of 
viable bacteria compared to discs air-abraded with inert glass or intact biofilm without 
abrasion. Moreover, P. gingivalis could not be detected from SEM images nor culture 
plates after air-abrasion with 45S5 BG or Zn4 BG. The present study showed that air-
abrasion with 45S5 or Zn4 bioactive glasses can successfully eradicate dual-biofilm 
of F. nucleatum and P. gingivalis from sandblasted and acid-etched titanium discs.
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structures are similar and follow an analogous order. First, 
the protein pellicle adherence on tooth or dental implant 
surface is required, which is then followed by initial ad-
herence and colonization of predominantly Gram-positive 
streptococci, anaerobic cocci, and Actinomyces species 
[4]. Multispecies biofilm formation and maturation is en-
abled by Gram-negative thin rod-shaped Fusobacterium 
nucleatum, as it coaggregates with numerous oral bacterial 
species and serves as a bridge between primary and sec-
ondary colonizers [4,9,10]. The secondary colonizers are 
typically Gram-negative facultative anaerobic rods (like 
Aggregatibacter actinomycetemcomitans) and strict anaer-
obes (such as Porphyromonas gingivalis, Treponema denti-
cola, Tannerella forsythia, and Prevotella intermedia) [4,9]. 
The higher occurrence of these periodontal pathogens at 
peri-implantitis sites than in healthy peri-implant sites and/
or teeth with periodontitis has been reported in many stud-
ies [7,8,11,12]. Among these pathogens, P. gingivalis seems 
to actively associate with the advancement of peri-implant 
infection by being more prevalent in the diseased sites [11] 
and by presenting significantly higher bacterial levels in 
peri-implantitis [12]. Porphyromonas gingivalis' pathogenic 
role in the disease progression mainly depends on its ability 
to adhere to host cells and to coaggregate with other bac-
terial species in the subgingival biofilm [13]. A galactosid 
moiety on the P. gingivalis surface and lectin on F. nuclea-
tum surface are used for the coaggregation between the two 
bacteria [10].

Bacterial biofilm removal from the infected implant sur-
face is considered a crucial component for the management 
of infection around the dental implant [14,15]. Air-abrasion 
has been found to be an alternative technique for the removal 
of biofilm on both natural teeth [16] and dental implants 
[17]. Air-abrasive devices seem to be efficacious in biofilm 
removal from both machined and micro-structured implant 
surfaces without causing roughness or surface changes that 
can become a bacterial niche [18].

Bioactive glass (BG) is a surface-reactive biomaterial 
that has antimicrobial and regenerative properties [19,20]. 
BG antibacterial activity is caused by the elevated pH and 
osmotic consequences due to the non-physiological con-
centrations of silicon, calcium, and sodium ions diffused 
from the glass [19,21]. 45S5 BG has demonstrated a sig-
nificant antibacterial effect against specific supragingival 
and subgingival bacteria [21] and it has the potential to 
decrease the colonization of bacteria and the formation of 
biofilm [22]. The addition of metal ions to BG has been 
widely investigated [23–26]. As the glass dissolves, these 
metal ions are released into the interfacial solution at con-
centrations that induce the desired antibacterial effect. 
Zinc (Zn) ions are one of the most potent antibacterial 
elements that inhibit dental plaque pathogens, including 
Streptococcus mutans, F.  nucleatum, and P.  gingivalis 

[27–29]. Moreover, the addition of Zn oxide has been 
found to accelerate bone formation and to enhance BG me-
chanical properties [30].

Within this background, the current study aimed to test 
and compare the effects of air-abrasion using 45S5 BG, Zn-
containing BG, and inert glass particles on the removal of 
dual-species biofilm from sandblasted and acid-etched (SA) 
titanium surface.

MATERIAL AND METHODS

Sandblasting and acid etching of titanium discs

Ti-6Al-4 V (α + β) titanium alloy square-shaped discs (size 
10 × 10 mm, thickness 1 mm) were first sandblasted on one 
side with large grit particles of aluminum dioxide (250–
500 μm) utilizing 5 bar air pressure at 4 mm distance. Then, 
the acid etching procedure was performed using a mixture 
of HCl (60%) and H2SO4 (70%) acid at 60°C for 1 h. The 
titanium discs were then rinsed carefully in deionized water 
for 20 min utilizing an ultrasonic bath to eliminate acid rem-
nants. The titanium discs were left to dry in a hot air oven 
at 50°C for 30  min. The SA procedures were performed 
in-house.

Bioactive glass particle preparation

Zn oxide containing BG (Zn4 BG) and 45S5 BG were pre-
pared in-house. A detailed description of Zn4 and 45S5 BG 
particle preparation has been explained elsewhere [27]. In 
short, batches giving 300  g BG were mixed out of ana-
lytical grade chemical Na2CO3, CaHPO4·2H2O, ZnO (all 
from Sigma-Aldrich), CaCO3 (Fluka), H3BO3 (Merck), 
and Belgian glass quality quartz sand for SiO2. The un-
covered platinum crucible was used to melt the glasses 
at 1360°C for 3 h in air. After casting, the resultant glass 
blocks were annealed at 520°C for 1 h, and then cooled 
in the oven. The obtained glass blocks were crushed and 
sieved into the desired fraction (45–120 µm) using stain-
less steel sieves. No heavy metal contamination induced 
by the sieves was detected in the glass powder or their 
immersion solutions.

The glass particle morphology was examined using a 
scanning electron microscope (SEM; Leo Gemini 1530). 

T A B L E  1   Nominal composition (mol.%) 45S5 and experimental 
zinc oxide containing (Zn4) bioactive glasses (BAGs)

SiO2 Na2O P2O5 CaO ZnO

45S5 BAG 46.1 24.3 2.6 26.9 –

Zn4 BAG 44.1 24.3 2.6 24.9 4.0
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The oxide composition of BGs is shown in Table 1. The inert 
glass in this study was commercial float glass known to be 
inert in vivo. The glass was crushed and sieved to particles as 
described above.

Bacterial strains and culture condition

Pure cultures of F.  nucleatum type strain (ATCC 25586; 
American Type Culture Collection) and clinical strain of 
P. gingivalis (AHN 24155; the Finnish Institute for Health and 
Welfare) were transferred from Brucella agar plates to Tryptic 
Soy Broth (TSB; Sigma Chemical) enriched with hemin 
(5  mg/L) and menadione (5  mg/L). Bacteria suspensions 
were cultured in an anaerobic chamber with an atmosphere 
of 10% H2, 5% CO2, and 85% N2 (Whitley A35 Anaerobic 
Workstation; Don Whitley Scientific) at 37°C overnight. After 
incubations, bacterial suspensions were adjusted to the opti-
cal density (OD) of 0.5 at 490 nm with a spectrophotometer 
(Shimadzu Biotech) corresponding to 4 × 107 colony-forming 
unit (CFU)/ml of F.  nucleatum and 1.4  ×  107  CFU/ml of 
P. gingivalis.

Formation of dual-species biofilm

Prior to the study, the SA discs were disinfected with 70 vol% 
ethyl alcohol. Afterward, the discs were inserted into 24-well 
cell culture plates and coated with pasteurized saliva (diluted 1:3 
with phosphate buffered saline [PBS]) at 37°C for 30 min. At 
the end of the coating, the SA discs were rinsed once with PBS 
and transferred to new wells. Equal amounts (2 × 107 CFU/ml) 
of P. gingivalis and F. nucleatum were poured on the discs in 
fresh culture media and incubated under anaerobic conditions 
at 37°C for 70 h. After the formation of dual-species biofilms, 
non-adherent cells were removed by rinsing the discs once with 
PBS, followed by disc immersion in 2 ml of PBS.

Biofilm removal by air-abrasion with various 
BG particles

Of the 24 SA discs with the biofilms, 18 were air-abraded with 
either (a) Zn4 BG (n = 6), (b) 45S5 BG (n = 6), or (c) inert 
glass (n  =  6). The remaining six discs without air-abrasion 
procedure served as controls (Figure 1). The air-abrasion was 
performed using an air-polisher device (LM ProPower; LM-
Dental) for 20 s, at 90° angles, 3 mm distance, and utilizing 
4 bar air pressure. Immediately after air-abrasion, the SA discs 
were transferred to wells containing 2 ml of fresh TSB (Sigma 
Chemical) enriched with hemin (5  mg/ml) and menadione 
(5 mg/ml), and then incubated at 37°C under anaerobic condi-
tions for 23 h.

Culturing the samples

After incubation, the discs were gently dipped into 10 ml of 
PBS. Then, the biofilm on each titanium disc was collected 
with four microbrushes (Quick-Stick; Dentsol). The tips of 
the brushes used for sampling each disc were placed into 
a sterile Ebbendorf tube containing 500 µl of TSB (Sigma 
Chemical) enriched with hemin (5  mg/L) and menadione 
(5 mg/L). The resulting suspensions were mildly sonicated 
and serial tenfold dilutions were performed. The diluted 
bacterial suspensions were cultured on enriched Brucella 
agar plates and incubated at 37°C for 7 days under anaero-
bic conditions (Whitley A35 Anaerobic Workstation; Don 
Whitley Scientific). After incubation, the presence of F. nu-
cleatum and P.  gingivalis on the Brucella agar plates was 
identified under light microscopy (Leica Microsystems) and 
they were separated from each other based on their unique 
colony morphology. The results are expressed as the number 
of CFUs/SA disc.

F I G U R E  1   Distribution of titanium disc samples exposed 
to Bioglass 45S5 (45S5 BG), zinc oxide containing BG (Zn4 
BG), and inert-glass air-abrasion. The effects of air-abrasion on 
Fusobacterium nucleatum (Fn) and Porphyromonas gingivalis 
(Pg) biofilm formed on sandblasted and acid-etched (SA) titanium 
surface were confirmed by culture method and scanning electron 
microscopy (SEM) imaging

24 SA discs with Fn and Pg
biofilm

20 discs for 
cell culture

5 discs; intact 
biofilm

5 discs; inert 
glass abraded

5 discs; 45S5 
BG abraded

5 discs; Zn4 
BG abraded

4 discs for 
SEM images

1 disc; intact 
biofilm

1 disc; inert 
glass abraded

1 disc; 45S5 
BG abraded

1 disc; Zn4 BG 
abraded
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Sample preparation for scanning 
electron microscope

Scanning electron microscopic images were obtained of the sur-
faces of discs having intact biofilms or having had biofilms re-
moved by air-abrasion with Zn4 BG, 45S5 BG, or particles of 
inert glass (n = 4). Also, SEM images were aquired for discs with-
out biofilm before and after glass air-abrasion (n = 4). All discs 
were washed three times in 1 ml deionized water and then fixed 
in 2.5% glutaraldehyde overnight at room temperature. Then, the 
dehydration of the discs was performed by immersion in an etha-
nol series with gradually increasing concentrations (50%, 70%, 
85%, 95%, and 100%) for 10 min each. Five SEM images (Leo 
1530; Leo) were obtained at random locations for each disc.

Statistical analyses

For the description of the data, mean values and standard devia-
tions (SDs) were calculated. Statistical analyses were conducted 
using spss (IBM SPSS Statistics for Windows, version 25.0; 
IBM). One-way ANOVA, followed by Tukey's post hoc, was 
used to determine the statistical differences between the experi-
mental treatment modalities. The significance level used was 5%.

RESULTS

Statiststically significantly lower total bacterial (F.  nu-
cleatum and P.  gingivalis) CFUs were observed in dual-
species biofilms subjected to BG or inert-glass air-abrasion 
(p < 0.001) than in the intact biofilm (Figure 2). Complete 

eradication of P. gingivalis was observed following 45S5 
and Zn4 air-abrasions in comparison to inert-glass air-
abrasion (Figure 3). In addition, air-abrasion using inert 
glass led to statistically significantly lower P.  gingivalis 
CFUs than seen for intact biofilm. The CFUs of F. nuclea-
tum were statistically significantly (p = 0.011) lower when 
the biofilm was subjected to BG air-abrasion than when 
the SA discs were subjected to inert-glass air-abrasion 
(Figure 4).

The SA disc with intact biofilm showed that the disc 
was well covered with F. nucleatum and P. gingivalis after 
70 h of incubation (Figure 5A). The SEM images after air-
abrasion and further culturing of the samples for 23 h showed 
no P. gingivalis cells on discs air-abraded with 45S5 or Zn4 
BGs, whereas these cells were present on discs subjected to 
inert glass air-abrasion. Fewer F. nucleatum cells were ob-
served for 45S5 or Zn4 BGs air-abraded discs than in discs 

F I G U R E  2   Mean colony-forming units (CFUs) ±SDs of total 
bacteria Fusobacterium nucleatum (Fn) and Porphyromonas gingivalis 
(Pg) on BG/inert-glass air-abraded SA titanium discs. The y-axis is 
presented in logarithmic scale. Statistical significance, **p < 0.05, 
***p < 0.001

F I G U R E  3   Mean colony-forming units (CFUs) ±SDs of 
Porphyromonas gingivalis (Pg) on BG/inert-glass air-abraded 
SA titanium discs. The y-axis is presented in logarithmic scale. 
Statistical significance, ***p < 0.001

F I G U R E  4   Mean colony-forming units (CFUs) ±SDs of 
Fusobacterium nucleatum (Fn) on BG/inert-glass air-abraded 
SA titanium discs. The y-axis is presented in logarithmic scale. 
Statistical significance, **p < 0.005
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subjected to inert-glass air-abrasion (Figure 5B–D). Figure 6  
shows the SEM images of the SA titanium disc surfaces with-
out biofilm before glass particle air-abrasion (Figure 6A) and 
after air-abrasion with inert glass, 45S5 BG, and Zn4 BG 
(Figure 6B–D).

DISCUSSION

The results of this study show that air-abrasion of SA titanium 
surfaces using either Zn4 BG or 45S5 BG particles com-
pletely eradicates P. gingivalis and significantly reduced the 
F. nucleatum count from the biofilm, as only F. nucleatum 
cells could be detected on Brucella agars. Air-abrasion with 
inert glass was also found to be effective in removing F. nu-
cleatum and P. gingivalis biofilm but was found to be signifi-
cantly less effective compared to BG particle air-abrasion. 
This partial outcome is because the effect of the inert glass 
is limited to mechanical cleaning alone, while both BG for-
mulas evaluated in this study have previously demonstrated 

their antimicrobial effects [27]. Additionally, it is possible 
that the somewhat differing densities of the glasses (45S5 BG 
– 2.7 g/cm3; Zn4 BG – 2.8 g/cm3; and inert glass – 2.5 g/cm3) 
may have affected their impact on the surface.

Our previous data [27] have shown that some glass parti-
cles remain adhered to or embedded inside the pores on the 
abraded SA surface after BG air-abrasion. Furthermore, our 
previous study demonstrated that air-abrasion of SA discs 
with 45S5 BG, Zn4 BG, or inert glass results in smoother 
surface topography than is seen for SA without glass particle 
air-abrasion (Figure 7) [31].

These BG particle residual may explain the extended an-
tibacterial activity of the SA discs [27]. Na+, Ca2+, and Si 
ions (dissolved due to BG dissolution) result in an elevation 
of the pH, which subsequently changes the osmotic pressure 
of the fluid in the proximity of the BG particles. This is con-
sidered the major cause of the antimicrobial effect of BGs 
against microorganisms [19,21]. A study by Allan et al. [21] 
described that exposure of certain bacteria to 45S5 BG, in-
cluding the bacterial species investigated in this study, resulted 

F I G U R E  5   Scanning electron microscopy (SEM) images of sandblasted and acid-etched (SA) titanium surfaces along with biofilm at 2.5 KX 
magnification. Dual-species biofilm of Fusobacterium nucleatum and Porphyromonas gingivalis prior to air-abrasion (A), and after air-abrasion 
using 45S5 BG (B), Zn4 BG (C), and inert glass (D)
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in 91.2%–95.0% removal of these bacteria. In their study, they 
demonstrated that direct contact between the BG particles and 
bacterial cells is not essential to produce an antibacterial effect.

Our previous study demonstrated that the elevated ini-
tial release of Si and Ca2+ ions from 45S5 BG resulted 
in higher pH elevation than Zn4 BG [27]. Therefore, the 

F I G U R E  6   Scanning electron microscopy image at 250× maginification of sandblasted and acid-etched titanium surfaces (A), and after air-
abrasion with: inert glass (B), 45S5 bioactive glass (C), and Zn4 bioactive glass (D)

F I G U R E  7   Results of surface 
roughness test performed on sandblasted 
and acid-etched (SA) titanium discs, and 
after air-abrasion with inert glass (Inert), 
45S5 bioactive glass (45S5 BG), and Zn4 
bioactive glass (Zn4 BG). ***p < 0.001. 
Data were extracted from previous 
publication [31]



      |  7 of 8DUAL-BIOFILM ERADICATION

mechanism behind the Zn4 BG antibacterial action can not 
be explained only by the pH elevation [29]. The antibac-
terial effect of Zn4 may be explained by dissolving Zn2+ 
ions that can penetrate the bacterial cell and produce toxic 
reactive oxygen species (ROS) that eventually lead to DNA 
and cell membrane damage [32]. Because of the lower pH 
elevation, it can be hypothesized that the Zn4 BG is more 
tissue-friendly than the commercially available 45S5 BG. 
Additionally, the Zn ion release has been found to stimu-
late osteoblast cell attachment and proliferation, to inhibit 
the osteoclastic cells, and to promote in the calcification 
process [33].

One of the limitations of this study is that the air-
abrasion process was conducted in an aerobic environment, 
which could potentially compromise the viability of F. nu-
cleatum and P. gingivalis. However, based on our prelimi-
nary findings (data not shown), these two microorganisms 
can survive in the growth media at the aerobic environment 
for the time needed to perform the air-abrasion process, 
when they are in their stationary phase. Six samples were 
taken for air-abrasion at a time, and the process of their 
air-abrasion lasted for a maximum of 10  min. Moreover, 
the study was repeated more than two times under simi-
lar laboratory conditions. Therefore, the intra-laboratory 
reproducibility was validated. Fusobacterium nucleatum 
is considered a key micro-organism for the maturation of 
dental plaque because of its ability to coaggregate and to 
act as a scaffold between facultative and obligate anaero-
bic species [9,10]. This is mainly because F. nucleatum can 
survive in an aerobic environment [34]. Indeed, Diaz et al. 
[35] showed that F. nucleatum is able to support the growth 
of P. gingivalis under an oxygenated environment that the 
latter could not withstand alone. After constructing bio-
films, F. nucleatum can still increase its numbers, even in 
aerobic environments [36]. Moreover, recent evidence has 
revealed that F. nucleatum can support the colonization of 
other anaerobic pathogens by inducing a hypoxia-regulated 
environmental change [37].

The findings demonstrated in this study are based on dual-
species biofilm of F. nucleatum and P. gingivalis formed in 
laboratory conditions on SA titanium surfaces. Therefore, the 
external validity is limited. However, the investigated moder-
ately rough implant surface is widely used in oral implants, 
and F. nucleatum and P. gingivalis have been reported to be 
strongly associated with peri-implantitis [7,8]. Nevertheless, 
treatment of peri-implantitis using BG air-abrasion needs to 
be researched in clinical conditions before any conclusion is 
made.

Within the limitations of this study, it can be concluded that 
air-abrasion of titanium discs covered with F.  nucleatum and 
P. gingivalis biofilm utilizing bioactive glass Zn4 and 45S5 par-
ticles was effective in the elimination of the biofilm. Hence, their 

potential to be used in the decontamination of infected oral implant 
surfaces needs to be investigated in future in vivo experiments.
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