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ARTICLE INTFO ABSTRACT

Keywords: Objectives. This study aimed to develop silver nanoparticle (AgNP)-doped TigAl,V alloy sur-
Silver nanoparticles faces and investigate their antibacterial properties against representative periopathogens
Silver-doped titanium surfaces and potential cytotoxicity on osteoblastic cells.

Cytotoxicity Methods. AgNPs of different size distributions (5 and 30nm) were incorporated onto the
Antibacterial effects TigAl,V surfaces by electrochemical deposition, using colloid silver dispersions with increas-
Osteoblastic cells ing AgNP concentrations (100, 200 and 300 ppm). The time-course silver release from the
Periopathogens specimen surfaces to cell culture media was assessed by Atomic Absorption Spectroscopy

(AAS). Cell attachment, viability and proliferation were investigated by SEM, live/dead stain-
ing MTT and BrdU assays. The antibacterial effects were assessed against P. gingivalis and P.
intermedia by serial dilution spotting assays.

Results. A time- and concentration-dependent silver release from the experimental sur-
faces was observed. Overall, cell viability and attachment on the AgNP-doped surfaces,
suggested adequate cytocompatibility at all concentrations. A transient cytotoxic effect
was detected at 24h for the 5nm-sized groups that fully recovered at later time-points,
while no cytotoxicity was observed for the 30 nm-sized groups. A statistically significant,
concentration-dependent decrease in cell proliferation rates was induced at 48 h in all AgNP
groups, followed by recovery at 72h in the groups coated with 5nm-sized AgNPs. A statis-
tically significant, concentration-dependent antibacterial effect up to 30% was confirmed
against both periopathogens.

* Corresponding authors at: Department of Prosthodontics, School of Dentistry, Faculty of Health Sciences, Aristotle University of Thes-
saloniki, GR-54124, Thessaloniki, Greece.
E-mail addresses: abakopoulou@dent.auth.gr (A. Bakopoulou), kmichalakis@dent.auth.gr (K. Michalakis).
https://doi.org/10.1016/j.dental.2019.06.003
0109-5641/© 2019 The Academy of Dental Materials. Published by Elsevier Inc. All rights reserved.


https://doi.org/10.1016/j.dental.2019.06.003
http://www.sciencedirect.com/science/journal/01095641
www.intl.elsevierhealth.com/journals/dema
http://crossmark.crossref.org/dialog/?doi=10.1016/j.dental.2019.06.003&domain=pdf
mailto:abakopoulou@dent.auth.gr
mailto:kmichalakis@dent.auth.gr
https://doi.org/10.1016/j.dental.2019.06.003

DENTAL MATERIALS 35 (2019) €220-€233

e221

Significance. This study sheds light to the optimal size-related concentrations of AgNP-doped
TisAlsV surfaces to achieve antibacterial effects, without subsequent cytotoxicity. These
results significantly contribute to the development of antibacterial surfaces for application

in oral implantology.

© 2019 The Academy of Dental Materials. Published by Elsevier Inc. All rights reserved.

1. Introduction

The wide application of commercially pure titanium and its
alloys, such as TigAl4V for orthopedic and dental implants has
brought them in the forefront of biomaterial science [1]. Their
excellent biocompatibility, superior mechanical strength, high
corrosion resistance and low modulus of elasticity lead
to notable success and survival rates in both orthopedic
(80-98.7%) and dental implants (90-96.5%) [2]. Despite their
long-term survival rates, biological and mechanical complica-
tions are still reported [3,4].

Despite the adoption of aseptic surgical protocols sup-
plemented by administration of antibiotic prophylaxis,
implant-associated infections remain a challenging problem
[5]. Efforts have been made for the development of antibac-
terial implant surfaces, aiming at prevention of bacterial
attachment during the early phase of implantation or post-
surgically [6]. Antibiotic-loaded surfaces have been reported
in numerous in vitro studies, utilizing calcium phosphate, car-
bonated hydroxyapatite, biodegradable poly (lactic-co-glycolic
acid) and polymeric nanoparticles as carriers and delivery
agents [7]. Nevertheless, the presence of antibiotic-resistant
pathogens has limited the incorporation of antibiotics into
implant surface coatings, leading to the increasing use of inor-
ganic nanoparticles like silver [8].

Silver has been a well-known antimicrobial agent since
antiquity [9]. Engineering silver down to the nano-scale pro-
vides nanoparticles (AgNPs) sized up to 100nm, which are
more active than the bulk material due to their high sur-
face to volume ratio. The antimicrobial activity of AgNPs has
been demonstrated towards several viruses, fungi and a broad
spectrum of bacteria strains, includingE. coli, S. aureus, K. pneu-
moninae, S. epidermidis, S. pyogenes, P. aeruginosa and S. mutans
[10-12]. Furthermore, oral anaerobic periopathogenic bacte-
ria, such as A. actinomycetemcomitans, F. nucleatum, P. gingivalis
and P. intermedia, have been also reported to be prone to the
antibacterial action of AgNPs [13]. This effect seems to be
concentration- and time-dependent but also related to the
size, shape and capping agents (i.e. organometallic precur-
sors coating the nanoparticles, acting as stabilizing agents by
preventing nanoparticle aggregation and overgrowth) of the
nanoparticles [14].

The excellent antibacterial properties of AgNPs have led
to the development of AgNP-coated titanium surfaces via
numerous methods of deposition, including ion implanta-
tion, physical vapor deposition (PVD), plasma electrolytic
oxidation (PEO) and chemical reduction [15]. Among them,

1 These authors contributed equally to this work.

electrophoretic deposition is an easy, cost-effective and highly
productive technique that provides the ability to create thin,
nanostructured surfaces [16].

However, the incorporation of AgNPs on titanium implant
surfaces has been also a “double-edged sword”, because of the
strong cytotoxic effects of silver on several types of eukaryotic
cells [17]. As a result, concerns have been raised, regarding
the possible deleterious effects of nanostructured silver on
human health and environmental safety [18]. According to
Xiu et al. the toxicity of AgNPs is attributed to the Ag* ion
release, that is influenced by the oxygen interaction, the NP
size, shape, as well as the coating [19]. The potential mecha-
nisms of silver toxicity that have been described so far include
induction of oxidative stress [20], “Trojan-horse effect” [21] (i.e.
a phenomenon of bioconcentration in which the incorpora-
tion of nanoparticles intracellularly can lead to further release
of silver ions), mitochondrial dysfunction and DNA damage
[22].

Regarding the impact of AgNPs on primary osteoblasts and
osteoblastic cell lines, the results described in the literature
are quite controversial [23]. Shen et al. reported decreased
cytotoxicity of a chromium-cobalt alloy after the incorpora-
tion of AgNPs, as compared to control [9]. While Zheng et al.
reported increased proliferation of primary rat osteoblasts cul-
tured on titanium surfaces after hydrothermal treatment with
H,0,, followed by Ag plasma immersion ion implantation
[13]. Similarly, Kaczmarek et al. indicated high biocompatibil-
ity of AgNP-deposited anodized titanium surfaces, evaluated
on human osteosarcoma cell-line cultures [24]. Nevertheless,
most of the studies suggest that the cytotoxic activity of AgNPs
occurs at a higher concentration range for the eukaryotic cells
than for the prokaryotic bacteria, indicating that an optimal
“therapeutic window” must be determined to enable suc-
cessful application of AgNP-doped titanium surfaces in the
biomedical field [10,25].

Based on the above, it was the aim of the present study
to evaluate the effects of electrophoretically prepared AgNP-
doped TigAl4V surfaces, using AgNP colloid dispersions of two
different size distributions (monodispersed around 5nm and
30 nm respectively) and increasing AgNP concentrations (100,
200 and 300 ppm) on the metabolic activity and proliferation
rates of human osteoblastic cells, as well as their antibacterial
effects on two representative anaerobic oral periopathogenic
bacteria, P. gingivalis and P. intermedia. The research (null)
hypothesis was that the size and concentration of the AgNPs
have no impact on the above-mentioned biological endpoints
of the eukaryotic and prokaryotic cells.
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2. Materials and methods

2.1.  Preparation and characterization of AgNP-doped
TigAl,V surfaces

2.1.1. Titanium alloy specimen preparation and
electrochemical deposition of AGNPs

TigAl4V machined discs with a diameter of 6 mm and a height
of 1mm were kindly provided by ADIN (ADIN Dental Implant
Systems, Avula, Israel). The specimens were ultrasonically
cleaned (Bandelin Sonorex, Berlin) in an 100% ethanol solution
for 20min prior to silver deposition. For the electrochemical
deposition, the specimens were immersed in colloid silver
solutions (PLIN Nanotechnology S.A., Thessaloniki, Greece)
with positively charged AgNPs of size distributions of 5 and
30nm (Fig. 1a,b), as determined by Dynamic Light Scattering
(DLS) and concentrations of 100, 200 and 300 ppm. A direct
current of 20Volt (V) was supplied for approximately 5min
(min), using the specimens as the cathode and a commer-
cially pure titanium plate (Grade 2) as the anode. To maintain
a standard distance of 6mm between the anode and the
cathode, poly-lactic acid (PLA) moulds were fabricated. The
moulds were designed in a CAD software (3D CAD, Solid-
works, Massachusetts, U.S.A.) and 3-dimensionally printed
using the open-source FDM (Fused Filament Fabrication — FFF)
printer (Mendelmax 2.0). As a result, six experimental groups
and one control group were included in this study based on
the AgNP size and concentration of the initial colloid solu-
tion: (1) control (TigAl4V), (2) 5nm/100 ppm, (3) 5nm/200 ppm,
(4) 5nm/300ppm, (5) 30nm/100 ppm, (6) 30 nm/200 ppm, (7)
30nm/300 ppm. After electrodeposition, all specimens were
ultrasonically cleaned in ethanol for 20 min, rinsed thoroughly
in distilled water and dried in an ambient environment. For all
further experimental assays, the discs were sterilized under
UV irradiation for 30 min.

2.1.2.  Surface characterization of the samples by scanning
electron microscopy and energy dispersive X-ray

spectroscopy (SEM-EDX)

To evaluate the surface topography and analyze the chem-
ical composition of the specimens, SEM examination was
performed with an ESEM Quanta 400 FEG instrument (FEI),
equipped with EDX spectroscopy (EDX; Genesis 4000, SUTW-Si
(Li) detector) operating in a high vacuum with gold/palladium-
sputtered samples with an average thickness of 2nm. For the
sputtering a Cressington sputter coater 108 autodevice was
used. All SEM analyses were performed with a 5kV accel-
erating voltage and 0.4 mA probe. For EDX analysis a 15kV
accelerating voltage was used. The images were taken in mag-
nifications of x10,000-100,000.

2.1.3. Investigation of silver release from the AgNP-doped
TigAl4V surfaces using atomic adsorption spectroscopy

(AAS)

For the determination of the amount of the released sil-
ver in biological media, AAS was employed. The biological
medium that was used was an a-Modification of Eagle’s
Medium (a-MEM), supplemented with 10% Fetal Bovine Serum
(FBS), 100mM L-ascorbic acid phosphate, 100 units/ml peni-

cillin, 100 mg/ml streptomycin and 0.25 mg/ml Amphotericin
B (all from Invitrogen, Karlsruhe, Germany) (=Complete Cul-
ture Medium — CCM) and was the same medium used for the
in vitro assays of this study, as described in Section 2.2.1.

The specimens of each experimental group were placed
inside the wells of 48-well plates. Cells were seeded on the
top of the specimens at 104 cells/specimen (as described in 2.2)
and incubated in 500 pl of CCM for either 24,48 or 72h at 37°C
and 5% CO,. At each time-point, the culture supernatant was
collected and processed for AAS analysis. AAS was carried out
on a ThermoElectron M-Series spectrometer with a graphite
tube furnace according to DIN EN ISO/IEC 17025:2005.

2.2. Cytotoxicity assessment of the AgNP-doped
TigAl,V surfaces

2.2.1. Cell culture

Sa0S-2 osteoblast-like cell lines, obtained from the American
Type Culture Collection (ATCC No. HTB 85) were expanded in
CCM in 75cm? flasks. Cell cultures were maintained in an
incubator at 37 °C, in 5% CO, and 95% humidity until reaching
80-90% confluency. Cell harvesting from the flask surface was
performed using 0.25% Trypsin/1lmM EDTA solution (Invit-
rogen). Finally, for cell counting and determination of cell
density and percentage of dead cells before each experimen-
tal assay, an improved Neubauer hemocytometer (Laboroptik,
Lancing, UK) and Trypan Blue exclusion tests were employed.

2.2.2.
by SEM
The attachment properties and morphology of the cells after
72h of direct contact with the experimental surfaces were
evaluated by means of SEM. In brief, cell-seeded specimens
were washed with PBS, fixed with 3% glutaraldehyde in 0.1M
sodium cacodylate buffer (pH=7.4), and dehydrated in a
graded series of ethanol concentrations (35, 50, 70, 95 and
100%). Finally, specimens were dried in a critical point drier
(Baltec CPD 030), sputter-coated with a 20nm thick layer of
gold-palladium (Baltec SCD 050) and observed under a SEM
(JEOL JSM-6390 LV) at an accelerating voltage of 15-20kV.

Evaluation of the cell attachment and morphology

2.2.3.
staining
For the live/dead assay, the specimens of each experimental
group were placed inside the wells of 48-well plates. Cells were
seeded on the top of the specimens at 10* cells/specimen and
incubated in CCM for 24 and 72 h at 37 °C. At each time-point,
cells were double stained with Calcein AM (live) and Ethid-
ium Homodimer-EthD1 (dead) fluorescent stains and observed
under a confocal microscope (Leica Microsystems, Wetzlar,
Germany). Approximately 5-10 serial sections were obtained,
and the z-stacked images produced.

Evaluation of cell viability by live/dead fluorescence

2.2.4. Evaluation of cell viability by the MTT assay

The viability of Saos-2 cells seeded on the top of the exper-
imental specimens of each group was investigated by the
MTT  [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide] assay. Cells were cultured in direct contact with
the specimens in 48-well plates (104 cells/well) for 24, 48 and
72h, at 37°C and 5% CO,. After these three time-points, MTT
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Fig. 1 - (a, b) Size distribution profiles of nanoparticle dispersions, determined by Dynamic Light Scattering based on an
iterative algorithm (SBL): (a) for the 5 nm solution and (b) for the 30 nm solution respectively (c, d) SEM/BSE (back scattered
electron mode) microphotographs of AgNano aggregates on the Ti6Al4V surfaces, doped with: (c) 5nm- and (d) 30 nm-sized
AgNPs at a concentration of 300 ppm showing their presence as “white spots” (red cycles) and the respective EDX patterns,
confirming the existence of silver. (e, f) Results of the AAS analysis of TigAl;V specimens coated with (e) 5nm - and (f)
30nm-sized AgNPs using colloid dispersions with increasing AgNP concentrations of 0, 100, 200 and 300 ppm after 24, 48,
72h of incubation in culture medium. Results are indicative of a time- and concentration-dependent release of silver (n.d:
not detectable, *: value <0.05 pg/ml, which is the detection limit of the AAS device).

(5mg/ml in CCM) was added in each well containing the
specimens and the plates were incubated for 4h at 37°C and
5% CO,. During this period, the NAD(P)H-dependent cellular
oxidoreductase enzymes of mitochondriareduce the tetra-
zolium dye MTT to its insoluble, which has a purple color.
After this period, the medium containing the MTT solution
was discarded and 500 pl of DMSO (Dimethyl sulfoxide) were
added in each well and incubated for 1h at 37 °C to dissolve
the insoluble purple formazan product into a colored solution.
Then, the specimens were removed from the wells and the
optical density (OD) was measured against blank (DMSO) at
a wavelength of 545nm and a reference filter of 630nm by a
microplate reader (Epock, Biotek, Biotekree times, with 6-8
replicates for each repetition were repeated three times, with
6-8 replicates for each repetition. All results were expressed
as an average % percentage of the control value (cells seeded
on uncoated TigAl4V specimens).

2.2.5. Evaluation of cell proliferation by the BrdU assay
The proliferation rate of Saos-2 cells seeded on the top of the
experimental specimens of each group was investigated by the

BrdU (5-bromo-2’-deoxyuridine) assay (Sigma-Aldrich, Roche
Diagnostics, Manheim, Germany). Cells were cultured in direct
contact with the specimens in 48-well plates (104 cells/well)
for 24, 48 and 72h, at 37°C and 5% CO,, as described in
2.2.4 for the MTT assay. After these three time-points, BrdU
was added at a concentration of 10 uM and the plates incu-
bated for 6h at 37°C and 5% CO,. Then, treated cells were
fixed with FixDenat" solution (at 15-25°C, for 30 min), accord-
ing to the manufacturer’s recommendations and exposed to
a peroxidase-conjugated BrdU antibody (anti-BrdU-POD) at a
concentration of 10 uM for 90 min. Afterwards, 200 pl of 3-3'-5-
5'-tetra-methyl-benzidine substrate (TMB) were added in each
well. The blue color peroxidase-substrate reaction was ended
after 5 min, by an H2504 solution (stop solution, 50 pl/well).
The incorporated BrdU was quantified by measuring the OD in
a microplate reader (Epock, Biotek, Biotek Instruments, Inc.,
Vermont, U.S.A.) at a wavelength of 450nm and a reference
filter of 690 nm. Cell-free and BrdU-free wells served as inter-
nal controls for this assay. The resulting OD values of those
wells were used as blank (negative control) and background
control (positive control), respectively. The experiments were
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repeated three times, with 6-8 replicates for each repetition.
All results were expressed as an average % percentage of the
control value (cells seeded on uncoated TigAl4V specimens).

2.3.  Antibacterial effects of the AgNP-doped TigAl,V
surfaces

2.3.1. Evaluation of the antibacterial effects against P.
gingivalis and P. intermedia

The antibacterial effects of the experimental surfaces were
examined using the Serial Dilution Spotting Assay (SDSA,
ISO 20743:2007). Both P. gingivalis (DSM 20709) and P. inter-
media (DSM 20706) bacteria strains were obtained by the
Leibniz-Institut DSMZ (Leibniz-Institut, Deutsche Sammlung
von Mikroorganismen und Zellkulturen GmbH, Braunschweig,
Germany). Bacterial cultures were anaerobically expanded
in BHI-broth (Difco Laboratories, Detroit, USA) with 1 mg/ml
vitamin K and 5mg/ml heme (Bacteria Culture Medium —
BCM), as previously described [26]. Anaerobic conditions were
developed (80% N3, 10% Hy, 10% CO,) using the GasPak EZ
Gas Generating Pouch Systems (BD, Benex Limited, Dublin,
Ireland). In brief, both bacterial pre-cultures were initially
grown in 5ml BHI-broth, at 150rpm and 37°C, in anaero-
bic environment. Following, 50 ml BHI-broth solutions were
inoculated with 4-5 % v/v of the initial pre-cultures. The
resulting cultures were further expanded under the same con-
ditions until reaching an optical density of 0.6-0.7, measured
at 600 nm by an ELISA plate reader.

Afterwards, the expanded cultures were poured into to
48 well plates (0.5ml/well) and anaerobically incubated in
direct contact with the specimens, at 37°C and 50rpm
for 24h. Live bacterial cells were harvested from the test
surfaces, using 2.0ml (4 x0.5ml) TAT solution (Enzymatic
Digest of Casein 20g/1, Polysorbate 20 40 ml/l, Lecithin 5 g/1).
Each initial inoculum was resuspended in serial ten-fold
dilutions of BHI-broth. Aliquots of 0.1ml of each dilu-
tion were spot-plated on solid agar (Anaerobe CDC Blood
Agar, Bioprepare, Warrington, United Kingdom). The cul-
tures were incubated at 37°C in anaerobic conditions for
72h. Finally, Colony Forming Units (CFU) were counted and
% reduction was determined by the following equation:
% reduction = (CFU¢optro] — CFUtest) X 100/CFUcontrol. All exper-
iments were performed in triplicates, three times for each
bacteria strain.

2.3.2.  Evaluation of the bacterial morphology by SEM

Evaluation of the morphological characteristics of the bac-
terial cells in direct contact with the experimental surfaces
was performed by means of SEM at 24h after seeding. The
procedures followed for sample preparation were like those
described for the eukaryotic cells in 2.2.2. SEM examination
was performed with an ESEM Quanta 400 FEG instrument (FEI).

2.4.  Statistical analysis

For the statistical analysis the Prism 6 (GraphPad, CA, U.S.A.)
software was utilized. Two-way ANOVA analysis was per-
formed for all viability and antibacterial assays, while for
follow-up comparisons between groups and time-points the
Tukey’s post-hoc test was employed. Normal distribution was

confirmed by Kolmogorov-Smirnov normality tests. The level
of statistical significance was set to 0.05 (p <0.05)

3. Results

3.1. Characterization and silver release from
AgNP-doped Ti6Al4V surfaces

Even though monodispersed AgNPs could not be observed
(due to the SEM resolution), EDX analyses confirmed the pres-
ence of Ag on the surfaces in the form of “white spots”,
randomly distributed within the SEM microphotographs.

AAS analysis revealed a time- and concentration-
dependent release of silver from all experimental groups
(Fig. 1e,f). Specimens of 300ppm presented the highest
values of silver release at both AgNP sizes: 5nm [0.28, 0.35,
0.37 pg/ml] and 30nm [0.3, 0.36, 0.39pg/ml] after 24, 48
and 72h respectively. The reported values for specimens of
200ppm were: 5nm [0.07, 0.09 and 0.15pg/ml] and 30nm
[0.05, 0.06 and 0.11 pg/ml] after 24, 48 and 72h respectively.
Specimens of the 5nm/100 ppm and 30 nm/100 ppm experi-
mental groups presented minimal silver release, that was at
the range of the detection limit of the AAS device (0.05 pg/ml),
as indicated by asterisks in the respective bars in Fig. 1(e,
f). Uncoated (control, TigAl4V specimens) showed no silver
release (non-detected; nd)

3.2. Cytotoxicity assessment of AgNP-doped TigAl,V
surfaces

3.2.1.
SEM
SEM microphotographs of SaoS-2 cells in direct contact with
the specimens of each group at 72 h after cell seeding revealed
that a typical confluent cell layer could be formed on all types
of experimental surfaces. The cells appeared to be intimately
attached to all surfaces and were evenly spread through-
out the coated area, even in close contact with the silver
spots. Sa0S-2 exhibited a typical polygonal shape and sev-
eral cytoplasmic extensions and filopodia, that seemed not to
be affected by increasing concentrations of the AgNP-coating
solution (Fig. 2a-p)

Evaluation of cell attachment and morphology by

3.2.2.  Evaluation of cell viability by live/dead staining

Cell viability was initially evaluated by live/dead fluorescent
staining and visualization by confocal microscopy. As shown
in the z-stacked images (Fig. 3(a-p)), most cells appeared
green, metabolizing the calcein AM fluorescent stain. This is
an indication that they remained viable throughout the cul-
ture period up to 72h. In contrast, very few dead cells were
observed as red rounded bodies incorporating the ethidium
homodimer DNA intercalating dye. Moreover, it was observed
that the cells were uniformly distributed and attached on the
surfaces of all specimens indicating the effective colonization,
survival and proliferation over time of Sa0OS-2 on the surfaces
of all experimental groups (Fig. 3a-p)
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Fig. 2 - (a—p) SEM microphotographs of TigAl;V specimens coated with 5nm- and 30 nm-sized AgNPs at concentrations of 0,
100, 200 and 300 ppm, indicating proper attachment and spreading of Sa0S-2 osteoblastic cells on all experimental titanium

surfaces 72 h after cell seeding.

3.2.3.  Evaluation of cell viability by the MTT assay

Cell viability was further evaluated by the MTT metabolic-
based test. Overall, a time- and concentration-dependent
(p<0.05) change of cell metabolic activity was observed for
both 5- and 30 nm AgNP-doped surfaces, but with differential
time-course patterns, as depicted in Fig. 4(a,b).

In specific, the 5nm AgNP-doped surfaces showed a
decreased cell metabolic activity at 24h in all concentration
groups (100, 200 and 300 ppm), as compared to the uncoated
titanium surfaces (control, TigAlyV). This activity recovered,
showing a statistically significant higher value compared to
the control for the 51m/100 ppm group at 48 and 72h (p <0.05
and p <0.01 respectively) and for the 5nm/200 ppm group at
72h (p<0.01). In contrast, the 5nm/300 ppm group showed no
statistically significant increase in cell metabolic activity at 48
and 72h compared to the control group (TigAl4V).

For the 30nm AgNP-coated surfaces, it was shown that
no reduction of cell metabolic activity compared to the con-
trol group (TisAl4V) could be observed at 24 h. Similarly to the
5nm-groups of the same concentrations, the 30 nm/100 ppm-
and 30 nm/200 ppm groups exhibited a statistically significant
increase in cell metabolic activity at 48h (p< 0.05 for both
groups) compared to the control group (TigAlsV), while no such
increase could be detected for the 30 nm/300 ppm group at
neither time-point (48 or 72 h).

The results of the MTT cell viability assay overall indicate
an initial (at 24 h) cytotoxic effect for the 5nm AgNP-coated
surfaces, that fully recovered at later time-points and absence
of cytotoxicity of all 30 nm AgNP-coated groups.

3.2.4. Evaluation of cell proliferation by the BrdU assay
Cytotoxicity assessment of the AgNP-doped surfaces on
Sa0S-2 cells was further performed using another biological
endpoint, i.e. the impact on cell proliferation rate by means of
the BrdU assay. Overall, a time- and concentration-dependent
(p< 0.05) change of cell proliferation rate was observed for
both 5- and 30-nm AgNP-doped surfaces, but with differential
time-course patterns, as depicted in Fig. 5(a,b).

In specific, in the group of 5 nm sized AgNP-doped surfaces,
the only statistically significant decrease of cell proliferation
compared to control (TigAl4V) was that of the 5nm/300 ppm
group at 48h (p < 0.001), while no significant differences were
observed for the other groups and time-points. At the same
time-point of 48h, statistically significant differences could
be observed among the different AgNP concentrations, i.e.
5nm/300 ppm <5nm/200 ppm <5 nm/100 ppm (p < 0.01). Inter-
estingly, this relationship was reversed at 72h, as there was
an increase in cell proliferation rate for the 5nm/200 ppm and
5nm/300 ppm reaching levels not statistically significant to
control (ps> 0.05). In this respect, the final concentration rela-
tionship was: 5nm/100 ppm <5 nm/200 ppm =5nm/300 ppm.
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Fig. 3 - (a-p) Confocal microscopy microphotographs (live/dead fluorescent staining with Calcein AM and EthD-1) showing
high levels of cell viability of Sa0S-2 osteoblastic cells on all the AgNP-doped TigAl4V surfaces of both size groups of 5nm

and 30 nm after 24 and 72 h of incubation.

For the 30nm AgNP-doped surfaces, a similar
trend compared to the 5nm experimental groups was
observed at 48h, with statistically significant reduc-
tion of cell proliferation compared to control (Ti6Al4V)
only for the 30nm/300ppm group (p<0.01) and a sim-
ilar relationship between different concentrations, i.e.
30 nm/300 ppm <30 nm/200 ppm <30nm/100ppm (p< 0.01).
In contrast to the 5nm sized AgNPs experimental groups, no
recovery of cell proliferation rate could be observed in the test
group of 300 ppm/30nm at 72 h, as cell proliferation remained
significantly lower compared to control (TigAlyV, p< 0.01).

The results of the BrdU celsl proliferation assay overall
indicate a cytotoxic effect of both the 5- and 30 nm sized AgNP-
coated surfaces at 48h, that fully recovered at 72h for the
5nm- but not for the 30 nm-sized experimental groups.

3.3.  Antibacterial effects of the AgNP-doped TigAl,V
surfaces

3.3.1. SEM evaluation of bacterial colonies on the
AgNP-doped TigAl,V surfaces

SEM microphotographs of bacterial colonies on the exper-
imental surfaces after 24h of incubation indicate a
concentration-dependent decrease of both bacterial cells

P. gingivalis (Fig. 6A(a—d)) and P. intermedia (Fig. 6B (a-d)).
The numbers of both cells were substantially decreased
in the 5nm/300ppm- and the 30nm/300ppm groups, as
compared to the 5nm/100ppm and the s30nm/100ppm
groups respectively. The latter showed a profile of more
separated and undamaged bacterial cells, while, in contrast,
cell debris, lysed bacteria with disrupted cell surfaces and
numerous craters could be observed on the 5nm/300ppm
and 30 nm/300 ppm specimens.

3.3.2.  Evaluation of the reduction of bacterial colony
forming ability on the AgNP-doped TigAl,V surfaces
The decrease in number of viable bacterial colonies was fur-
ther confirmed by the results of the SDSA assay. There was a
concentration-dependent % reduction of colony forming units
(CFUSs) of P. gingivalis in direct contact with all experimen-
tal groups, as compared to control (Fig. 6A e). The difference
reached statistical significance in both 5nm/200ppm and
30nm/200ppm groups (p< 0.001). The maximum reduc-
tion percentages were 29.9+3.5% and 26+4.1%, for the
5 nm/300ppm and 30nm/300 ppm groups respectively (p<
0.001).

The results related to P. intermedia were similar to those
obtained for the P. gingivalis (Fig. 6B e). The differences
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Fig. 4 - (a, b) Evaluation of metabolic activity of Sa0S-2
osteoblastic cells seeded on the AgNP-doped TigAl,V
surfaces of (a) 5nm and (b) 30 nm after 24, 48 and 72h, as
assessed by the MTT assay. The optical density (OD) was
measured against blank (DMSO) at 545 nm with a reference
filter at 630 nm. The red asterisks indicate statistically
significant differences between CONTROL (TigAl4V) and
each of the 100 ppm-, 200 ppm- or 300 ppm groups for the
same time-point (24 or 48 or 72 h) and the same AgNP size
(5nm or 30 nm). Blue brackets indicate statistically
significant differences between 100 ppm vs. 200 ppm,

200 ppm vs. 300 ppm and 100 ppm vs. 300 ppm for the
same time-point (24 or 48 or 72 h) and the same size (5nm
or 30nm) (*p<0.05 and **p< 0.01).

reached statistical significance compared to control for the
5nm/200 ppm and 30nm/200ppm (p< 0.01) groups, show-
ing the maximum reduction of CFUs at 5nm/300ppm and
30nm/300 ppm (29.5 +4.2% and 26.11 + 10.7%, respectively, p <
0.01).

4, Discussion

The objective of this study was to develop and characterize
novel antibacterial AgNP-doped titanium alloy surfaces for
potential applications in oral implantology. To the authors’
knowledge this is the first study related to AgNP-doped tita-
nium alloy surfaces, in which different nanoparticle sizes
and concentrations were assessed regarding their biocom-
patibility, as well as antibacterial effects against two major
periopathogens. Additionally, the present study sheds light
on the effect of time- and concentration-dependent silver
release from the developed AgNP-doped surfaces on both the
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Fig. 5 - (a, b) Evaluation of cell proliferation of Sa0S-2
osteoblastic cells seeded on the AgNP-doped TigAl,V
surfaces of (a) 5nm and (b) 30 nm after 24, 48 and 72h, as
assessed by the BrdU assay. The optical density (OD) was
measured against blank (cell-free and BrdU-free wells) at
450 nm with a reference filter at 690 nm. The red asterisks
indicate statistically significant differences between
CONTROL (TigAl4V) and each of the 100 ppm-, 200 ppm- or
300 ppm groups for the same time-point (24 or 48 or 72 h)
and the same AgNP size (5 nm or 30 nm). Blue brackets
indicate statistically significant differences between

100 ppm vs. 200 ppm, 200 ppm vs. 300 ppm and 100 ppm
vs. 300 ppm for the same time-point (24 or 48 or 72 h) and
the same size (5nm or 30 nm) (*p<0.05 and **p< 0.01).

metabolic activity and proliferation rates of human osteoblast
cell-lines.

In the present study, three different AgNP solution concen-
trations and two AgNP sizes were used for electrochemical
deposition of the titanium alloy surfaces, aiming to determine
a “therapeutic window” between antibacterial activity and
lack of cytotoxicity. The recommended by the manufacturer
AgNP solution concentration (300 ppm) was applied, in addi-
tion to serial dilutions of the stock solution, to further evaluate
whether even lower concentrations (100 and 200 ppm) could
produce surfaces with effective antibacterial activity, while
reducing potential cytotoxic effects to the eukaryotic cells.
Based on the results of this study, the recommended concen-
tration was found to be the most effective, without causing
major cytotoxic effects. Regarding the AgNP sizes, 5 and 30 nm
were selected based on existing literature data. According to
previous studies [21], the smaller nanoparticles are internal-
ized faster into the cells with a range of optimum radii of
25-50 nm showing the lowest rapping times. For this reason,
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Fig. 6 - (A) (a—d) SEM microphotographs of TigAl;V specimens coated with (a) 5nm-sized AgNPs at 100 ppm, (b) 5 nm-sized
AgNPs at 300 ppm, (c) 30 nm-sized AgNPs at 100 ppm and (d) 30 nm-sized AgNPs at 300 ppm after 24 h of incubation with
anaerobic cultures of the periopathogenic bacterium P. gingivalis. The yellow arrows and the yellow cycles indicate the
presence of separated and undamaged bacterial cells. The red cycles indicate the presence of cell debris with disrupted
bacterial surfaces. (e) Growth reduction of P. gingivalis after 24 h of direct contact with the AgNP-doped TigAl4V surfaces of
5nm and 30 nm, showing a concentration-dependent % reduction of the bacterial colony forming units (CFUs). The red
asterisks indicate statistically significant differences between CONTROL (TigAl;V) and each of the 100 ppm-, 200 ppm- or
300 ppm groups Blue brackets indicate statistically significant differences between 100 ppm vs. 200 ppm, 200 ppm vs.

300 ppm and 100 ppm vs. 300 ppm for the same size (5nm or 30 nm). (*p <0.05 and **p < 0.01). (B) (a-d) SEM
microphotographs of TigAl;V specimens coated with (a) 5nm-sized AgNPs at 100 ppm, (b) 5nm-sized AgNPs at 300 ppm, (c)
30nm-sized AgNPs at 100 ppm and (d) 30 nm-sized AgNPs at 300 ppm after 24 h of incubation with anaerobic cultures of the
periopathogenic bacterium P. intermedia. The yellow arrows and the yellow cycles indicate the presence of separated and
undamaged bacterial cells. The red cycles indicate the presence of cell debris with disrupted bacterial surfaces. (e) Growth
reduction of P. intermedia after 24 h of direct contact with the AgNP-doped TigAl,V surfaces of 5nm and 30 nm, showing a
concentration-dependent % reduction of the bacterial colony forming units (CFUs). The red asterisks indicate statistically
significant differences between CONTROL (TigAl4V) and each of the 100 ppm-, 200 ppm- or 300 ppm groups Blue brackets
indicate statistically significant differences between 100 ppm vs. 200 ppm, 200 ppm vs. 300 ppm and 100 ppm vs. 300 ppm
for the same size (5nm or 30 nm). (‘p<0.05 and *p< 0.01).

toxic to eukaryotic cells, effects. Electrophoretic deposition
was employed because it is a simple, versatile, time and cost-

the size of 30nm was selected as being within the opti-
mal range. On the other hand, based on another study [27],

smaller AgNPs (10nm) are more active, due to their enhanced
silver ion release from their increased total surface. Accord-
ing to the above study, the enhanced silver release leads
to higher cytotoxicity to eukaryotic cells. Thus, the aim of
our study was to compare the above-mentioned sizes (5 and
30nm) regarding the optimum antibacterial, but not cyto-

efficient method [15,16]. The presence of evenly distributed
aggregates rather than a homogenous silver coating, allows for
a combination of the antibacterial properties of silver, while
leaving a substantial surface to exert the high osseointegration
potential of titanium alloys [2,3].
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Fig. 6 — (Continued)

According to the AAS analysis, silver release in the cul-
ture medium was time- and concentration-dependent for both
nanoparticle size distributions under investigation. Similarly,
Zhang et al. reported higher silver ion release rates when
the AgNP concentration increased from 300 p.g/1 to 600 pg/l. In
addition to these findings, smaller particles presented higher
silver release rates among different particle size distributions
(20, 40 and 60 nm) [28]. Dobias and Latmani reported a signif-
icant increase in silver release (up to 85-89%) when the AgNP
size decreased from 50 to 5nm, during the same time frames
[29]. This is attributed to the higher formation enthalpies (i.e.
the net change associated with breaking the chemical bonds
of the standard state elements and forming new bonds to cre-
ate the compound of interest), as well as surface-to-volume
ratios of smaller particles in colloidal AgNP suspensions, as
compared to bulk silver [28,30]. In the present study, this AgNP
size-dependency was not confirmed. Despite the fact that AAS
results confirmed silver release from the specimens of all size
groups, the state of silver and presence of functionalization is
not known. As a result, the stability and dissolution capacity of
theinitial AgNPs might have been differentiated. This provides
a possible explanation of the absence of size-dependency in
the results of the present study.

It is well-documented in the literature that AgNPs may
exhibit a strong cytotoxic and genotoxic effect towards
eukaryotic cells [31]. Although the underlying mechanisms
of toxicity are not clear yet, it has been demonstrated that

AgNPs can lead to silver ion release, leading to oxidative
stress, lipid peroxidation, protein dysfunction and DNA degra-
dation [20,32,33]. However, the induced toxicity appears tobe a
dose-dependent phenomenon, as exposure to low AgNP con-
centrations (up to 2-2.5ug/ml) does not affect cell viability
[34,35]. In the current study, the highest observed concentra-
tion of released silver at 72 h (0.39 pg/ml) was much lower than
the thresholds of toxicity. The absence of dead SaOS-2 cells
and the increased cell viability rates was further confirmed
by confocal microphotographs, while SEM observations also
indicated favorable cell attachment and morphology.

The enhanced mitochondrial activity after 24h of incu-
bation is in agreement with previous in vitro studies, that
revealed increased cell metabolic activity measured by the
MMT assay after the direct incubation with AgNPs at con-
centrations lower than the threshold of toxicity (<2-2.5 pg/ml)
[24,35-37]. The AgNP-induced effect may be explained by their
potential incorporation inside the eukaryotic cells. The major
endocytic mechanisms of AgNPs have been shown to be per-
formed through clathrin- and caveolae-mediated endocytosis
[37-39]. As for the action of the AgNPs, it has been mentioned
that they act as a transport vehicle to deliver silver ions into
the cells. This kind of transport mechanism is called the “Tro-
jan horse mechanism” [21,33,40].

In the present in vitro study, the increased metabolic
activity of mitochondria that was observed at all the test
groups compared to the control group could be the result of
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an increased mitochondrial biogenesis, due to the oxidative
stress known to be induced by the endocytosed silver ions
[41]. The oxidative stress refers to the imbalance between
the production of reactive oxygen species (ROS) and the cell’s
ability to detoxify and inactivate these reactive intermedi-
ates [42]. ROS include free radicals and peroxides, such as the
superoxide (O,—), hydroxyl (OH) and hydrogen peroxide (H0,)
[43]. Plenty of studies have shown that the excessive produc-
tion of ROS provoked by AgNPs, functions as “intracellular
signal” from the mitochondria to the nucleus. The nucleus
receives the “signal” from the mitochondria to activate specific
molecular mechanisms triggering mitochondria biogenesis to
produce more energy for the synthesis of proteins and the
repair of the damages caused by the ROS and the oxidative
stress [41,43,44]. Indeed, in vitro studies have revealed that
exposure of eukaryotic cells to oxidative stress by treatment
with low concentrations of H,O, leads to the increased mito-
chondrial metabolic activity measured by the MTT assay, as
well as to the increased mitochondria number and mitochon-
drial DNA [41,45]. Plethora of studies have revealed that the
intracellular transduction pathways that lead to mitochon-
drial biogenesis and activated by the oxidative stress are the
P13/Akt and the AMPK pathways, both induce the synthesis
of transcription factors, such as the NRF-1 and PGC-1 and the
mitochondrial transcription factor mtTFA [46,47].

In addition to the MTT metabolic-based test, the BrdU
assay, was employed to target another biological endpoint
related to AgNP cytotoxicity on Sa0S-2 cells, i.e. the cell pro-
liferation rates. The BrdU assay allows the detection of cells,
which are in the S phase of the cell cycle, as it is incorpo-
rated into newly synthesized DNA [48]. Despite the increased
cell metabolic activity shown by the MTT assay, there was
concentration-dependent reduction of cell proliferation rates
at 48h. This trend was present in all test groups, regardless
of AgNPs size (5 or 30nm). At 72h, there was a recovery of
the Sa0S-2 proliferation rates, related to the all test groups of
5nm AgNPs. On the contrary, this recovery did not appear in
the test groups of 30 nm AgNPs.

Interestingly, cell cycle arrest seems to be a compensatory
response to AgNP-induced oxidative stress [49]. Increased
levels of intracellular ROS induce the expression of p21, an
important inhibitor of cyclin-dependent kinases (CDK), such
as CDK2, CDK4 and CDK6, which belong to the main control-
ling mechanisms of cell cycle progression [50]. The inhibition
of CDKs leads to a transient cell cycle arrest at G1/S and G2/M
checkpoints, to activate the antioxidative mechanisms and
repair the damage [51]. However, severe oxidative stress can
trigger irreversible cell cycle arrest and, subsequent apoptosis
in a caspase-mediated pathway [52]. The last phenomenon
does not apply in our study, because high cell viability was
confirmed by SEM, confocal microscopy and MTT assays.

The aforementioned parallel phenomena do not indicate
cell toxicity and can be explained by the cell defense mech-
anisms when exposed to conditions of low oxidative stress.
According to various studies, AgNPs induce oxidative stress
leading to the production of Reactive Oxygen Species (ROS)
[53]. As a result, the eukaryotic cell reacts in two ways. Firstly,
the metabolic activity is enhanced in order to supply energy to
meet the need for cell survival including the repair of damage
and synthesis of new proteins [41,43-47]. This is in line with

the MTT results of this study showing increased metabolic
activity. Secondly, the cell reduces its proliferative capacity in
order to avoid the replication of the possibly damaged DNA
[49]. Under low oxidative stress, cell cycle is delayed and after
the damage is repaired or eliminated the cell re-enters the
cell cycle and resumes to normal growth and recovery [50,51].
This is in accordance with the BrdU assay results of this study
that showed delays in cell proliferation. Overall, these results
warrant further investigation on the underlying mechanisms
of the observed transient delay of cell proliferation in direct
contact with the experimental AgNP-doped titanium surfaces.

Furthermore, at 72h, two different patterns of Sa0S-2
proliferation recovery and arrest were observed in the test
groups of 5 and 30nm AgNPs, respectively. This divergence
can be attributed to differential nanoparticle kinetics of the
two particle-size distribution groups. Evidence from both
experimental and theoretical models suggests, that smaller
nanoparticles are internalized faster into the cell, with a range
of optimum radii of 25-50nm showing the lowest wrapping
times [21,54]. As already mentioned, AgNPs are internal-
ized into the cells mainly via receptor-mediated endocytosis
[55]. This two-staged thermodynamic process includes mem-
brane invagination, to produce a favorable contact area, and
nanoparticle wrapping [56]. Ligand-receptor interaction, the
driving force of endocytosis, opposing to a resistance to mem-
brane deformation during invagination, are reportedly the
most critical factors during internalization process [55,56].
Consequently, there is a tendency of a slower uptake for par-
ticles larger than 50nm, because the formation of more cell
membrane receptors is required [55,57]. On the other hand,
when particle radius decreases below 25 nm, the resistance to
cell membrane bending becomes unfavorable [56]. As a result,
wrapping time decreases and cell internalization becomes rel-
atively slower [57].

In contrast to endocytosis, exocytosis also occurs at faster
rates as nanoparticle size decreases, but without the existence
of an optimal radius [58]. Consequently, when both endocy-
tosis and exocytosis phenomena take place, particles in the
range of optimal sizes accumulate intracellularly [55]. In the
study of Clithrani et al., uptake and removal rates of gold
nanoparticles, sized between 14 and 100 nm were investigated
in various mammalian cell lines. It was demonstrated that
nanoparticles around 50nm showed the highest accumula-
tion rates [55]. In our study, the groups of 30nm AgNPs were
related to a higher percentage of particles within the optimal
radii, possibly resulting in higher intracellular accumulation
rates. This phenomenon can explain the fact that prolifera-
tion rates of Sa0S-2 cultures in direct contact to 30 nm AgNPs
do not improve at 72 h, while there is a recovery in the groups
of 5nm AgNPs.

Regarding the antibacterial effects, CFU reduction was
assessed after 24h of direct contact with the specimens.
There is a plethora of studies investigating the short-term
antibacterial activity of AgNP-doped surfaces [9,13,25,36,59].
The first 6h post-implantation have been reported to be a
critical period, during which early phenomena of biofouling
take place [60]. The initial 2h phase (Phase I) is related to
reversible and non-specific interactions, such as dipole-dipole
and hydrogen bonding, gravitational, van der Waals, elec-
trochemical and hydrophobic forces. Phase I is followed by
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another 3 h period (Phase II), which involves specific molecular
bacterial adhesion to the substrate, facilitated by polysac-
charides and adhesin proteins [61]. After phase II, biofilm
development and maturation lead to colonization of a more
complex and heterogenous bacterial microbiota and secre-
tion of a protective exopolysaccharide layer [61]. According to
several authors, prevention of bacterial adhesion during the
first post-operative 24 h, decreases the probability of biofilm
growth and is vital for the long-term success of the implant
[59].

In the present study, antibacterial effect was investigated
on two Gram-, rod-shaped, anaerobic, periopathogenic bac-
teria, P. gingivalis and P. intermedia, both been associated with
the evolution of periimplantitis [62]. Hultin et al., comparing
microbial profile in healthy and periimplantitis sites, reported
high levels of A. actinomycetemcomitans, P. gingivalis, P. interme-
dia, B. forsythus and T. denticola [63]. In their systematic review,
Perez-Chaparro et al. reported that there is “moderate” and
“some” evidence, respectively, to relate P. gingivalis and P. inter-
media to the microbiological profile of peri-implantitis [64].

In agreement with other studies, we demonstrated a
concentration-dependent reduction in colony-forming capac-
ity of both P. gingivalis and P. intermedia, up to 30%. However,
data related to the antibacterial effect of AgNPs on those two
bacteria are limited. In one study, Bahador et al. developed
a 25ppm AgNP- Mineral Trioxide Aggregate Paste (NanoAg-
MTA), which exhibited a 32-60% reduction in P. intermedia
viability in a 3-48h incubation period [65]. Both Zheng et al.
and Liao et al. reported an antibacterial effect of an AgNP-
doped titanium surface of more than 90% [13,66]. However,
differences in deposition methodology, surface topography,
silver concentration and release, nanoparticle size, shape and
functionalization make direct comparisons with the present
study impossible. On the other hand, data on other Gram-
bacteria are comparable to this study. At AgNP concentrations
comparable to the ones of this study (0.2 ng/ml), Gurunathan
et al., demonstrated up to 30% antibacterial activity against
the Gram- bacteria P. aeruginosa and S. flexneri [67].

Mechanisms of toxicity seem to be the same in eukaryotic
and prokaryotic cells [59]. However, bacteria are more prone to
AgNPs toxicity [9,65]. The difference can be attributed to the
fact, that from an evolutionary perspective, bacteria are less
complex cell structures [68]. For example, the lack of nuclear
membrane allows their circular double-stranded DNA to be
exposed to the presence of AgNPs, silver ions and ROS deriva-
tives in their cytoplasm [69]. Simultaneously, bacteria possess
simpler antioxidative and DNA-repair pathways [70]. Conse-
quently, they are more sensitive to oxidative stress.

According to our findings, there seems to be a “therapeu-
tic window” of AgNP-doped TisgAl4V surfaces, predominantly
those in which 5 and 30nm colloidal silver dispersions were
electrochemically deposited at a concentration of 300 ppm.
These specimens maintain high osteoblastic cell (Sa0S-2) via-
bility and induce mild but statistically significant antibacterial
activity on P. gingivalis and P. intermedia strains, which is in-
line with the low AgNP concentrations detected, as well as
with data found in literature [71]. These data overall fulfill the
main goal of the present study in developing a “non-friendly”
towards bacteria surface, while being non-cytotoxic to eukary-

otic cells. Future studies both in vitro and in vivo, should be
conducted to confirm these results and further investigate
certain cell and bacterial gene expressions and intracellular
nanoparticle kinetics.

5. Conclusions

In the current study, AgNP-doped titanium surfaces were
developed using electrochemical deposition. Both eukaryotic
cell biocompatibility and antibacterial effects on peri-
opathogenic bacteria were investigated, in relation to silver
release in biologic media. The test surfaces resulted in high
cell viability, while the initial arrest of their proliferation rate
recovered completely at 72 h. A mild antibacterial effect, up to
30%, was demonstrated against P. gingivalis and P. intermedia,
two peri-implantitis associated-bacteria strains. Both excel-
lent biocompatibility and antibacterial activity of the surfaces
suggest that AgNP-doped surfaces are potential candidates for
future dental and maxillofacial implant applications.
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