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Abstract

Objectives: The present study aimed to evaluate the healing of experimentally

induced bone defects around contaminated dental implants after air-abrasion using

45S5 or zinc oxide (ZnO)-containing bioactive glasses (BAGs).

Materials and Methods: One maxillary first molar was extracted from each Sprague–

Dawley rat (n = 30). After 4-week healing, a titanium implant was placed in the

extraction site with a circumferential bone defect. The rats were randomized into five

different groups: (1) implants with Fusobacterium nucleatum and Porphyromonas

gingivalis dual-species biofilm (IB); (2) implants with biofilm subjected to inert glass

air-abrasion (inert); (3) sterile implants (S); (4) implants with biofilm subjected to 45S5

BAG air-abrasion (45S5); and (5) implants with biofilm subjected to ZnO-containing

BAG air-abrasion (Zn4). After 8-week healing, maxillae were dissected, and

histomorphometric analyses were performed.

Results: The first bone-to-implant contact was significantly shorter for the inert

(1.58 ± 1.16 mm; p = 0.016), S (0.28 ± 0.13 mm; p < 0.001), 45S5 (0.41 ± 0.28 mm;

p < 0.001), and Zn4 (0.26 ± 0.16 mm; p < 0.001) groups compared to IB group. Also,

significantly more bone-to-implant contact was seen for S (72.35% ± 8.32%;

p < 0.001), 45S5 (57.91% ± 24.10%; p = 0.002), and Zn4 (70.49% ± 12.74%;

p < 0.001) groups than the IB group. The bone volume with the threads demon-

strated significantly higher value for S (69.32% ± 9.15%; p < 0.001), 45S5 (58.93%

± 23.53%; p = 0.001), and Zn4 (68.65% ± 12.41%; p < 0.001) groups compared to

the IB group. The bone volume within the defects was significantly higher for S

(68.79% ± 11.77%; p < 0.001), 45S5 (62.51% ± 20.51%; p = 0.002), and Zn4

(73.81% ± 15.07%; p < 0.001) groups compared to the IB group.

This work has been conducted at the Institute of Dentistry, University of Turku.
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Conclusions: This study suggests that air-abrasion of contaminated moderately rough

implant surfaces with either 45S5 or ZnO-containing BAGs enhances osseointegration

and bone defect regeneration.

K E YWORD S

bioactive glasses, bone defects, dental implants, Fusobacterium nucleatum, peri-implantitis,
Porphyromonas gingivalis

Summary Box

What is known

• Peri-implantitis can lead to the contamination and the formation of a high-affinity biofilm on

the implant surface.

• Various methods are currently used for implant surface decontamination, but no single

method was found to be superior in terms of clinical outcomes.

What this study adds

• This animal trial presents evidence that air-abrasion using either 45S5 or ZnO-containing

bioactive glasses results in better osseointegration and bone regeneration than implants

subjected to inert glass air-abrasion treatment.

1 | INTRODUCTION

Peri-implantitis (PI) is the most common reason for implant failure,

with prevalence ranging from 1% to 47%.1,2 It is accepted that peri-

implant diseases are plaque-induced inflammatory diseases induced

by the development and establishment of a complex bacterial biofilm

structure on the implant surfaces.3 Peri-implant diseases are classified

into peri-implant mucositis and PI, and both diseases share similar

clinical features, including bleeding on probing, redness, and swelling

in peri-implant mucosa. In addition, PI is also characterized by suppu-

ration and increased pocket depth combined with progressive bone

loss after the initial bone remodeling.4,5

Exposure of the implant surface to the oral environment can lead

to the formation of a high-affinity biofilm that is robust, retentive, and

difficult to eradicate.6 It starts with the adhesion of the initial colo-

nizers, such as oral streptococci, to the acquired pellicle, which

facilitates the adhesion of successive colonizers like Fusobacterium

nucleatum. F. nucleatum serves as a bridge between initial and late bac-

terial colonizers, including the red complex bacterial pathogens, Tanner-

ella forsythia, Treponema denticola, and Porphyromonas gingivalis, which

are actively associated with periodontal and peri-implant diseases.7–13

The debridement of the implant surface is an essential step in

treating peri-implant diseases. However, implant design and surface

roughness may facilitate the development and retention of the bacte-

rial biofilm and limit the effectiveness of mechanical debridement.6,14

The current methods used for cleaning the infected implant surfaces,

including curettes, titanium brushes, sonic/ultrasonic instruments, and

air-abrasive devices, fail to demonstrate adequate implant surface

debridement.6,14–17 Even though there is no solid clinical evidence

suggesting, which modality is the most effective for treating PI,18

in vitro experiments have shown that air particle abrasion has superior

or equal potential for decontamination when compared to other

cleaning modalities.19,20

Bioactive glasses (BAGs) are a group of biomaterials that can be suc-

cessfully used in air particle abrasion procedures.21,22,23 Numerous stud-

ies have shown that 45S5 and S53P4 BAGs possess broad-spectrum

antimicrobial and antibiofilm effects against a wide range of Gram-

positive and Gram-negative oral bacteria.24–28 The antimicrobial effects

of BAG are mainly due to the rise in the pH and local osmolarity caused

by Na, Si, and Ca2+ ion dissolution.29 The original 45S5 BAG has been

modified by including zinc oxide (ZnO) powder.30 Experimental Zn-

substituted compositions have been shown to produce antibacterial

effects with minimal pH increase.31 The antibacterial effect of the ZnO-

containing BAG is attributed to the release of Zn2+, which can penetrate

the bacterial cell membrane, resulting in the generation of toxic reactive

oxygen species (ROS) and thereby causing bacterial death.32

Several studies have used the rat model to evaluate dental

implant osseointegration and create a model for PI.33,34 However, it is

not known whether BAG air-abrasion of bacterial biofilm formed on

dental implant surfaces can enhance osseointegration in the rat

model. This study aimed to evaluate the healing of experimentally

induced bone defects around contaminated dental implants after

air-abrasion with 45S5 or ZnO-containing (Zn4) BAGs.

2 | MATERIALS AND METHODS

2.1 | Titanium Implants and surface treatment

In this study, a total of 33 Grade 2 commercially pure titanium screws

2.0 mm ; � 3.0 mm length (Titanium Service, Vourles, France) were

used as dental implants (30 implants used for implantation and

2 ABUSHAHBA ET AL.
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3 implants for SEM images). The implants were surface treated in-

house with sandblasting and acid-etching (SA). The SA process was

carried out by sandblasting with large grit aluminum oxide particles

(250–500 μm) using an air pressure of 5 bar followed by acid-etching

in HCl (60%) and H2SO4 (70%) acid combination for 1 h at 60�C. Then

the titanium implants were thoroughly rinsed with deionized water in

an ultrasonic bath for 20 min to eliminate acid residues. Implants were

then allowed to dry in a hot air oven for 30 min at 50�C.

2.2 | Dual-species biofilm formation

The dual-species biofilms of F. nucleatum (ATCC 25586; the American

Type Culture Collection) and P. gingivalis (AHN 24155; the Finnish

Institute for Health and Welfare) were formed as described previ-

ously.25 Briefly, the 5-day-old pure bacterial cultures were first sus-

pended in tryptic soy broth (TSB; Merck KGaA, Darmstadt, Germany)

enriched with hemin (5 mg/L) and menadione (5 mg/L) and then incu-

bated overnight at 37�C in an anaerobic workstation (Don Whitley

Scientific Ltd., West Yorkshire, England) with an atmosphere of 85%

N2, 10% H2, and 5% CO2.

Implants (n = 24) were coated with pasteurized saliva (diluted 1:3

with phosphate-buffered saline [PBS]) at 37�C for 30 min and then

rinsed with PBS and transferred to a new 24-well plate. Based on the

optical density adjustments (OD 0.5 at 490 nm), equal amounts of

both bacterial suspensions (i.e., 2 � 107 colony forming units/ml) in

fresh media were distributed to each well and incubated under anaer-

obic conditions at 37�C for 70 h.

In order to remain the anaerobic atmosphere (85% N2, 10% H2,

and 5% CO2) until the implant surgery, the implants were transferred

into anaerobic jars (Thermo Fisher Scientific, Waltham, MA, USA) and

carried to the Central animal laboratory, PharmaCity, University of

Turku, Finland.

2.3 | Scanning electron microscopy

Three other implants (sterile SA, with biofilm and after ZnO-

containing BAG air-abrasion) were used for scanning electron

microscopy (SEM) imaging. The implants were rinsed three times in

deionized water and then fixed in 2.5% glutaraldehyde overnight.

The dehydration was performed by using graded ethanol series

(50%, 70%, 85%, 95%, and 100%). Before SEM imaging, the

implants were sputter-coated with carbon utilizing Emscope TB

500 Temcarb (Thermo VG, Waltham, Massachusetts, USA). The

SEM (LEO Gemini 1530 with a Thermo Scientific UltraDry Silicon

Drift Detector, Oberkochen, Germany) was used to visualize the

implant surfaces.

2.4 | Sample size calculation

The resource equation method described by Charan and Kantharia

was used to estimate the required number of experimental animals.35

This method measures the “E” value that represents the degree of

freedom of analysis of variance (ANOVA). The E value should be con-

sidered adequate between 10 and 20.

E¼ total number of observations� total number of groups:

E = (25)–5 = 20, which is considered an adequate sample size

according to Charan and Kantharia.35 Considering losing animals, for

example, during surgery and at the postsurgical period, or implant loss

during the healing period, the sample size was increased by 20%,

making the total number included in the study 30 rats.

2.5 | Animals and anesthesia

The study protocol was prepared before the study, reviewed and

approved by the Regional State Administrative Agency for Southern

Finland (license number: ESAVI/26978/2019), and complied with

the ARRIVE guidelines. A total of 30 (250–400 g) healthy male

Sprague–Dawley rats (Envigo, The Netherlands) were used in the

study. The rats were specific pathogen-free, not genetically modified,

nor subjected to any previous procedure.

The animals were housed at the Central Animal Laboratory,

University of Turku, Finland, and surgeries were carried out in the

same premises from February 2021 to May 2021. All the experiments

were carried out according to Finnish and European regulations about

the care and use of research animals; a veterinarian monitored the rats

daily during the study period. Exclusion criteria were set before the

start of the experiment. They included weight loss of 20% or more at

any time point during the experiment, which also resulted in immedi-

ate euthanasia of the rat, implant loss, or death before termination of

the experiment. Throughout the study period, all animals were housed

in the same room and in a separate cage, maintained at a controlled

temperature (21�C ± 3�C) and humidity (55% ± 15%) with access to

RM3 Soya-free food and water ad libitum.

Carprofen (Carprolifican vet, Fauna Pharma, the Netherlands)

5 mg/kg was used 30 min before anesthesia and 2 days for post-

surgical analgesia. The general anesthesia was conducted with a sub-

cutaneous injection of the anesthetic cocktail, which is composed of

Ketamine (Ketaminol, Intervet, Netherlands) 45 mg/kg, Medetomidine

(Cepetor vet, Vetmedic, Finland) 0.25 mg/kg, and Midazolam

(Midazolam, Hameln Pharma, Germany) 1 mg/kg. Atipamezole hydro-

chloride (Antisedan vet, Orion Pharma, Finland) 5 mg/ml was used at

the end of the surgical procedure to reverse the anesthetic

medication.

2.6 | Surgical procedures

All animals underwent two surgical procedures, one for extraction of a

first maxillary molar and the other for implantation. After adequate

anesthesia, one first maxillary molar was extracted from each animal.

The gingival attachment of the tooth was cut around the entire cir-

cumference. Then, the tooth was luxated and elevated using a micro

ABUSHAHBA ET AL. 3
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Periotome (Hu-Friedy, Chicago, USA). After a 4-week healing period,

the rats were anesthetized again using the abovementioned method,

and mucoperiosteal flaps were elevated in order to expose the

edentulous maxillary first molar region.

The Central Animal Laboratory personnel randomized the rats into

five groups according to different treatments modalities: (1) implants

with intact dual-biofilm of F. nucleatum and P. gingivalis (IB); (2) implants

with biofilm subjected to inert glass air-abrasion (inert); (3) sterile

implants (S); (4) implants with biofilm subjected to 45S5 BAG air-

abrasion (45S5); and (5) implants with biofilm subjected to ZnO-

containing BAG air-abrasion (Zn4). The air-abrasion of the implants

was performed using an LM ProPower device (LM dental, Parainen,

Finland). Before their placement, the implants with biofilm were sub-

jected to air-abrasion using 45S5 BAG, Zn4 BAG, or inert glass, particle

size (45–120 μm). The oxide composition and preparation method of

BAGs used in this study are described elsewhere.24 Each implant was

air-abraded using 4 bar air pressure for 20 s. The S and IB groups were

used as positive and negative controls without air-abrasion treatment.

The osteotomy sites were prepared using 1.0 mm followed by

1.6 mm twist drills under a copious stream of sterile saline. Before the

implant placement, bone defects were created in the coronal 1 mm

using a 2.4 mm twist drill, which resulted in 0.2 mm circumferential

defects (Figure 1). A total of 30 implants (one implant per animal) were

used in the implantation procedure: 6 implants in each treatment cat-

egory. The alveolar mucosa was then sutured using 5/0 absorbable

sutures (Coated Vicryl, Ethicon, USA), and the animals were returned

to their cages in the same environmental conditions mentioned ear-

lier. After an 8-week healing period, the animals were euthanized in a

CO2 euthanasia chamber, and the maxillae were then harvested.

Three implants belonging to the IB group were lost during the experi-

ment, and therefore, they were excluded from the analysis.

2.7 | Histomorphometric analysis

The maxillae were dissected and immediately placed in 10% formalin for

fixation. The obtained specimens were rinsed in distilled water, dehydrated

in ethanol, and then preinfiltrated with dilute methyl methacrylate. The

specimens were infiltrated using pure methylmethacrylate and polymerized

over 14 days. The blocks were then sectioned in a bucco-palatal direction

into 100 μm thickness using a diamond band saw (Exakt Technologies,

Oklahoma City, OK, USA). The thickness was reduced to 40 μm by grind-

ing the sections with silicon carbide papers of P500, P800, P1200, and

P2500 and polished with K4000 (Exakt Technologies). The specimens

were finally stained with hematoxylin and eosin (H&E) stain. Two slides

were obtained from each block. The slides were visualized using a light

microscope (Leitz Aristoplan, Leica Microsystems, Wetzlar, Germany), and

the images were captured with a digital camera (Leica DFC, Leica

Microsystems). Two masked calibrated investigators (F.A. and N.A.) evalu-

ated all histomorphometric measurements using image analysis software

(Fiji® image J2, 2.3.0). The interexaminer correlation coefficient was 0.985

(95% confidence intervals: 0.979–0.989). The analysis was focused on the

coronal 1 mm of the implants, and the results are reported as an average

of the two examiners' measurements.

The following parameters were evaluated:

1. linear distance from the top of the implant to the highest point of

bone to implant contact; first bone-implant contact (FBIC);

F IGURE 1 Shows representative images for (A) the extracted
maxillary first molar teeth, (B) the osteotomy site preparation,
(C) implant placement with the circumferential bone defect, and
(D) sutures in place

F IGURE 2 Illustrating the histomorphometric measurements
made in the coronal 1 mm of the implant: (1) the distance from the
implant margin to the first bone-to-implant contact (FBIC), (2) the
percentage of bone in contact with the implant (BIC%), (3) the
percentage of the bone volume within the threads (BVT%), and (4) the
percentage of bone volume within the defect (BVD%).

4 ABUSHAHBA ET AL.
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2. percentage of bone in direct contact with the coronal 1 mm of the

implant surface (BIC%);

3. percentage of bone volume within the threads of the coronal

1 mm of the implant (BVT%); and

4. percentage of bone volume within the defect (0.2 mm � 1 mm),

(BVD%), (Figure 2).

2.8 | Statistical analysis

Data were expressed in means (±SD), considering the rat as the sta-

tistical unit of analysis (n = 30). The data were tested for normality

by means of a Shapiro–Wilk test. Logarithmic transformation was

performed on skewed data to accomplish normal distribution. Statis-

tical analysis was performed using Statistical Package Software IBM

SPSS Statistics for Mac, version 28.0 (IBM Corp., Armonk, NY,

USA). Pearson correlation coefficient was calculated to evaluate the

accuracy of measurements between the two examiners. The

statistical significance among the experimental groups was analyzed

using ANOVA followed by Tukey's post hoc test. Differences were

considered significant at 95% confidence levels, with p values

below 0.05.

3 | RESULTS

3.1 | SEM images observations

The SEM images for the SA implant showed that the sandblasting

and acid etching of the titanium implants resulted in apparent sur-

face roughness with different crater sizes. The SA titanium

implant was well covered with the dual-species biofilms of

F. nucleatum and P. gingivalis after 70 h of incubation (IB). After

the biofilm-covered titanium implant was subjected to air-abrasion

using Zn4 BAG, no bacterial cells could be detected. SEM images

were taken in five randomly selected locations per sample

(Figure 3).

F IGURE 3 SEM images for a sandblasted and acid-etched (SA) titanium implant, an implant with F. nucleatum and P. gingivalis dual biofilm (IB),
and an implant with biofilm subjected to ZnO BAG air-abrasion (Zn4) (magnifications: 100�, 500�, and 2.5k�).

ABUSHAHBA ET AL. 5
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3.2 | Surgical procedures and implant loss

All implants (n = 30) were successfully installed, and all the rats

survived and recovered quickly from surgery. The animals appeared in

good health throughout the experimental period and did not lose

weight or show any other adverse reactions. Three implants belonging

to the intact biofilm (negative control) group were lost during the

healing period.

3.3 | First bone-to-implant contact

The distance from the implant margin to the first bone-to-implant

contact (FBIC) showed significant differences among the treatment

groups. FBIC was significantly more coronal for the S (0.281 ± 0.132;

p < 0.001), 45S5 (0.412 ± 0.283; p < 0.001), and Zn4 (0.263 ± 0.160;

p < 0.001) groups compared to IB group. Additionally, the inert group

demonstrated a significantly lower value of FBIC (1.582 ± 1.157;

p = 0.016) than the IB group since the entire surface of IB implants

had no bone contact (Figures 4 and 5).

3.4 | Percentage of bone-to-implant contact

The BIC% was significantly higher for the S (72.36 ± 8.32; p < 0.001),

45S5 (57.91 ± 24.10; p = 0.002), and Zn4 (70.49 ± 12.74; p < 0.001)

compared to the IB group. The BIC% in the inert group was statisti-

cally nonsignificant (16.20 ± 25.53; p = 0.72) compared to IB group.

No bone in contact with the implant was observed for the IB group

(Figures 4 and 6).

3.5 | Percentage of bone volume within the
threads

The BVT% showed highly significant differences among groups. The

BVT% for the S (69.325 ± 9.154; p < 0.001), 45S5 (58.932 ± 23.526;

p = 0.001), and Zn4 (68.653 ± 12.411; p < 0.001) groups were signifi-

cantly higher than for the IB group. The BVT% in the inert group was

statistically nonsignificant (14.90 ± 25.88; p = 0.775) compared to IB

group. No bone formation within threads was observed for the IB

group (Figures 4 and 7).

3.6 | Percentage of bone volume within the defect

The difference in BVD% was highly significant among the groups. The

mean BVD% for the S (68.792 ± 11.771; p < 0.001), 45S5 (62.507

± 20.512; p = 0.002), and Zn4 (73.812 ± 15.067; p < 0.001) groups

was significantly higher compared to the IB (5.033 ± 0.929). The BVD

% in the inert group was statistically non-significant (17.810

± 25.029; p = 0.849) compared to IB group (Figures 4 and 8).

F IGURE 4 Ground histologic section with H&E staining shows the peri-implant situation after 8-week healing at 5� and 10� magnification
(IB; implants with F. nucleatum and P. gingivalis intact biofilm, inert; implants with biofilm subjected to inert glass air-abrasion, S; sterile implant,
45S5; implants with biofilm subjected to 45S5 BAG air-abrasion, and Zn4; implants with biofilm subjected to ZnO-containing BAG air-abrasion).
The implant with intact biofilm shows severe inflammatory cell infiltration. The inert glass abraded implant site shows moderate coronal
inflammatory infiltrates. S, 45S5, and Zn4 sites demonstrate healthy bone tissue with no sign of inflammation.

6 ABUSHAHBA ET AL.
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4 | DISCUSSION

This study aimed to assess the effect of BAG air-abrasion of implant

surface bacterial biofilm on osseointegration and healing of experi-

mentally induced bone defects. The histomorphometric analysis

revealed that air-abrasion of the implant surface with dual biofilm

formed using 45S5 or Zn4 BAGs significantly improved osseointegra-

tion and healing of the experimental marginal bone defect. Inert glass

air-abrasion resulted in considerably less bone fill and weaker osseoin-

tegration. The effect of inert glass air-abrasion is only limited to

mechanical cleaning, while the investigated BAGs have an antibacter-

ial effect.24–28 Furthermore, implants with an intact biofilm fail to

osseointegrate and demonstrate severe inflammatory cell infiltration.

The implants treated with Zn4 BAG air-abrasion demonstrated a

comparable effect as seen for sterile implants. This is probably related

to the Zn2+ ion release from the Zn-containing BAG, as demonstrated

in our previous study.31 Zn2+ ion is an essential element for the

growth, proliferation, and differentiation of osteoblast cells, but it can

also stimulate osteoblast cell attachment and inhibit osteoclastic cell

activity.36,37 Moreover, silicate ion release from 45S5 BAG has been

shown to play an essential role in stimulating the proliferation and dif-

ferentiation of osteoblast cells.38,39

Implant surface decontamination is a crucial step in treating peri-

implant disease. However, the design and surface roughness of the

implant may impede the successful eradication of biofilm.5,14 Previous

work by the authors has shown that particulate BAG of particle size (45–

120 μm) can be successfully used in air-abrasion applications and demon-

strate a consistent and uniform surface topography to the titanium

IB Inert S 45S5 Zn4

0
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40
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100

B
IC

 %

Bone to implant contact in the coronal 1mm

*** ** ***

F IGURE 6 Mean percentage of bone-to-implant contact (BIC%)

in the coronal 1 mm of the implant per implant modality. (IB; implants
with F. nucleatum and P. gingivalis intact biofilm, Inert; implants with
biofilm subjected to inert glass air-abrasion, S; sterile implant, 45S5;
implants with biofilm subjected to 45S5 BAG air-abrasion, and Zn4;
implants with biofilm subjected to ZnO-containing BAG air-abrasion).
The dots represent the values of individual measurements. **p < 0.01,
***p < 0.001
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F IGURE 5 Means for linear measurement (mm) of first bone to
implant contact (FBIC) per implant modality. (IB; implants with
F. nucleatum and P. gingivalis intact biofilm, Inert; implants with biofilm
subjected to inert glass air-abrasion, S; sterile implant, 45S5; implants
with biofilm subjected to 45S5 BAG air-abrasion, and Zn4; implants
with biofilm subjected to ZnO containing BAG air-abrasion). The dots
represent the values of individual measurements. *p < 0.05,
**p < 0.01, ***p < 0.001
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F IGURE 7 Mean percentage of the bone volume within the
threads (BVT%) in the coronal 1 mm of the implant per implant
modality. (IB; implants with F. nucleatum and P. gingivalis intact
biofilm, Inert; implants with biofilm subjected to inert glass
air-abrasion, S; sterile implant, 45S5; implants with biofilm subjected
to 45S5 BAG air-abrasion, and Zn4; implants with biofilm subjected to
ZnO-containing BAG air-abrasion). The dots represent the values of
individual measurements. **p < 0.01, ***p < 0.001.
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surface.31 In addition, the air-abrasion process results in BAG particles

getting trapped onto titanium surfaces which could impart antibacterial

properties to the titanium surface. Air-abrasion of Streptococcus mutans,

as well as F. nucleatum and P. gingivalis, formed on SA titanium surface

using 45S5 BAG or BAG particle doped with ZnO, could inhibit bacterial

growth in laboratory conditions as demonstrated in our previous stud-

ies.24,25 The antibacterial and antibiofilm effects could be explained by Si,

Ca2+, and Na ions released from the residual BAG particles on SA sur-

faces which can cause a local elevation in the pH.29,40 Nevertheless, dis-

solution of Zn-containing BAG results in a minimal elevation in the

pH.31,41 Therefore, its antibacterial effect cannot be explained solely by

the increase in the pH. Besides the antibacterial effect of BAG, the BAG

air-abrasion of SA titanium surface has been shown to decrease the sur-

face roughness, enhance wettability, increase the surface free energy,

and promote osteoblast cell proliferation compared to non-abraded SA

surfaces.42 Therefore, the effect of bone healing around the dental

implant cannot be explained solely by the antibacterial effect of BAG.

For the present study, mixed microbial infection of F. nucleatum and

P. gingivalis was selected as a model to form experimental bacterial

biofilm on the implant surface in laboratory conditions. Both microor-

ganisms are actively involved in the initiation and progression of peri-

implant infection.7,8,13,43,44 The air-abrasion of implants with biofilm was

performed extra-orally in an aerobic condition, potentially compromising

the viability of bacteria used for biofilm formation. However, our previ-

ous study showed that F. nucleatum and P. gingivalis strains used in this

study could survive in the growth media in the aerobic environment for

the time needed to perform the air-abrasion process.25

It is worth mentioning that the surface topography of dental

implants differs among different manufacturers, and therefore certain

surfaces may be more challenging to decontaminate, as indicated in

animal studies.45,46 In addition, biofilms associated with dental implant

surfaces are multispecies and multilayered complex structures. There-

fore, the possibility that a biofilm consisting of another consortium of

bacteria would not be efficiently eradicated from the implants cannot

be excluded. Accordingly, the results reported in the current study can-

not be generalized and are valid for the F. nucleatum and P. gingivalis

dual-species biofilm formed SA titanium implants. Nevertheless,

sandblasting and acid etching are widely used in implant dentistry, and

the bacterial species used for dual biofilm formation are strongly

associated with periodontal and peri-implant diseases.7,8,13,43,44

Sun and colleagues developed a PI model in the rat in which the

induction of the disease was performed after 1 week of the implant

placement by infusing bacterial suspension containing Streptococcus

oralis and Aggregatibacter actinomycetomcomitans for 3 months.34 In

another PI rat model described by Koutouzis and his co-workers, the

PI was induced after 1 week of placing the healing abutment by

24 gingival lavages using polymicrobial inocula consisting of P. gingivalis,

T. denticola, and T. forsythia for 12 weeks.33 However, the model used

in the current study shows that the F. nucleatum and P. gingivalis dual

biofilm could trigger an inflammatory response that resulted in extensive

PI with advanced bone resorption and extensive inflammation in the

intact biofilm group. Furthermore, this model has advantages over other

experimental PI models, such as ligature-induced and polymicrobial inoc-

ulation. It allows for the standardization of the defect size configuration

among the experimental groups compared to the abovementioned

models. In addition, the length of the experiment is shorter; therefore,

less possible suffering for experimental animals.

The implants used in this study were 3.0 mm in length; however, the

histomorphometric measurements were performed in the coronal 1 mm

bone defect. The apical 2 mm of the implants were not analyzed because,

in most implants, the apical part of the implants penetrated the maxillary

sinuses. Shorter implants with a marginal bone defect can compromise

their initial stability and affect healing. Therefore, in the present study,

good initial stability was obtained using 3 mm long implants by engaging

or partially penetrating the cortical bone of the maxillary sinus floor.

Nevertheless, 2 mm and 4 mm implant lengths were also used in similar

experiments.33,34 Three implants with intact biofilm failed to osseointe-

grate and showed extensive PI with advanced bone resorption. The other

three implants were lost during the healing period. This indicates that the

dual biofilm used in this study could induce an inflammatory response

and hinder bone healing around the infected implants.

Although the model used in this study allows to evaluate the

healing of experimentally induced bone defects around implants,

small-sized animals like rats have some limitations. The “critical size
defect” in small animals would probably not provide much insight into

the effect size in the human clinical situation. In this regard, skeletally

large animals, such as dogs, may provide more clinically relevant infor-

mation.47 In addition, a small animal size is usually allowed for a lim-

ited number of experimental sites per animal. However, the use of

small size animals has several advantages over skeletally large animals.

It allows the use of large numbers of animals, thereby enabling suffi-

cient data collection for analysis. Also, small animals have well-defined

genetic backgrounds and minor variations in their biological response.
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F IGURE 8 Mean percentage of the bone volume within the
defect (BVD%) in the coronal 1 mm of the implant per implant
modality. (IB; implants with F. nucleatum and P. gingivalis intact
biofilm, Inert; implants with biofilm subjected to inert glass
air-abrasion, S; sterile implant, 45S5; implants with biofilm subjected
to 45S5 BAG air-abrasion, and Zn4; implants with biofilm subjected to
ZnO-containing BAG air-abrasion). The dots represent the values of
individual measurements. **p < 0.01, ***p < 0.001
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Moreover, they are more resistant to diseases, and thereby, the risk of

animal loss during the experiments is reduced.48

In summary, the biofilm model used in this study could induce an

inflammatory response and bone resorption, as demonstrated in the IB

group. The use of BAG for biofilm air-abrasion (in the 45S5 and Zn4

groups) resulted in comparable bone regeneration as seen for sterile

implants (the S group). Both BAG-treated groups showed more bone for-

mation in the experimental defect area than seen for the inert group.

Therefore, BAGs 45S5 or Zn4 can be considered promising materials for

air-abrasion treatment of PI. In general, care should be taken when

extrapolating the results of animal studies to the human clinical situation.

5 | CONCLUSIONS

This study presents evidence that using either 45S5 or ZnO-containing

BAGs for air-abrasion of bacterial biofilm formed on sandblasted and

acid-etched implant surfaces results in better osseointegration and

bone regeneration compared to implants subjected to inert glass

air-abrasion treatment.
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