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Abstract: Though the antibacterial effect is advantageous, silver and silver nanoparticles can negatively
affect the viability of human tissues. This study aims to check the viability of cells on surfaces with
different particle size and to find the biologically optimal configuration. We investigated the effect
of modified thickness of vaporized silver and applied heat and time on the physical characteristics
of silver nanoparticle covered titanium surfaces. Samples were examined by scanning electron
microscopy, mass spectrometry, and drop shape analyzer. To investigate how different physical
surface characteristics influence cell viability, Alamar Blue assay for dental pulp stem cells was carried
out. We found that different surface characteristics can be achieved by modifying procedures when
creating silver nanoparticle covered titanium. The size of the nanoparticles varied between 60 to
368 nm, and hydrophilicity varied between 63 and 105 degrees of contact angle. Investigations
also demonstrated that different physical characteristics are related to a different level of viability.
Surfaces covered with 60 nm particle sizes proved to be the most hydrophilic, and the viability of
the cells was comparable to the viability measured on the untreated control surface. Physical and
biological characteristics of silver nanoparticle covered titanium, including cell viability, have an
acceptable level to be used for antibacterial effects to prevent periimplantitis around implants.

Keywords: silver nanoparticles; antibacterial effect; periimplantitis; cell viability

1. Introduction

Titanium alloys are commonly used metallic materials in many fields of medicine for biomedical
devices. Modern osseointegrated dental implants for restoring lost dentition are also made of
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titanium [1]. Biocompatibility and prevention of inflammation around applied devices are essential
for long term effectiveness [2]. The medical implant should be benign concerning the patients and
should not cause a vicious immunological response. Commercially pure titanium (CpTi) is considered
to be an ideal biocompatible dental material because of its surface properties as a result of the
spontaneous growth of a stable and inert oxide layer [3]. CpTi is used primarily for endosseous dental
implant applications [4]. Osseointegration of dental implants is described as a direct bone-to-implant
contact [5]. Nowadays, it is an indispensable condition that an implant has to be a good bioinert
material and also must have appropriate adhesion properties [6,7]. Osseointegration has four stages:
hemostasis, inflammatory, proliferative, and remodeling. The very first step of the hemostasis phase is
the development of a layer of a water-based solution containing inorganic and organic components
that are essential for the osseointegration process [8]. Several works in literature present enhanced
osseointegration with hydrophilic implant surface in native bone [9–11]. Pinotti et al. demonstrated
improved osseointegration of titanium implants with hydrophilic surface in areas augmented with
deproteinized bovine bone grafts and biphasic hydroxyapatite/beta-tricalcium phosphate grafts [12].
It was shown that, on a hydrophilic surface, a drop of water-based solution or blood spreads
easily. CpTi is hydrophilic, thus it is essential that any modification of the surface should not
decrease hydrophilicity. While many medical devices are embedded in the body and covered by
tissues of the organ, dental implants are placed trans-gingivally, creating a potential gateway for
bacteria to penetrate. This is a constant threat to developing inflammation called mucositis and
periimplantitis [13]. The antibacterial feature of the implant surface at this gateway area can help
to prevent this inflammation process [14]. One method of adding an antibacterial feature to the
implant surface is silver layering [15–17]. Despite numerous investigations, the antibacterial effect of
silver is still not fully understood, but it has long been a well-known and used material in medicine.
Numerous studies prove that using silver nanoparticles (AgNPs) for layering significantly increases
the antibacterial properties of the implants [18,19]. Silver ions tend to bond to sulphur, oxygen,
and nitrogen [20] and thus to cell walls, membranes, DNA, enzymes, therefore altering their original
functions [21,22]. On AgNP-Ti surfaces, reactive oxygen species are also generated to achieve additional
antibacterial effects [18]. Surfaces with silver nanoparticles release silver ions that correlate with the
surface. In a previous study, we demonstrated this antibacterial effect on a titanium surface covered
by silver nanoparticles [23]. On the other hand, silver can be cytotoxic to human tissues by altering
mitochondrial, DNA, membrane, and enzyme functions [24]. These mechanisms are the same as for
bacteria, but for eukaryotic cells, a higher silver ion concentration is needed for comparable toxic
effects. This opens up a therapeutic window for antibacterial treatment [25]. Controlling the diameter
of the nanoparticles controls the total silver surface to release ions, thus the amount of ion can be
controlled by the particle diameter.

This paper focuses on how the different sizes of silver nanoparticles affect the viability of human
dental pulpal stem cells. Surface modification by using nanoparticles has an important role in the field
of various research, especially in material science and medical applications [26–29]. By modifying the
steps of surface treatment described in our previous study [23], we created surface configurations
covered by differently sized silver nanoparticles. By culturing cells, their viability on the different
surface configurations was investigated and compared. The optimal surface for cell growth was found
for titanium dental implants covered by silver nanoparticles.

2. Sample Preparation

We used titanium substrates which were 15 mm diameter Grade 2 Titanium circular shape plates
(99.6 at%, Grade 2). The plates were mechanically polished to #1200 grit level using Struers LaboPol-35
polishing machine with StruersLaboForce-Mi device (Struers, Copenhagen, Denmark), followed by
chemical polishing with a corresponding proportional solution (silica gel: 5 mL; hydrogen peroxide:
0.77 mL; nitric acid: 0.02 mL; and hydrogen fluoride: 0.01 mL) for titanium to produce a mirror-like
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surface. The substrates were then cleaned in acetone two times for 10 min each in an ultrasonic cleaning
bath at room temperature, followed by rinsing with distilled water for 20 min and air drying.

To achieve a titanium surface covered by silver nanoparticles with different sizes, the pure titanium
surface was modified in three stages:

Stage I—first annealing (I) of Ti samples to create TiO layer;
Stage II—applying physical vapor deposition (PVD) method to deposit silver layer with different

thicknesses on Ti/TiO surface;
Stage III—second annealing (II) of Ti samples (already covered with Ti and Ag layers) at different

temperatures for different times to achieve silver nanoparticles on the surface.
Creation of silver nanoparticles on titanium followed procedures described below.

2.1. Stage I: First Annealing

All samples were treated for 5 h at 550 ◦C to form a TiO2 layer on the surface. With heat-treatment,
the rutile phase is formed on the titanium surface, which allows the formation of a continuous silver
layer and consequently, later on, the formation of silver nanoparticles [23]. In this way, a continuous
silver layer can be deposited at room temperature and, by applying a further post-annealing under
controlled conditions, different silver particle sizes (see Stage II) can be formed. The thickness of the
formed oxide layer was measured by applying secondary neutral mass spectrometry (SNMS) method
and was found to be 100 nm thick.

2.2. Stage II: Silver Deposition

The samples were covered with a thin silver film of different thicknesses including 3, 5, 8, and
15 nm, respectively. The silver layer was deposited by Bio-Rad E5000C type sputtering equipment
from a pure (Goodfellow, 99.99%) silver target by applying argon (Ar) as the working gas. Sputtering
parameters (deposition rate: 0,8 nm/s; sputtering current: 6 mA) were the same for all layer thicknesses,
only the sputtering time was varied according to the layer thicknesses (3 nm: 12 s; 5 nm: 24 s; 8 nm:
48 s; 15 nm: 96 s).

2.3. Stage III: Second Annealing

The refined Brandon–Bradshaw model [30] describes that, in the case of nanocrystalline thin films,
the continuous film layer breaks at the grain boundaries due to heat treatment. The time of the process
depends on the layer thickness and the temperature. During annealing, grooves develop surface
diffusion at the intersection of grain boundaries with the surface [31]. This process is driven by setting
up the local equilibrium of the surface and the grain boundary energies. As time goes on, the free
surface, created when the grooves reach the film–substrate interface, increases by surface diffusion,
and the beaded surface forms. As a result of heat treatment in a vacuum furnace (300 ◦C, 400 ◦C, 500 ◦C,
and 600 ◦C for 1 min) at Ar:H atmosphere, the continuous film is transformed to a discontinuous
beaded film.

3. Experimental Methods

The samples before and after annealing were analyzed by applying different analytical methods.

3.1. Secondary Neutral Mass Spectrometry

Secondary Neutral Mass Spectrometry (SNMS) was used to examine the thickness of deposited
silver layers. The analysis was carried out by an INA-X type SNMS system manufactured by SPECS
GmbH, Berlin [32]. A 2 mm diameter circular-shaped area of samples was sputtered through a Ta
mask. The sputtering time was converted to depth by measuring the sputtered crater by Ambios
XP-I profilometer.
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3.2. Scanning Electron Microscopy

The “cell-grown silver nanostructure” sample and the “non-cell-grown silver nanostructure”
sample surfaces were examined by SEM (type JSM-IT500HR, produced by JEOL, Tokyo, Japan)
equipped with energy dispersive X-ray (EDS) analyzer. In the case of “cell-grown silver nanostructure”,
samples were fixed with 2% (v/v) glutaraldehyde for 2 h and with 1% OsO4 for 1 h, dehydrated using
graded ethanol solutions (10, 30, 50, 70, 80, 90, and 100% (v/v), 15 min in each), and critical point
dried using CO2 before the examination by SEM. To prevent the charge accumulation on the surface,
the samples were covered with a ~12 nm thick gold layer. The plasma current was 18–20 mA, while the
sputtering Ar pressure was 10–20 MPa during the coating. Samples were analyzed by applying 10 kV
accelerating voltage. To induce the characteristic X-ray emission for composition analysis, the 15 kV
energy electron beam was applied.

3.3. Contact Angle Measurements

The sessile drop method was used to measure the water contact angle (CA) on silver covered
and then beaded titanium surfaces by using DSA 30 Drop Shape Analyser (Krüss GmbH, Hamburg,
Germany) at room temperature (25 ◦C). Drops of water (2 µL) were deposited on the top of the surface
with an automatic dosing system (0.5 mm diameter needle). The contact angles were automatically
calculated by fitting the captured drop shape to the degree calculated from the Young–Laplace equation.
The average contact angle was determined from ten drops of the measurement (n = 10). The measured
data were statistically analyzed by Student T-test (p < 0.05).

3.4. Cell Viability Assay

The cell viability on the different surfaces (polished Ti and Ti with different sizes of silver
nanoparticles) was examined by Alamar Blue assay® (Thermo Scientific, Waltham, MA, USA) for
dental pulp stem cells (DPSCs). Polished Ti samples were used as control. The 1 × 105 cells were seeded
to the surface of the investigated samples and cultured for 14 days in DMEM F12 (Gibco, Waltham, MA,
USA) supplemented with 10% (v/v) fetal bovine serum (FBS) (Gibco), 1% Glutamax (Gibco), and 1%
Antibiotic-Antimycotic (Gibco). The culture medium was refreshed 3 times a week. Three samples were
used for calculating the result for every measurement, as usual with biological samples. Alamar Blue
assay was carried out according to the manufacturer’s instructions; cell culture medium of each well
was replaced with 10% (v/v) of Alamar Blue solution and, after 2 h of incubation at 37 ◦C in a humidified
atmosphere with 5% CO2, the fluorescence of samples (100 µL) were measured using a microplate
reader (HIDEX Sense, Turku, Finland) at 544 nm excitation/595 nm emission.

4. Results

Figure 1 shows the difference between the individual silver layer thicknesses. The layer thicknesses
were carefully selected to form four different types of AgNPs. As mentioned above, the difference
between the average diameters of the nanoparticles created during heat treatment is to be clearly
defined as a function of the layer thickness.

The deposition of silver layers was followed by several analyzing steps of the sample surface
to control the size of the growing silver particles. After short, one minute heat treatment,
the silver-deposited titanium samples were investigated by SEM to obtain a visual image of the beaded
surface. Surface morphology was analyzed by applying National Instruments Visual Assistance image
analysis program. We could obtain the number, the size (diameter), and even the distribution function
of the silver nanoparticles changes in an area of about 9 µm2.

The parameters of AgNPs preparation were varied by: (i) changing the thickness of the silver layer
during the sputtering process (see Figure 1); (ii) changing the temperature during the heat treatment.
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Figure 1. Depth profile of the four samples with different silver thicknesses measured by secondary
neutral mass spectrometry (SNMS) method. The thickness of the layers was determined by the position
of the half interface width obtained from the position of the distances between 90 to 10% decay of
measured intensity.

In the case of fully beaded surfaces, there is a monotonic relationship between the diameter of
the silver nanoparticles and the temperature of the heat treatment. The larger the amount of material
deposited on the surface is, the larger were the nanoparticles that were obtained. It is also clear that,
at thinner film thicknesses, the diameter of the nanoparticles is independent of the heat treatment
temperature. By this method, silver nanoparticles of any average diameter can be produced between
40 and 400 nm (Figure 2). The cell growth investigations were performed at 600 ◦C heat-treated
samples because, in this case, the nanoparticles were well separated, even after 1 min of heat treatment.
The surface modification (Stages I, II, and III) of the samples was repeated on 24 samples. As a result,
the difference in diameter between the AgNPs was visible depending on the thickness of the layers.
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Figure 2. Scanning electron microscopy images taken of silver nanoparticles as a function of temperature
and thickness of the deposited layer (see the details in the text).

The SEM image in Figure 3 shows the surface of a sample having an initial layer thickness of
15 nm before 600 ◦C 1 min heat treatment. The red spots in Figure 3B correspond to the Ag-L peak
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and the green to the Ti-K peak, which are superimposed on the SEM image. The EDS mapping image
(Figure 3B) is illustrated and colored into Figure 3C according to the peaks defined by EDS.
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Figure 4 shows how the size distribution of silver nanoparticles on the TiO surface changed as
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4.1. Contact Angle Measurements

The mean values of contact angle measurements are summarized in Figures 5 and 6. The water
contact angles were 63.675◦ ± 0.608◦, 66.275◦ ± 0.826◦, 70.010◦ ± 0.667◦, and 105.263◦ ± 0.823◦ at 60 nm,
96 nm, 149 nm, and 368 nm silver particle size, respectively. The water contact angles increased
continuously with the size of the silver particles increasing.
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(* p < 0.01).

The mean contact angles of 60 nm, 96 nm, and 149 nm were below 90◦, indicating the water
behaved as a good wetting liquid on the tested surface, contributing to the hydrophilic nature of the
modified titanium surface. With 368 nm sized silver particles, the mean contact angle was higher than
the borderline value to demonstrate that the water behaved as a poor wetting liquid on the titanium
surface covered by bigger silver particles. Moreover, the statistical analysis showed that the means
differed significantly (p < 0.01) with increasing silver layer thickness.

4.2. Cell Growth

After 1 min heating at 600 ◦C, the nanoparticles were separated at each of the four films, and there
was a well-defined difference between their average size distribution. Therefore, newer samples were
prepared by the above-mentioned methods, but now only at 600 degrees. A total of 24 (4 × 6) samples
were treated at 600 degrees. Eight control samples were used in the experiments. Cells were grown on
each sample (Figure 7).
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Figure 7. SEM images with nanoparticles of appropriate average diameter (A): 60 nm; (B): 96 nm;
(C): 149 nm; (D): 368 nm and cell growth on them.

4.3. Cell Viability Assay

The cell viability on the superficial silver nanoparticles of different sizes was measured by
Alamar blue assay. As a control, the cells were also seeded on to the surface of untreated, polished
titanium surfaces.

After 14 days of culture, the cells seeded on surfaces covered by silver particles 60 and 96 nm in
average diameter showed viability similar to the control surface. However, in the case of the surfaces
covered with 149 and 368 nm average diameter silver particles, we observed monotonic reduction
(Figure 8) of cell growth compared to the 60 nm particle surface. The viability of the cells grown on the
149 and the 368 nm particle surface was also reduced when compared to the 96 nm particle surface.Appl. Sci. 2020, 10, x FOR PEER REVIEW 11 of 15 
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Figure 8. The effect of the diameter of superficial silver nanoparticles on the viability of dental pulp
stem cells (DPSCs). Cells were seeded on silver nanoparticle covered titanium discs and cultured for
14 days. Cell viability was measured by Alamar Blue assay. Values are expressed as sample means,
and error bars represent the standard deviations (n = 3). Statistically significant differences are indicated
with asterisks (* p <0.01).
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5. Discussion

We investigated samples with different AgNP-Ti surface configurations as a result of different
amounts of silver vaporized. Particle diameter, surface characteristics, cell viability, and hydrophilicity
were compared. The nanoparticles created from 3 nm vaporized silver layers by heat treatment at
600 ◦C for 1 min had a good antibacterial effect, as we demonstrated in our former experiment [23]
where the same 60 nm diameter silver nanoparticles were created and anchored to the titanium surface
using electron cyclotron resonance (ECR) ion source. In this recent paper, we demonstrated that a
surface with 60 nm silver particle diameter provided better viability for DPSCs than surfaces with a
bigger particle diameter. Figure 8 shows that a layer with 100 nm or larger average nanoparticle size
significantly decreased cell viability compared to 60 nm AgNP diameter.

The success of biomaterial and cell interaction is determined by many factors, from the part of the
substratum properties to cell–substratum interactions. A few works also revealed that cell behavior is
determined by not only surface properties but also cell type [33,34]. The influencing factors of surface
properties such as surface hydrophilicity, roughness, texture, chemical composition of the substratum,
charge, and others may be critical for the biocompatibility of the tested materials. Altankov et al.
found that cell proliferation and substratum surface wettability are in direct relation (water contact
angles were measured by the sessile drop method) [35]. Webb et al. studied the phosphate buffer
contact angle on modified glass surfaces at different pH by the sessile drop method, and they found
that hydrophilic surfaces (the better wetting ability by water) significantly enhance cell attachment
and spreading. Moreover, cell attachment is influenced by wettability and charging of the surface [36];
hydrophilic surface and moderate surface hydrophilicity promoted cell attachment. Surface wettability
can be analyzed with contact angle measurements that give information about surface hydrophilicity.
The contact angle data are strongly influenced by surface characteristics such as chemical composition
of the sample surface, surface topography, presence of entrapped air bubbles in surface irregularities,
and chemical interaction between the liquid and the surface. In this investigation, the tested sample
surface could be chemically considered as a heterogeneous (mixed) surface, where the Ag/titanium ratio
changed after heat treatment. Moreover, a surface roughness diversity appeared with the Ag formed
clusters (discontinuities) on the titanium surface, which meant an additional macro roughness surface
to the nanotopography of the polished titanium surface. The water CA was around 83◦ on polished
titanium (data not shown), and that value decreased to 63.675◦ after 60 nm AgNps were created on the
surface (Figure 6). The water contact angle value increased up to 105◦ by increasing the size of AgNps
to 368 nm. That can be explained by the change of Ag/Ti ratio on the actual surface, where the water
was connected to the surface. The smaller Ag particles meant the presence of more AgNPs on the same
sized testing area, which contributed to CA decreasing (from 83 to 63.675◦) compared to unmodified Ti.
The CA shifted to higher values with the increased Ag particle size, whereas Ag/Ti ratio decreased
(smaller amount of Ag on the same size test area). Based on our measurements, it was found that the
Ag/Ti ratio on the surface could also be determined by the shape and the size of silver nanoparticles.
Meng F. et al. found a similar water contact angle on titanium surfaces, which was 89◦ [37]. In their
study, the CA increased with silver deposition on the titanium surface, similar to our study findings.

In our study, the number of living cells was significantly greater on 60 nm and 96 nm silver
particle-sized modified titanium surfaces, where the measured contact angle was lower than 70◦. As the
higher contact angle meant lower wetting ability, which can directly affect the adhesion of cells [38,39],
we hypothesize that the observed reduction in cell number on the modified surfaces covered by 149
and 368 nm silver particles was directly associated with this phenomenon caused by the reduction of
the interactive material surface. Data of this paper reveal that 60 and 96 nm particle sizes of AgNP do
not significantly alter cell adhesion, which is a key clinical factor for successful dental implant therapy.

These features can play a high role in unambiguously identifying the exact silver nanoparticle
diameter range created on the surface of titanium implants. However, due to another crucial factor, it is
important to properly adjust the diameter of the nanoparticles; such a key consideration is economy.
The amount of silver applied to the surface of the implants in clinical use is greatly influenced by
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financial considerations, as it has become essential for the economical aspect to use the minimum
amount of silver required. Thus, it became important to apply as little silver to the implants as is
optimal for antibacterial effect, with the minimum amount of silver being used. Data reveal that
silver nanoparticle coated titanium surfaces with 60 nm particle diameter have a good antibacterial
feature, good biocompatibility, do not alter hydrophilicity, and contain less silver; thus, they may
be optimal for dental practice in long-term use. Data also suggest that a bigger particle diameter
decreases biocompatibility and cell viability and negatively alters hydrophilicity. Yang explains the
phenomenon by the fact that it is due to the hydration layer formed around each AgNP that negatively
affects the viability of the cells deposited on the surface [40]. The deposition of AgNPs on the titanium
surface creates a surface that is increasingly hydrophilic depending on the decreasing size of AgNPs.
This hydrophilic growth is greatly influenced by roughness of the surface [41], silver coverage, surface
growth, and air bubbles on the surface trapped under the cells [38]. Another presentation of these two
papers [38,41] is that AgNPs deposited to the surface are negatively charged, as shown in Figure 9 as
an illustration. A multi-contact negative charge has a positive effect on hydrophilicity.
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In summary, our research showed the diameter of the AgNPs formed as a function of the applied
layer thickness and selected the diameter of the AgNPs as a function of the layer thickness, which was
the least damaging to cell viability. Based on this, we can determine the amount of silver and the
treatment necessary for these AgNPs to get the most optimal physical conditions for the highest
cell viability.

6. Conclusions

In our study, we were able to produce silver nanoparticles of various sizes in a controlled manner
from 40 to 400 nm. We showed that the smaller the formed AgNP size on the Ti surface is, the more
hydrophilic the surface is. The negative charges of the AgNP can produce hydrophilic bubbles, and
finally better adhesion with different peptides can be reached. We optimized the size of the AgNPs on
the Ti surface to reach the best viable surface. Within the limits of this study, it can be presumed that
the layer of AgNP with the size of 60 nm positioned cervically on dental implants can help to prevent
periimplantitis without altering the viability of the adjacent cells.
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