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Background: Periimplantitis is continuously one of major threats for the uneventful functioning of dental implants. Current
approaches of drug delivery systems are being more commonly implemented into oral- and maxillofacial biomaterials in order to
decrease the risk of implant failure due to bacterial infection. Silver nanoparticles and their compounds have been proven in
eradicating oral bacteria responsible for peri-implant infections. Nevertheless, their evaluation as coating for implant abutments has
not been extensively evaluated so far. This article describes a novel coating consisting of zinc oxide (ZnO) and silver (Ag)
nanoparticles (NPs). This coating was used to modify healing abutments that could be used as drug delivery systems in oral
implantology.
Materials and Method: Nanoparticles with a ZnO + 0.1% Ag composition were produced by microwave solvothermal synthesis and
then incorporated into the surface of titanium healing abutments by high-power ultrasonic deposition. Surface morphology, roughness,
wettability were evaluated. Ability of biofilm formation inhibition was tested against S. mutans, S. oralis, S. aureus and E. coli.
Results: ZnO+0.1%Ag NPs were sufficiently deposed on the surface of the abutments creating nanostructured coating which
increased surface roughness and decreased wettability. Modified abutments significantly decreased bacterial biofilm formation.
Bacteria present in SEM studies were unlikely to settle and replicate on the experimental abutments as their cells were rounded,
insufficiently spread on the surface and covered with released NPs.
Conclusion: Experimental nanostructured abutments were easily manufactured by high-power ultrasonic deposition and provided
significant antibacterial properties. Such biomaterials could be used as temporary drug delivery abutments for prevention and treatment
of intra- and extraoral peri-implant infections in the area of the head and neck.
Keywords: dental implants, periimplantitis, nanotechnology, nanoparticles, NPs, drug delivery, zinc oxide, ZnO, silver, Ag

Introduction
Over the past 40 years, regenerative medicine has made major steps forward in the improvement of the quality of life of
patients and increased their life expectancy. Developments have been made in the field of biomedical implants which have
contributed significantly to the current state of the art of modern healthcare systems. Implants are used in almost all procedures
but fields that fully cover the application of metallic and non-metallic materials with the use of permanent or temporary
biomaterials are: orthopedics, maxillofacial and cranial surgery, ophthalmology, neurosurgery and vascular surgery. Yet,
biomaterials represent a group of materials prone to bacterial adhesion and biofilm formation, regardless of the anatomical
site where the implant has been implanted. The factors influencing bacterial settlement on the implant surface may be divided

International Journal of Nanomedicine 2022:17 1679–1693 1679
© 2022 Pokrowiecki et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/
terms.php and incorporate the Creative Commons Attribution – Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing

the work you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed.
For permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).

International Journal of Nanomedicine Dovepress
open access to scientific and medical research

Open Access Full Text Article

Received: 16 August 2021
Accepted: 31 January 2022
Published: 12 April 2022

In
te

rn
at

io
na

l J
ou

rn
al

 o
f N

an
om

ed
ic

in
e 

do
w

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.d
ov

ep
re

ss
.c

om
/

F
or

 p
er

so
na

l u
se

 o
nl

y.

http://orcid.org/0000-0001-8604-1468
http://orcid.org/0000-0002-6106-5188
http://orcid.org/0000-0001-8521-0688
http://orcid.org/0000-0003-3352-038X
http://orcid.org/0000-0002-7605-2080
https://www.dovepress.com/terms.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/3.0/
https://www.dovepress.com/terms.php
http://www.dovepress.com/permissions.php
https://www.dovepress.com


into patient-related, microbiome-related and material-related factors.1,2 Dental screws are commonly used for the reconstruc-
tion of lost tissues in the oral cavity. As they function as permucosal implants, being exposed into environment of saliva, they
are under the risk of contamination by oral bacteria responsible for formation of the biofilm (early colonizers eg Streptococcus
oralis, S. mitis, S mutans) and subsequent by periodontopathogenic species when early biofilm is settled. Also, due to relatively
small size and favorable biomechanical properties, dental implants are more frequently used for extraoral bone-anchored
prosthesis in the reconstruction of the orbital, auricular and nasal area in the patients after ablative surgeries or post-traumatic
defects.3–5 Peri-implantitis (PI), which describes infections of the soft and hard tissues around oral and extraoral implants, poses
a threat in contemporary oral and maxillo-facial implantology.6,7 Therefore, in order to decrease the risk of surgical site
infections (SSIs) and implant loss, general antibiotic therapy is recommended in the peri- and postoperative period.

However, it may develop in the early postoperative period but also years after implantation and frequently exhibits
a slow, chronic course. When left untreated, peri-implantitis contributes to implant and surrounding bone loss, but may
also initiate infections in the head and neck area of significant magnitude such as osteomyelitis, sinusitis, abscesses,
phlegmon and pathological fractures of the jawbones. Such complications are more likely to develop in patients with
immunodeficiencies, osteoporosis, cancer, uncontrolled diabetes, obesity or after radio- and/or chemotherapy.8–10

Moreover, antimicrobial resistance proliferation can lead to development of peri-implant superinfections unlikely to be
treated by contemporary protocols.11 Oftenly, even early diagnosed, infections result in implant failure and the necessity
of secondary procedures: implant removal (Figure 1), bone regeneration, re-implantation or even implant treatment
discontinuation in favor for removable prosthetic dentures. Additional procedures, implant debridement, drainage, etc.
and any necessity of re-operation contribute to higher morbidity and increased treatment costs.11,12

Therefore, the need for “smart biomaterials” that can reduce the risk of postoperative infections is indisputable.
Along with nanotechnology, regardless of the surface science aiming at intensification of the osseointegration
process, antibacterial approaches were taken into concern in order to decrease the risk of peri-implant infections.
Such approaches were based upon local drug delivery (LDD) models and required certain surface modifications in
order to sufficiently incorporate the antibacterial agents on the surface and their subsequent delivery into the specific
anatomical areas when the implant was placed.13,14 With time, studies showed that such devices exhibited some
limitations, mostly due to a restricted effective release rate leading to decrease of antibacterial potential over time. An

Figure 1 Scanning electron microscopy (SEM) of the dental implant that was removed from the mandible bone due to chronic infection which developed soon after the
surgery and could not be treated with conventional antibiotics. (A) Magnification of 30x does not show evident cause of implant failure, whereas magnification of 100x (B)
and 500x (C) show bacterial biofilm persisting between implant screw threads. Source: own test results.
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initial burst release of the drug which led to cytotoxicity, as well as different, unknown interactions of nanoparticles
(NPs) with the host’s biomolecules were reported.15–17 The most troublesome part of the design of an antibacterial
implant is adjustment of the effective drug release to the required period of the implant’s functioning in the
organism.13,18 In 2018, the first classification of antibacterial implants for maxillofacial surgery and the requirements
that should be fulfilled for their clinical applicability were described.19 Consequently, dental implants are partially
external, permucosal, permanent implants and are of the highest risk of bacterial peri-implant infections across the
whole human body. In the past, attempts were made to improve implant-prosthesis interlock. The idea was however
based strictly on biomechanical aspects of implant-abutment fit, and further tissue adaptation in order to minimize the
micro-gap between the implant and the prosthetic superstructure. Various types of connections between the implant
body and the abutment were tested with regard to bacterial infiltration. However, most recent studies have shown that
despite biomechanical design, bacterial infiltration is almost inevitable.20–22 As current local drug delivery is
restricted by time, it is obvious that none of the permanent implants can provide sustained drug release over years
of functioning. On the other hand, it would be beneficial to protect the implant from the very beginning from bacterial
leakage and biofilm formation. Partially external implants, which are usually temporal implants being under the
greatest risk of the bacterial settlement are likely to be the most applicable also as temporary drug delivery systems.

Dental implant healing abutments are partially external, permucosal, temporal implants used as the seal of the upper
part of the implant during its osseointegration or/and soft tissue seal formation.19 At this time, implant is more prone to
bacterial infection and risk of failure. Therefore, it is beneficial to enhance the healing process by decreasing the
percentage of the bacteria in the near proximity of the biomaterial. Due to simple design and structure of the healing
abutments, they may be easily modified and used as temporary local drug delivery devices,15,23,24 which may decrease
the bacterial infiltration during implant healing and thus, prevent from material infection or creation of poor implant-
tissue interface caused by bacterial leakage during early period of implant tissues healing.25,26

Silver nanoparticles as well as Zinc oxide nanoparticles have already proven track of antibacterial activity against oral
bacteria (early colonizers and periodontopathogenic species)27–31 in the mechanism of silver ions release and direct
interactions of the nanoparticles with bacteria cell wall leading to multiple-level cell disruption to the bacterial cell
through oxidative stress, protein dysfunction, membrane and DNA damage.32,33 The aim of this study was to create
experimental healing abutments coated in a silver – zinc oxide nanoparticle formula that could provide a local
antibacterial environment against early colonizing species for better soft tissue adaptation and the creation of a healthy
soft tissue seal around future implant-embedded superstructures.

Materials and Methods
Nano-Coatings on Healing Abutments Preparation
Nanoparticle formulations based on zinc oxide (ZnO)-silver (Ag) mixed at ZnO+0.1%Ag in compounds further used as
coatings, were prepared by microwave solvothermal co-synthesis and characterized in accordance with the procedures at
the Laboratory of Nanostructures, Institute of High Pressure Physics (UNIPRESS), which the Polish Academy of
Sciences described in an earlier publications.27,34 The advantages of microwave synthesis of nano zinc oxide are
discussed in detail in an earlier review publication.35 Then, titanium dental implant healing abutments (4.0x4.5x6 mm,
titanium 6-aluminium 4-vanadium alloy (Ti-6Al-4V), Alpha Bio) were coated with ZnO+0.1%Ag NPs using a modified
high-power ultrasound technique. The implant abutments fixed vertically on a Teflon stand were placed in a 900 mL steel
vessel with a cooling and magnetic stirring system. 750 mL of an aqueous suspension of ZnO+0.1%Ag NPs with
a concentration of 1 wt% was poured into the vessel using a peristaltic pump (Ismatec, BVP Standard, Wertheim,
Germany) and magnetically mixed. An ultrasonic titanium horn (Ø 18 mm) was immersed 15 mm from the top surface of
the implant abutments. The high-power ultrasonic coating process was performed at a frequency of 20 kHz. The
ultrasonic energy was provided by a UIP500hdT generator (500W, Hielscher Ultrasonics GmbH, Germany). The high-
power ultrasonic coating process was carried out for 6 min. The temperature of the process was stabilized at 30 ± 1 C by
means of a cooling system. After the coating process, the implant abutments were rinsed with 100 mL of deionized water
and dried in a vacuum dryer.
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X-Ray Powder Diffraction
Diffraction patterns of the X-ray powder diffraction (XRD) were gathered at the RT within the range of 2 theta angle
from 10° to 100° with the step of 0.02°, using the X-ray powder diffractometer (CuKα1) (X’Pert PRO, Panalytical). The
full width at half maximum (FWHM) was determined by the Pearson VII function implemented in Fityk software,
version 0.9.8. Based on the diffraction patterns, the size of crystallites was determined in the direction of the crystal-
lographic axes a and c using Scherrer equation.36

Crystallite Size Distribution
The analysis of XRD peak profile was performed using the analytical formula for polydispersive powders. This technique
provides four parameters: average crystallite size, deviation of the average crystallite size, dispersion of size and
deviation of dispersion of sizes. For calculating the crystallite diameter and size distribution, the Nanopowder XRD
Processor Demo web application was used which employs equations dedicated to spherical crystallites.37

Density and Specific Surface Area
Skeleton density (pycnometric density) measurements were carried out using the helium pycnometer (AccuPyc II 1340,
FoamPyc V1.06, Micromeritics), the measurements were carried out in accordance with ISO 12154:2014 at the
temperature of 25±2°C. The specific surface area of NPs was determined using the surface analyser (Gemini 2360,
V 2.01, Micromeritics) by the nitrogen adsorption-desorption method based on the linear form of the BET (Brunauer-
Emmett-Teller) isotherm equation, in accordance with ISO 9277:2010. Prior to performing measurements of density and
specific surface area, the ZnO samples were subjected to 2h desorption (VacPrep 061, Micromeritics), under vacuum
(0.05 mbar) at the temperature of 150°C. Based on the determined specific surface area and skeleton density, the average
size of particles defining their diameter was determined using the equation, with the assumption that all particles are
spherical and identical.34,37

Particle Size Distribution in Saliva Suspension
The particle size distribution was measured by the dynamic light scattering (DLS) method (λ=633 nm, Zetasizer Nano-
ZS ZEN 3600, Malvern Instruments Ltd., UK). The tests were carried out with the following parameters: temperature
24°C, measurement angle 173° (backscattering), analysis model: auto mode, number of measurements 6.

The suspension sample for DLS analysis was obtained as follows. Sample suspension of NPs in deionized water
(100 mL, 1000 ppm) was subjected to the ultrasonic homogenization process (UP200, Hielscher, Teltow, Germany) with
the following parameters: duration 3 minutes, amplitude 0.7, cycle 1, sonotrode diameter 14 mm, without temperature
stabilization. The suspension sample (2mL) after reaching room temperature was diluted to a concentration of 200 ppm
using human saliva.

Scanning Electron Microscopy (SEM)
Before and after modification, the characteristics of the implant abutments were investigated by scanning electron
microscopy (SEM) (Ultra Plus, Carl Zeiss Meditec AG, Jena, Germany) with an in-column detector (Immersion Lens
detector (InLens) and Angle Selective Backscatter detector (AsB)). Elemental analysis was mapped with the use of
additional microscope equipment – an Energy-dispersive X-ray spectroscopy (EDS) microanalysis system (Bruker,
Quantax 400 with an ultrafast detector with an energy resolution of 127 eV and an active surface of 30 mm2). SEM
images were obtained at magnifications of 1000, 25,000 and 100,000.

Atomic Force Microscopy (AFM)
Topography imaging and scratch tests were performed using an Atomic Force Microscope (AFM) (Asylum Research
Oxford MFP-3D-Bio, Santa Barbara, CA USA). Imaging was carried out using the Asylum Research software (Version 16).
Surface topography imaging and detection of ZnO+0.1% Ag on the tested implant abutment surfaces were carried out using
Contact mode for phase contrast imaging. The scratch test was performed using AFM with a diamond tip (Nanosensors,
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Type: ATEC-NC-10) measured at various locations on the (n=15). The average values and standard deviations (SDs) were
calculated.

Surface Wettability
Measurement of the contact angle was performed by placing a drop of deionized water (conductivity 0.9 µS/cm) on the
surface of flat titanium (grade 5) plates – clean and coated with ZnO+0.1% Ag. The drop shape was recorded directly by
a digital camera and processed with the Krüss ADVANCE computer program (Krüss, Germany). The Young-Laplace
equation was used in the drop shape analysis measured at various locations on the (n=15). The average values and
standard deviations (SDs) were calculated. Coating of the flat titanium plates was performed in the same way as previous
(point 2.1).

Patient Enrolment Saliva Sampling and Bacteria Isolation
The study was conducted in accordance with the Declaration of Helsinki. Generally healthy patients (n=15) aged
18–65, after signing an informed consent, were enrolled into the study (Warsaw Medical University Research Ethics
Committee Agreement no. KB/150/2018). The inclusion criteria were: Approximal Plaque Index (API) > 15%, positive
bleeding on periodontal probing test, generally healthy. Samples were harvested by the unstimulated method into
SalivaBio Oral Swabs (SOSs), 1 mL per patient, and then transported using standardized kits (Oral Swab Collection Kit
and Cryovial 2 Cryostorage Box, Salimetrics, USA). A standardized protocol for bacteria sampling from saliva,
culturing, identification, storage and antibacterial tests for the pharmaceutical microbiology was conducted at the
Department of Antibiotics and Microbiology, National Medicines Institute (Official Medicines Control Laboratory)
(ISO PN-EN ISO/IEC 17025:2005) Warsaw, PL. The saliva samples were spread and cultured on microbiological
substrates in order to extract and identify oral bacteria. Then, the bacteria were subcultured, divided and grouped as
described before.27,28 The strains were stored at −80°C as per the requirement for the analysis. Prior to material testing,
the saliva-derived streptococcal strains, control S. aureus and E. coli strains, were subcultured twice on Columbia
Blood Agar (CBA) with a 5% sheep blood (bioMérieux SA, Marcy l’Etoile, France) medium for 24–48 h at 37 °C to
ensure viability.

Microbiological Studies
The ability to form a biofilm on the implants was carried out for 2 strains of oral streptococci: Streptococcus oralis and
Streptococcus mutans, and for Staphylococcus aureus and Escherichia coli. The strains were grown on Columbia 5%
blood agar. For each strain, a cell suspension was prepared by diluting the 7-McFarland standardized suspension 20 times
in medium. A tryptic soy broth (BioMerieux) with 0.25% glucose (AppliChem) was used. The prepared working
suspensions in the broth were applied in 1 mL aliquots to a 40-well cell culture plate. Four wells were filled for each
strain. In the first three, titanium implants coated with zinc oxide and silver ions were placed, and in the fourth, a titanium
implant without additional finishing. The plates were incubated in a shaking incubator (Shaker-Thermostat DTS-4, ELMI
Sky Line) at 37°C with the plate rotating at 350 rpm for 24 hours. After the end of incubation, the medium was removed
and plates were washed three times with 0.9% NaCl and dried at 37 °C. The implants were transferred to a new plate and
stained with 0.1% aqueous crystal violet (Merck) for 3 minutes. Unbound dye was rinsed 3 times with sterile water and
the implants were transferred to new wells and the washing repeated. The dye bound by the biofilm on the implants was
dissolved with a mixture of ethanol (POCH) and acetone (POCH) in the proportion 4:1. The absorbance was measured at
570 nm against a blank. The mean absorbance value was determined for each strain. The obtained results were compared
to the absorbance value obtained for the implant without additional finishing. Tests were performed in triplicate for each
bacterial specie.

Statistical Analysis
All numerical data were analyzed by using the STATISTICA PL 20 software. The results of the roughness, wettability,
and antibacterial assays were statistically analyzed by using the analysis of variance and Tukey’s honest significant
difference. A P-value of <0.05 was considered statistically significant in all the tests.
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Results
Nanoparticles
The characteristics of the obtained nanoparticles are shown in Figure 2 and Table 1. The average size of the ZnO+0.1%
Ag NPs was 28 nm ± 9 nm. The average particle size was equal to the average crystallite size which means that the
nanoparticles obtained were monocrystalline (Table 1). After their exposure to the environment of either deionized water,
artificial saliva or human saliva (Figure 3A), the formation of agglomerates of different size distributions was observed as
in previous studies. The average size of the agglomerates formed from ZnO+0.1%Ag NPs in the human saliva suspension
was 342 nm ± 16 nm, which was about 12 times larger than the average size of a single NPs (Figure 3).

The high-power ultrasound technique provided sufficient incorporation of the ZnO+0.1%Ag NPs on the implant
surface. The gradient texture of the coating was designed to maximize the percentage of the coating in the upper part of
the abutment and minimize its volume at the lower part connecting with the implant body (Figure 4). Layers of
ZnO+0.1%Ag NPs with an island structure were obtained (Figure 4D–L).

SEM studies with elemental mapping and EDS confirmed the chemical composition of the obtained surface enriched
with ZnO and Ag nanoparticles (Figures 5A–F and 6B).

The coating of ZnO+0.1% Ag nanoparticles increased the surface roughness. Unmodified, stock abutments exhibited
a mean Ra value of 26.0 nm ± 5.3 nm. In the experimental group, the mean Ra value was 74.0 nm ± 28.9. The upper part
of the coated abutment had a surface roughness of mean Ra value was 87.7 nm ± 16.1 nm, while the lower part of the
coated abutment, 32.8 nm ± 6.0 nm. Modification significantly increased the abutment roughness in the upper part
(p<0.005) (Figure 7). The coating of ZnO+0.1%Ag NPs also changed the surface wettability. It was found that the mean
contact angle θ of the unmodified surface was 80.3° ± 16.8° while the modified surface exhibited 63.5° ± 7.1° (p<0.005)
(Figure 8).

The microbiological studies confirmed that the ZnO+0.1%Ag coated surfaces decreased the adhesion and growth of
all tested bacteria on the implant surface (Figure 9) (p<0.005). Early colonizing oral bacteria which are responsible for
initiation of biofilm formation on the implant surface were reduced in the range from 30 to 70%. Maximum reduction of

Figure 2 SEM image of ZnO+0.1% Ag nanoparticles used as implant coating (A–C). Images B(1) and B(2) as well as images C(1) and C(2) are images of identical areas of
the sample that were taken using different detectors. (1) - SEM images taken with the InLens detector. (2) - SEM images taken with the AsB detector.
Abbreviations: InLens, immersion lens detector; AsB, angle selective backscatter detector; ZnO, zinc oxide; Ag, silver; SEM, Scanning electron microscopy.
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attached bacteria was observed in the S. aureus (p=0.001) and E. coli (p=0.003) subgroups respectively, which are
commonly found in the infection of the metallic biomaterials.

In the SEM studies of the retrieved abutments, the control abutments were covered with multiple, widely spread out
bacterial colonies (Figure 10A–E). On the modified surface, only single, rounded bacterial cells were observed which
indicated that the implant surface was unlikely to be settled by bacteria, regardless of the total bacteria mass persisting on
the surface after microbiological studies (Figure 10F–J).

Moreover, some cells were fully covered with nanoparticles which indicated the interaction of the implant coating
with bacteria and their subsequent surrounding by NPs (Figure 10J).

Discussion
Peri-implant infections and peri-implantitis are an ongoing problem worldwide, and one of increasing prevalence. As
there is still no consensus regarding treatment of already infected implants, more approaches should be investigated with
regard to the prophylaxis of peri-implantitis.1,38

Local drug delivery in the treatment of periodontal diseases has well established protocols, however its application in
biomaterials used in the orofacial area is still in the experimental phase. This is mostly due to difficulty in the design of
materials that can provide sustained and prolonged diffusion of the drug into the peri-implant space, and even more
importantly, are able to provide anti-adhesive properties against bacterial biofilms while also having biocompatible
properties providing undisturbed osseointegration.39,40 Early investigations focused on the modification of the intraoss-
eous part of dental implants and showed promising results. In our previous research, silver nanoparticles were tested
against oral bacteria as well. It was shown that silver in the form of nanoparticles exhibits high antibacterial activity in
a liquid medium, similarly to other researchers. However, uncontrolled release of NPs and their ions in the mechanism
described as “burst release” may contribute to certain toxicity against human osteoblasts and in turn, affect
osseointegration.15,28,41

Potential toxicity of the NPs against human cells are based on three mechanisms where nanoparticles or their ions
penetrate the cell such as: clathrin-mediated endocytosis of the protein-NPs complexes, internalization of the metal ions

Table 1 Characterization of ZnO+0.1% Ag Nanoparticles

Sample Specific Surface
Area by Gas

Adsorption, as±σ
(m2/g)

Skeleton
Density by Gas
Pycnometry, ρs
±σ (g/cm3)

Average
Particle Size

from SSA BET,
d±σ (nm)

Average Crystallite Size
from Nanopowder XRD
Processor Demo, d±σ

(nm)

Average Crystallite
Size, Scherrer Formula,
Based on XRD, da, dc

(nm)

ZnO+0.1% Ag 37.7 ± 0.1 5.34 ± 0.02 30 ± 1 28 ± 9 27a, 33c

Abbreviations: ZnO, zinc oxide; Ag, silver; as, specific surface area; ρs, skeleton density; SSA, specific surface area; BET, Brunauer Emmett Teller; d, diameter; σ, standard
deviation; g, gram; m, metre; cm, centimeter; nm, nanometer.

Figure 3 (A) Size distributions of particles/agglomerates of ZnO+0.1%Ag in human saliva suspension obtained by DLS method. (B) Crystallite size distribution of ZnO+0.1%Ag
obtained by Nanopowder XRD Processor Demo, pre.α.ver.0.0.8, © Pielaszek Research.
Abbreviations: d, diameter; DLS, dynamic light scattering; XRD, X-ray diffraction; ZnO, zinc oxide; Ag, silver; a.u., arbitrary unit; nm, nanometer.
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Figure 4 Comparison of SEM images of a pure implant abutment (A–C) and an implant abutment coated with ZnO+0.1% Ag (D–L).
Abbreviations: Ag, silver; ZnO, zinc oxide; nm, nanometer; µm, micrometer.

Figure 5 Elemental EDS mapping of a pure implant abutment (A–C) and an implant abutment coated with ZnO+0.1%Ag (D–F). There is a visible island coating of ZnO
+0.1%Ag on the implant abutment surface.
Abbreviations: Ag, silver; Al, aluminum; Ti, titanium; ZnO, zinc oxide; Zn, zinc; µm, micrometer.
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Figure 6 Qualitative EDS analysis of: (A) the clean implant surface consisting of C, Ti, Al and V; (B) surface of the modified implant abutment coated with ZnO+0.1%Ag.
(1) - SEM image for EDS analysis area. (2) - EDS spectra.
Abbreviations: Al, aluminum; C, carbon; Ti, titanium; O, oxygen; Zn, zinc; µm, micrometer; cps/eV, counts per second per electron-volt; V, vanadium.

Figure 7 The example of AFM 3D images (10 μm x 10μm) of implant surfaces: (A) upper part of the pure abutment, (B) lower part of the pure abutment, (C) upper part of
ZnO+0.1%Ag coated implant abutment, (D) lower part of ZnO+0.1%Ag coated implant abutment.
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through metal ion transporters and Trojan horse mechanism where NPs are internalized through scavenger receptor
endocytosis.42

As these may occur simultaneously, release rate and total drug concentration in the tissues must be weighed against
desired bacterial activity. Therefore, as peri-implantitis is preceded by inflammation of the soft tissue collar around the
dental implant, it is logical to design permucosal drug delivery systems in the form of antibacterial abutments that could
prevent peri-implantitis. Such an approach could reduce the percentage of peri-implant infections and simultaneously
solve the problem of osseointegration and potential disturbance in the implant-bone interlock caused by drug release.42,43

Dental implant healing screws are removable implants, used temporary (from 2 weeks to several months) during implant
healing. They are replaced by final prosthetic superstructure when implant is integrated with surrounding tissues (both,
bone and gingiva). Therefore it was stated, that they may serve as drug carriers which improve tissue adaptation by
decreasing the bacterial leakage during early period of implant adaptation, providing better implant- tissue interface seal
and in turn- better resistance to infections in the subsequent period of implant functioning when loaded with final
prosthetic superstructure.22,44,45

Iwanczyk et al described a specially designed healing abutment as an antibiotic carrier. In their work, the abutment
contained an inner chamber for a drug that was diffused from drug release openings (pores) into the peri-implant area. In
their work, the device provided sustained diffusion of the antibiotics (clindamycin or tetracycline) that inhibited the
growth of S. Aureus and S. Epidermidis. However, the authors did not evaluate their materials against common oral
bacterial responsible for peri-implant infections, nor did they evaluate the release profiles from the device into

Figure 8 Example of contact angle analysis results (A) of the pure implant abutment surface and (B) of the implant abutment surface after modification with ZnO+0.1%Ag.

Figure 9 Absorbance test indicating a significant reduction in bacterial adhesion on the titanium surface modified with nanoparticles (p<0.005).
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Figure 10 SEM image of the retrieved abutments after microbiological studies showing significantly more bacterial biofilm attached on the control implants (A–E) than
those modified with ZnO+0.1%Ag NPs (F–J).
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a biological medium.25 In the work of Xing et al,15 an electrochemical method of cathodic polarization to coat
doxycycline onto the outer surface of a dental abutment was evaluated and showed inhibition of s. epidermidis in
a broth culture and on agar plates. The authors concluded that such a coating could be used in the prevention of peri-
implant mucositis, but again, they did not test their coatings against oral bacteria. The work of Xu et al described that
their experimental dental abutments coated with natural antibacterial totarol inhibited the early oral colonizer S. gordonii
and a multispecies oral bacterial culture.46 This, in turn, could support the formation of a tight epithelial seal and prevent
further bacterial infiltration. Their observations are in agreement with ours, as the prevention of early biofilm formation
may tip the scales in favor of tissue adaptation in the “race for the surface” described by Gristina in 1987, where tissues
and bacteria compete in settlement on the implant surface.47 Also, Brunello et al48 claimed that improving soft tissue
attachment and reducing bacterial colonization on titanium abutments are key factors for the long-term maintenance of
healthy soft and hard peri-implant tissues. In their work, anodized surfaces coated with titanium nitride (TiN) or
zirconium nitride (ZrN) were tested against clinical strains of oral bacteria: Streptococcus salivarius, S. sanguinis,
S. mutans, S. sobrinus, and S. oralis isolated from clinical specimens, similarly to our investigations. In their study, the
TiN coatings significantly inhibited the growth of the tested oral bacteria.48 However, the presence of the coating induced
significant changes in the surface properties such as roughness, which was also seen in this work, as well as in our
previous study28 Nascimiento et al evaluated implant abutments coated either with iodoform or nanosilver as a sealant
between the abutment and the implant screw. A leakage test showed a significant reduction of clinically isolated
multispecies oral bacteria in the test group than in the control (no sealant) showing that drug delivery at the implant-
abutment, abutment-tissue interface is an important factor that may decrease the percentage of implant failure due to
infection or the development of a defective tissue seal.44 In another study, De Avila et al described LbL coating assembly
as a sufficient method for surface optimization that reduced the adhesion of P. gingivalis on the titanium surface. Their
method also increased the surface roughness and changed its topography.16

In the present study, ZnO+0.1%Ag coated titanium healing abutments significantly decreased biofilm formation of
early colonizers (streptococci) and also S. Aureus and E. Coli. The decrease of the ability to form biofilm may be
contributed to the multilevel activity of the nanoparticle base implant coatings. The interaction of NPs on the bacterial
cell may occur in the mechanism of bacterial clathrin-mediated endocytosis (CME) of the protein corona complexes
that are formed by the interaction of nanoparticles with proteins of the surrounding biological environment, interaction
of the ions released from the NPs with the bacterial cell membrane and their eventual internalization through metal ion
transporters or endocytosis of the NPs by scavenger receptors.49,50 Therefore, the multilevel action of the NPs deposed
on the titanium healing abutment against bacteria is related to adhesion decrease on the surface and direct toxicity
against bacterial cells by disruption of the membrane and internal de-arrangement of vital biochemical processes due to
the toxicological impact of the released ions that leads to activation of reactive oxygen species, enzyme activity and
cell structure damage. It was also shown in SEM studies that bacterial cells that persisted on the surface were
characterized by round shape and non-spread appearance on the surface which indicates its unfavorable action on
bacterial settlement.

Conclusion
In this work, we described sonocoating as an efficient method of modification of the outer surface of a dental abutment.
The designed coating, based on the application of a mixture of zinc oxide and silver nanoparticles, is easily obtained and
could be used for the modification of dental implant abutments without the modification of conventional surgical
equipment. The ZnO+0.1%Ag NPs coating provides antibacterial and antiadhesive properties against oral early
colonizers responsible for biofilm formation. Presented abutments could be used as temporary drug delivery systems
in the prevention of peri-implant mucositis or in the treatment of already established infections of the peri-implant
tissues. The described coating also inhibited S. aureus responsible for the majority of percutaneous implant infections,
therefore could be considered as a coating for other than dental implants, such as metallic biomaterials for craniofacial
surgery.
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