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Abstract DC reactive magnetron sputtered Ag:TiO,
nanocomposite thin films were developed to be used as
protective coatings in pressure sensor devices. The coat-
ings, with Ag content varying from O to about 30 at.%,
were prepared and characterized in order to study their
biological response. The as-deposited samples were
annealed in vacuum at 500 °C in order to evaluate the
influence of their morphological and structural differences
over the response elicited upon contact with simulated
bodily fluids and cultured human cells, as well as selected
microorganisms. The results showed that the annealing
treatment produced less porous films with an enhanced
structure, with a significant reduction in structural defects
and improved crystallinity. Additionally, samples with
higher Ag contents (>12.8 at.%) exhibited Ag agglomer-
ates/clusters at the surface, a result anticipated from the
XRD data. The crystallization of the TiO, matrix was also
observed by XRD analysis, albeit delayed by the dispersion
of Ag into the matrix. Biological characterization showed
that the antimicrobial activity and cytotoxicity of the
coatings were directly related with their composition, clo-
sely followed by the particular structural and morphologi-
cal features, namely those resulting from annealing
process.
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1 Introduction

The present work emerges from the need to create protec-
tive layers for biosensors devices, capable of monitoring
pressure fields at the prosthesis/limb interface, in order to
optimize the use of the prosthesis by the amputees. These
layers should protect the strain sensors without affecting the
operating principle for which were designed. This requires
special properties as high corrosion and wear resistance,
good mechanical behavior and also chemical and thermal
stability. Furthermore, it is of utmost importance being
innocuous for the patient since the surface sensor will be in
direct contact with the human stump. This last requirement
also presupposes others sensor surface characteristics, for
instances being biocompatible, electrically insulator and
capable of preventing fungus, yeasts and bacteria prolifer-
ation, favored in bodily fluids such as human sweat.

In the past years, titanium oxide films have been
extensively used for biomedical applications owing to their
biocompatibility, chemical and mechanical stability, non-
toxicity and non-absorption [1]. Furthermore, over the last
decade several authors reported on the excellent photo-
catalytic properties of the TiO, suggesting its potential in
the healthcare sector for controlling infections upon UV
light irradiation [2, 3]. Thus, TiO, could be an excellent
candidate for biosensors protective layers. However, the
titanium oxide is a relatively brittle material, which may
restrict its use on applications where some ductility is
required, as is the case of polymer sensors. Moreover,
biopotential electrodes would greatly benefit if some level
of bactericide effect could be presented, in spite of the
good TiO, biocompatibility Silver addition to TiO,-based
system could fulfil these requirements, enabling the tai-
loring of the films elastic modulus (reducing stiffness) and,
simultaneously, a strong antibacterial activity against many

@ Springer



2070

J Mater Sci: Mater Med (2014) 25:2069-2081

kinds of bacteria even at lower concentrations. However,
the excellent Ag electrical performance [2, 4] could be a
drawback by allowing the electrical conduction along the
dielectric matrix. Thus, the chemical modification of the
devices surface must be strictly controlled to prevent
residual currents from being transmitted to the patient.

It is well known that silver nanoparticles, Ag-NPs, have
unique chemical and physical characteristics leading to
advanced magnetic, electrical, optical, mechanical and
structural properties when compared to the original bulk
materials. This work, focused on the broad-spectrum of
antimicrobial properties of Ag NPs, widely used in health
care, medical devices and surgical instruments [1, 5-7].
Furthermore, Foster et al. [3] showed that Ag:TiO, films
display good biocidal activity against hospital related
pathogens. Nevertheless, Ag-NPs have recently been con-
sidered a potential risk to biological organisms, including
humans, and to the environment [6—12]. Although the
toxicity of Ag-NPs is partly explained by the release of
Ag" ions, it remains unclear if Ag-NPs are a direct cause of
the enhanced toxicity. Several authors [6, 8] concluded that
growth inhibition and cell damage could be directly
attributed either to the NPs themselves or to the ability of
Ag-NPs to deliver dissolved Ag™ to critical biotic recep-
tors. Growing evidence suggest that the antibacterial
activity of Ag-NPs depends simultaneously on their size
and surface area; it is also clear that the remarkably higher
surface to volume ratio of NPs enhances the surface
properties and thereby increases the interaction with bio-
logical fluids (e.g. serum, saliva or mucus) [6]. Previous
toxicological studies did not conclusively establish the
toxicity of NPs, as reflected in a report published by the
Scientific Committee on Emerging and Newly Identified
Health Risks (SCENIHR) that concluded, from the existing
studies, that NPs might have different toxicological prop-
erties from the bulk substance, but their risks should be
assessed on a case-by-case basis [6].

The aim of this research was twofold (i) the production
of Ag:TiO, sputtered films with different compositions,
structural and morphological features; (ii) the assessment
of in vitro biocompatibility and the antimicrobial activity
of the coatings. For that two routes were selected, after
deposition and after heat treatment at 500 °C/60 min.

2 Experimental details

2.1 Preparation and microstructural characterization
of coatings

Ag:TiO, thin films were deposited by reactive DC magne-

tron sputtering, onto silicon (100) and Pilkington® glass
slides—in accordance with ISO 8037 norm for in vitro
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tests—the depositions were carried out in an mixture Ar/O,
atmosphere, injected into a laboratory-sized deposition
chamber. Constant fluxes of 60 and 9 sccm, corresponding to
Ar and O, partial pressures of 0.3 Pa and 0.08 Pa, respec-
tively, were used. The base pressure close to 2 x 10™* Pa
and the final working pressure (~0.38 Pa) were kept con-
stant during the entire coatings deposition process. The films
were synthetized with the substrate holder positioned at
70 mm from a pure (99.96 at.% of purity) Ti target
(200 x 100 x 6 mm), combined with different numbers of
Ag pellets (~60 mm? surface area and ~2 mm thickness),
symmetrically incrusted in the preferentially target eroded
zone (to obtain different Ag concentrations). The coatings
were grown in rotation mode (7 rpm) with a constant sub-
strate bias voltage of —50 V. The target was powered with a
current density of 100 A/m?. The deposition temperature and
time were set to approximately 150 °C and 2 h, respectively.

As-deposited coatings were annealed in a secondary
vacuum furnace, after evacuation to about 10~* Pa. The
selected temperature was 500 °C and the isothermal period
was fixed to 60 min, after a heating ramp of 5 °C/min.
After annealing, the samples were cooled down freely, in
vacuum, before their removal to room conditions. The
thermal treatment parameters were selected according to
previous studies [13, 14].

A Cameca SX-50 Electron Probe Microanalysis (EPMA)
apparatus, operating at 15 keV, was used to determine the
coatings chemical composition. The results presented in this
work are an average of four random points of the films
surface. Scanning electron microscopy (SEM) analysis, by
using a FEI Quanta 400F apparatus at 15 keV, was used to
determine the thickness and hence the deposition rate of the
films. This technique was also used to probe the main
morphological features of the cross-section coatings. The
topography and the roughness characteristics were assessed
using a Veeco di Innova Atomic Force Microscope (AFM).
The measurements were performed with variable scan rate
(0.6-0.8 Hz) over areas of 10 x 10 um* and 5 x 5 pm?
and the images obtained analyzed with a Gwiddion soft-
ware, in order to determine the average and the mean square
roughness of the post-deposited and post-annealing films.

The structural analysis was made by X-ray Diffraction
(XRD), using a Philips X’Pert PW 3020/00 diffractometer,
operating in a Bragg-Brentano configuration in grazing
incidence mode with Co-Ko radiation. The structural
parameters were obtained by deconvolution of the XRD
patterns, assuming Voigt functions.

2.2 Biological characterization of coatings
The ability of the post-deposited and the post-annealed

films to inhibit bacterial growth on liquid extracts, was
assessed using a turbidimetric method. The media
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conditioning was performed in two consecutive “washing
cycles” of each material after they had been sterilized, first
in 70 % ethanol and then in sterile water. Each cycle
consisted in 5 days-incubation at 37 °C of each material
(2.25 cm?) with 2 mL of Nutrient Broth (complete medium
for bacteria) or Yeast Extract Peptone Dextrose (yeast
complete medium). The test microorganisms used were
Escherichia coli K12, Staphylococcus aureus ATCC 6538
and Candida albicans ATCC 18804. All the inocula were
grown overnight and were diluted in the adequate broths/
extracts to an optical absorbance of 0.01 at 600 nm (bac-
teria) or of 640 nm (yeast). Incubations were carried out in
a 96-wells plate at 200 rpm for at least 360 min, at 37 °C
for both bacteria; and at 30 °C, for C. albicans. Two
controls were performed: the death control contained
kanamycin (bacteria)/fluconazole (yeast) and the negative
control, NC, used extract from glass samples. The last one
was selected for representing a similar surface known to
allow mammalian cell growth. The microorganism growth
was monitored by the optical density at 600/640 nm over
time and corrected for the background absorbance of each
blank (broths/extracts not inoculated), using a SpectraMax
340 PC spectrophotometer. The specific growth rate
(min~") was obtained from the exponential time points for
each growth curve and related to the specific growth rate
(min~") of the glass control as percentage.

The cytotoxicity evaluation of the thin films was per-
formed using two distinct methods and two different cell
lines. The samples were cut into squares so that they could
fit inside a well of a 24-wells plate (1 cm?). The samples
were sterilized in 70 % ethanol, washed three times in PBS
and then allowed to dry at room temperature (inside a
vertical laminar air flow cabinet). The indirect contact
assay was performed with the primary cell culture of
mouse embryonic fibroblasts (MEFs) to test the general
toxicity of materials. The medium conditioning was per-
formed by incubating each material with 600 pL of cell
culture medium (Dulbecco’s modified Eagle’s medium
supplemented with 10 % (v/v) Fetal Bovine Serum and
1 % (v/v) of penicillin/streptomycin), either 24 h or 5 days
at 37 °C under 5 % CO, atmosphere. The day before the
experiments, cells were seeded at a density of 10,000 cells/
well on three 96-wells tissue culture plates. Cells were
exposed to 100 pL of extracts and incubated during 24, 48
and 72 h, at 37 °C in a humidified atmosphere with 5 % of
CO,. Cell metabolic viability was quantified using the
AlamarBlue® assay (AlamarBlue® Cell Viability Reagent,
Invitrogen).

Cytotoxicity was also evaluated by a direct method,
continuously, for 3 days. In this procedure, the immortal-
ized human skin fibroblasts, BJ-5ta (ATCC CRL4001),
were seeded directly on top of the material in 24-wells
plates at a density of 80,000 cells/well and they were

maintained in a humidified atmosphere at 37 °C and 5 % of
CO, for three days. The medium (4 parts of Dulbecco’s
modified Eagle’s medium, 1 part of medium 199 supple-
mented with 10 % (v/v) fetal bovine serum, 1 % (v/v) of
penicillin/streptomycin solution and 10 pg/mL hygromycin
B) was refreshed after 24 and 48 h; at these time points, the
measurement of cell viability was performed by the addi-
tion of the nontoxic reagent AlamarBlue.

3 Results and discussion
3.1 Microstructural characterization

The fundamental characteristics of the four as-deposited
coatings from the Ag:TiO, system are presented in
Table 1, as well as those related to the Ti—O reference
sample. Throughout the entire text the coatings will be
denoted as ascribed in Table 1. A TT suffix (thermal
treated) will also be introduced.

Regarding the chemical composition, EPMA analysis
revealed that all coatings were chemically homogeneous
with no significant variation of the constituents. The Ag-
content ranged from 0.1 to ~28 at.% by changing the
number of Ag pellets positioned on the pure Ti target.

It is also possible to notice that the increase of Ag
content resulted in an overall enlarge of the films’ thickness
due to the corresponding increase of the deposition rate. As
reported by Zakrzewska [15], the higher deposition rate
should be related with the fact that the sputtering rate of
noble metals is commonly higher than that found in com-
pound targets, such is the case of the oxide passive Ti
targets. The coatings in study were obtained in reactive
mode, thus this phenomenon must be contemplated.
However, the increasing fraction of Ag pallets on the Ti
target will gradually reduce the poisoning effect, inducing
a gradual enhancement of the deposition rate of the
coatings.

All the coatings were submitted to thermal treatment at
500 °C. As was expected, no significant changes in the
thickness and chemical profile of the coatings were
obtained, since the annealing process was done in vacuum.
On the other hand, the energy transferred during the

Table 1 Main characteristics of the as-deposited Ag:TiO, coatings

Sample  Ag content (at.%)  Thickness (um)  Roughness (nm)
TiO, 0 0.2 5.9
Ag #1 0.1 0.3 6.0
Ag #2 12.8 0.8 127.9
Ag #3 23.3 2.0 164.6
Ag #4 27.7 14 86.6
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annealing processes will surely induce some structural and
morphological changes into the films [13, 16, 17], as will
be later described.

In respect to the as-deposited and as-annealed mor-
phologies, the cross-section SEM micrographs of the
coating are presented in Fig. 1. As a consequence of the
thermal treatment, two main morphological modifications
can be noticed. The first is directly related with the Ag
content dispersed in the TiO, host matrix, while the second
could be correlated with the structural and morphological
rearrangements occurring as a result of the annealing
process.

Upon the addition of Ag, the distinctive columnar
structure of pure TiO, and Ag #1 was changed into a more
disordered microstructure, less compact and relatively
more porous (Fig. 1). The increasing Ag incorporation
from Ag #2 to Ag #3, corresponding to ~ 13 and ~24 at.%
Ag, respectively, leads to the formation of Ag clusters/
aggregates, uniformly distributed on the coating’s surface.
Figure 1 evidences the presence of small Ag clusters sur-
rounding larger ones, Fig. Ic;), which might be an indi-
cation of Ag diffusion and its coalescence at the surface.
These results are in accordance to those previously repor-
ted by other authors [13, 18-20]. The further increase of
the Ag content leads to a significant change in the Ag #4
thin film morphology, presenting an atomic concentration
of 27.7 at.% Ag, as can be seen in Fig. 1d;). For this
coating the columnar microstructure evolves to a more
granular and compact one and is also well denoted the Ag
clusters homogeneously distributed within the TiO, matrix.
Moreover, the large Ag oblate agglomerates, observed in
the films with low and intermediate Ag contents (samples
Ag #2 and Ag #3 with 12.8 and 23.3 at.% Ag, respectively)
seem to give rise to significantly smaller metallic spherical
clusters on the coating’s surface. This unusual morphology
might be easily explained considering that ~ 28 at.% of the
film composition is Ag, with only ~24 at.% of Ti. This
means that during the coatings formation a significant
amount of Ag metallic reaches the growing film (even
exceeding Ti), creating favorable conditions for clustering.
The research work of Torrel et al. [14] supports this idea by
sustaining that small NPs clusters tend to be almost
spherical whereas larger NPs had oblate form [10].

AFM images in Fig. 2 illustrate the surface morphology
of Ag:TiO, thin films, supporting the observed morpho-
logical SEM evolution in the as-deposited coatings. The
topography of the TiO, reference coating, Fig. 2a), follows
the results obtained by Amin et al. [21]. The statistical
mean roughness of 4.65 nm and the real area of 101.1 um?
sustenance the regularity of small size presented by the
particles along the surface of the coating.

For coatings containing Ag addition, the AFM maps
show that the surface roughness is directly dependent on
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the shape and size of the Ag clusters, which in turn is
directly related with Ag content. For Ag #2 and Ag #3
samples, Fig. 2b, c) the larger Ag agglomerates at the
surface increases the surfaces roughness (Table 1). None-
theless, for the sample with the highest Ag content, Ag #4,
this evolution trend changed. As can be seen in Fig. 2d) the
surface roughness is much lesser than for other coatings.
These results are in agreement with those present previ-
ously concerning morphological analysis.

Concerning the thermal effect on surface morphology, it
is clear that outward diffusion was enhanced, leading to a
clear gradient in Ag composition throughout the film
thickness and to an increased size in Ag nanoclusters. The
coatings microstructures are now heterogeneous, as can be
seen in Fig. 1c,, dy). These results in addition to Ag con-
tent enlarge in the outermost regions of the coatings have
been observed in other works [13, 14, 19]. The thermal
treatment of the highest Ag content sample (Ag #4) leads to
TiO, matrix crystallization. This structural variation
enhances Ag diffusion along TiO, grain boundaries,
although it was still possible to perceive Ag incorporation
throughout the matrix (Fig. 1d,).

Heat treatments are known to promote both diffusion and
coalescence of Ag, but also the crystallization of the host
matrix [13, 14, 17, 19]. Changes of shape, size, crystallinity
and distribution of Ag agglomerates were endorsed to TiO,
crystallization, as was observed by SEM analysis. The
crystallization process of the matrix was particularly evi-
dent in the morphology of the TiO,_TT and Ag #1_TT
samples, Fig. la,, b,), evolving from porous and columnar
microstructures to compact and granular ones.

In order to investigate how the correlation between the
morphological and the topographical evolution influenced
the overall films response, a detailed structural evolution on
post-deposited, Fig. 3, and post-annealed samples, Fig. 4,
was carried out by XRD analysis. The indexed crystal
phases suggest that the thermal annealing process, by
inducing the diffusion and the coalescence phenomena,
leads to a progressive growth of the Ag clusters. This result
is well established by the increasing definition of the Face-
Centered Cubic, FCC, Ag-indexed diffraction patterns,
especially notorious in the samples with higher Ag con-
tents. The grain size evolution of the Ag nanoparticles can
be easily being determined from Fig. 4. A clear decrease of
the full width at half maximum (FWHM) of the narrower
and more intense diffraction peaks is noteworthy, meaning
well-defined FCC Ag structures and larger grain sizes of
the metallic phase. Besides and alongside the preferential
Ag orientation growth (111), new XRD diffraction peaks
arise at 20 ~ 44.33° and ~44.33° [ICDD card N°
004-0783] corresponding respectively to (200) and (220)
FCC plans. This is particular noticed for the samples with
higher Ag addition (Fig. 4).
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Fig. 1 SEM cross-section Post - Deposition Post - Annealing
micrographs of the post-

deposited (left) and post-
annealed (right) samples with
Ag contents of: a 0 at.% (TiO,
reference); b ~0.1 at.% (Ag
#1); ¢ ~23.3 at.% (Ag #3) and
d ~27.7 at.% (Ag #4)
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«Fig. 2 AFM images of as-deposited samples in 3D (left) and 2D
(right) modes: a TiO, reference; b Ag #2; ¢ Ag #3 and d Ag #4

r TiO, (110) B 1105 (105)

Ag (111) r TiO, (211)
Ag (200) a TiO, (211)
A ~ = = Ag(220)
— g =) g ;
S) S S S
il = = =] Ag#d
«® < «® <
Ag#3
! Ag#2
W WMMW o
TiO
T ¥ T ¥ T L4 M%WMJ 1 1 ’
20 30 40 50 60 70

26 Angle (°)

Fig. 3 Structural evolution of the as-deposited Ag:TiO, coatings,
function of the increasing Ag content
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Fig. 4 Structural evolution of the annealed Ag:TiO, coatings,
function of the increasing Ag content

Evidences of the FCC-type Ag crystalline structure can
also be found in the as-deposited samples by the presence
of (111) orientation Bragg peak, localized at 20 ~ 38.26°.
On a par also Ag #2 and Ag #3 coatings show similar
features, but in these samples silver is probably dispersed
in the amorphous TiO, matrix, due the broad and low
intensity FCC diffraction peaks. These structural results are
in accordance to those obtained by Okumu et al. [22], who
suggest that the Ag dispersion by sputtering is an conse-
quence of the impinging energetic oxygen ions formed
during the Ag:TiO, grown.

Additionally, the XRD patterns confirm the already
mentioned changes on the microstructure of the samples

induced by the thermal annealing, namely a clear crystal-
lization of the oxide dielectric matrix, as demonstrated by
the diffraction patterns of anatase located at 25.29° and
48.19° [ICDD card N° 021-1272]. In the case of pure
annealed TiO,_TT and Ag #1_TT samples, Fig. 4, both
tetragonal phases: anatase and rutile [ICDD card N°
078-1508], located at 20 ~ 27.63°, could be detected. For
higher Ag contents (>13 at.%), the crystallization of TiO,
at 500 °C in vacuum seemed to be delayed. It seems that
the fine dispersion of silver in the amorphous TiO, matrix
may inhibit the growth of the average particle size, being
the extent of this inhibition dependent on the amount of Ag
present in the matrix. The presence of Ag atoms seemed to
increase the activation barrier for crystallization [13, 19],
since during the sputtering process Ag became a physical
barrier to confine the TiO, nanoparticles, i.e., TiO, nano-
particles would be surrounded and separated by the Ag
atoms. Afterwards, the energy necessary for the movement
of the grain boundary for merging TiO, nanoparticles
increased and this phenomenon consequently inhibited the
TiO, grain growth. In summary, the extent of such inhi-
bition is dependent on how well the TiO, crystallites are
separated, which correlates to the amount of Ag present in
the films [23, 24].

3.2 Biological characterization

Silver is added to titanium dioxide thin films with two main
purposes: to reduce the brittle-like character of TiO, films
and to confer antimicrobial properties. These two features
support the use of the developed Ag:TiO, thin films for
applications such as top/protective coating to be used in
pressure sensors for lower limb prosthesis, the main focus
of the present work.

To study the ability to inhibit microbial growth of dis-
tinct TiO, thin films doped with different atomic percent-
ages of Ag, an experimental protocol was designed, where
sterile culture medium was incubated for 5 days at 37 °C
with the sputtered as-deposited and thermal treated sam-
ples. Then, these conditioned media were inoculated and
the microbial growth was monitored by optical density to
obtain a growth curve. Death controls using kanamycin for
both Gram positive and Gram negative bacteria, and
fluconazole for C. albicans, were prepared in parallel. The
relative specific growth rates presented in Fig. 5 were
calculated as percentage of the specific growth rate,
obtained from the negative control (microorganism grown
in media previously incubated with glass), since pre-
liminary assays confirmed that glass-conditioned medium
did not inhibit the growth of the tested microorganisms.
Two consecutive washing cycles were performed, with
each piece of material, in order to have an idea of how
stable their antimicrobial activity was.

@ Springer



2076

J Mater Sci: Mater Med (2014) 25:2069-2081

Fig. 5 Antimicrobial effect of
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According to the results (Fig. 5), none of the extracts of TiO,
held any antimicrobial property against S. aureus, E. coli and C.
albicans. On the contrary, it was found that media previously
incubated with Ag #2 and Ag #3 as-deposited films, completely
inhibited the growth of bacteria and yeast. These results sustain
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that the antimicrobial effect is not significantly lost after two
washing cycles of 5 days each, as tested. The media previously
in contact with Ag #1 as-deposited film, obtained from both
washing cycles were unable to inhibit the bacteria or the yeast,
except for the 2nd extract that inhibit the growth of E. coli.
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The same image (Fig. 5) reveals that Ag:TiO, thin films
thermal annealed at 500 °C produced quite different
results. C. albicans was not inhibited by none of the
extracts. Only the first extract conditioned with Ag #3_TT
inhibit the growth of both S. aureus and E. coli, but this
property was lost in the second washing cycle. Ag #2_TT
was no longer able to inhibit bacteria. The second extract
from Ag #1_TT inhibits the growth of S. aureus. The Ag
#4 films behaved surprisingly different from what it would
be expected according to its highest content of Ag. In
general, the liquid extracts obtained from this film were
less efficient in preventing microbial growth when com-
pared to Ag #3 or Ag #2 samples. The yeast growth was not
affected by none of the tested Ag #4 liquid extracts.
Regarding bacteria, Ag #4 and Ag #4_TT affected growth
differently. For this particular thin film, the heat treatment
seems to delay the diffusion of Ag to the liquid extract,
since only the second liquid extraction significantly affec-
ted both Gram positive and Gram negative bacteria. Both
the first and second lixiviates obtained from Ag #4 as-
deposited coating have the capacity to decrease the relative
specific growth rate but in the second “washing cycle” this
capacity is diminished.

The results obtained suggested that the diffusion of Ag
ions (Ag™) or Ag? particles from the surface of the coatings
to aqueous solutions is as a function of the silver content.
As already mentioned, the annealing process did not affect
the chemical composition in terms of amount of Ag pres-
ent, but it affected the structure and the morphology of the
Ag: TiO, system, promoted by rearrangements of Ag na-
noclusters and by the crystallinity degree of the TiO, host
matrix. These induced changes conferred some thermody-
namic stability to the sintered system and diminished the
diffusion of Ag outward the surface films when exposed to
an aqueous environment. In general, it was found that
above 12 at.% Ag, the films exhibit antimicrobial proper-
ties under the tested conditions, although this property was
lost after heat treatment. Due to differences in the prepa-
ration and biological characterization methods, a direct
comparison between these results and others is not
straightforward. Yu et al. [25] have produced Ag:TiO, thin
films with atomic percentages below 2.28, annealed at 500°
C, all of which were described as having an antimicrobial
effect against E. coli. Apart from the different method used
to obtain the Ag:TiO; films, the bacteria suspension was in
direct contact with the film which boosted the observed
effect. Hsieh et al. [26], produced Ag:TiO, thin films by
reactive sputtering in Ar 4+ O, atmosphere, annealed at
500 °C. After 24 h, the films containing 7 and 10 at.% of
Ag exhibit considerable antimicrobial activities.

A direct method, adapting the disc diffusion method, was
also employed for the qualitative assessment of antimicro-
bial effect, of each material, including the glass control. The

square pieces (2.25 cm?) were laid on top of an inoculated
0.5 % agar overlay and a small growth inhibition halo was
observed for E. coli and S. aureus around the two materials
with the highest Ag content (data not shown). These results
confirmed that only Ag #2, Ag #3 and Ag #4 as-deposited
films exhibited, in fact, an antimicrobial effect.

Elemental silver and silver salts have been used for
centuries as antimicrobial agents in health care [27]. Three
main mechanisms of Ag and Ag salts antibacterial activity
are currently proposed: uptake of free Ag ions followed by
disruption of ATP production and DNA replication; gen-
eration of reactive oxygen species (ROS); and direct
damage to cell membranes [11]. Ionic Ag has known
antibacterial properties, thus, it is expected that ions eluted
from silver nanoparticles are responsible for at least a part
of their antibacterial properties. The diffusion of Ag ions
will depend not only on the concentration but also on the
structural and physical properties of Ag-containing mate-
rial like particle size, shape, crystallinity, surface chemis-
try, and on the environmental conditions like pH, ionic
strength and the presence of ligands [11]. Our results show
that the antimicrobial behaviour of the Ag:TiO, films was
determined both by Ag concentration and by heat treat-
ment. As previously mentioned, upon post-annealing
treatments, the samples went through meaningful varia-
tions in their structure and morphology (see Sect. 3.1).
With the crystallinity improvement in both Ag nanoclusters
and dielectric TiO, matrix, the system earns stability as a
whole and the release of Ag to the aqueous environment
was reduced. The methodology used to test antimicrobial
activity (indirect approach using conditioned media)
requires that the release of Ag, regardless of its oxidation
state, must occur to achieve toxicity against the tested
microorganisms.

Antimicrobial activity is common with heavy metals
like lead or mercury, but Ag presents the advantage of
being by far less toxic to humans. Even so, although
metallic Ag being considered of minimal health risk, once
at a nanoscale, some materials start to exhibit significant
toxicity to mammalian cells [27].

To gain a general insight into the cytotoxicity of
Ag:TiO, films, mouse primary embryonic fibroblasts
(MEFs) were used as a mammalian cell model. The results
obtained by testing the conditioned animal cell culture
media mirrored the results of antimicrobial activity
(Fig. 6). Extracts from one and five days-incubation of
TiO, and Ag #1 thin films were not toxic to MEFs, com-
pared to the glass control, even after 72 h of cell exposure.
Extracts from Ag #2, Ag #3 and Ag #4 thin films induced
more than 55 % reduction in MEFs viability after the first
24 h of exposure. Ag #4 led to complete death of MEFs.
The fact that there was no significant difference between
the extracts obtained after 24 h and 5 days may indicate
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Fig. 6 Viability of mouse
embryonic fibroblasts, MEFs, in
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that the silver leaching attained the equilibrium in the first
24 h of medium conditioning. The conditioned media
obtained by contact with annealed films were not toxic to
MEFs when exposed for 48 h. After 72 h of exposure to
media, previously conditioned for a day, the viability
started to decrease but with no statistical significance.

By inductively coupled plasma mass spectrometry (ICP-
MS), the presence of Ag in cell culture medium was
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confirmed in extracts conditioned with films with the
highest silver contents—Ag #2, Ag #3 and Ag #4
(Table 2), after 24 h of contact at 37 °C. For TiO, and Ag
#1 samples, it was not possible to detect any Ag in extracts
by ICP-MS. The improvement in the crystallinity of the
TiO, as well as the stability of Ag clusters inside the host
matrix reduced Ag leaching from the film to the sur-
rounding aqueous media, as given by the lower Ag
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Table 2 Silver concentration in cell culture medium after 24 h in
contact with Ag:TiO, thin films deposited onto glass substrates, as
determined by ICP-MS

Sample Ag content (mg/L)
As-deposited As-annealed

Glass 0 0

TiO, 0 0

Ag #1 0 0

Ag #2 1.31 0.26

Ag #3 1.84 0.45

Ag #4 1.23 0.86

concentrations found in extracts from these materials. As
expected, for the post-annealing samples, the Ag release
increased with Ag atomic percentage, but for the as-
deposited thin films, the Ag release from Ag #4 was even
lower than the amount released from Ag #2, which is in
agreement with the film morphology, namely with size,
shape and homogeneously distribution of Ag clusters along
the TiO, matrix (see Sect. 3.1).

Since for biomedical applications, an intimate contact
between the developed thin films and human skin is
required, a complementary assay was performed to evalu-
ate the potential induction of toxicity when in direct con-
tact with normal human skin fibroblasts (BJ5ta cell line).
The results indicate that Ag #2, Ag #3 and Ag #4 thin films
were toxic to BJ-5ta cells (80 % reduction in cell viability
at 24, 48 and 72 h of contact) (Fig. 7). In contrast to the
previous test, Ag #1 film induced some toxicity after 48

Fig. 7 Viability of hTERT-
immortalized human foreskin 120
fibroblast cell line, BJ-5ta, after
contact with sterilised
suspensions of CS, LS and CS-
LS nanoparticles during 24, 48 100
and 72 h. The viability is ey
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and 72 h of contact. Another very interesting result regards
the fact that, when in direct contact with fibroblasts, the
annealed films induced the same level of toxicity as the as-
deposited coatings. The higher toxicity can be attributed to
the direct contact between cells and the material where
intrinsic physical properties of the surface affects either the
viability or the capacity of cells to adhere to the film. Since
the surface physical properties of Ag #1 are not so different
from the neat TiO, thin film. The results demonstrate that
these cells in direct contact with the coatings can be
affected by the presence of smaller amounts of Ag. When a
toxic effect is observed, neither MEFs or BJ-5ta fibroblasts
are able to recover over the 72 h of direct or indirect
contact with the Ag:TiO, thin films.

Abundant research has been devoted to study the applica-
bility of Ag antimicrobial properties, however most studies
havenit assessed the impact and toxicity of silver to relevant
mammalian cell lines. The huge heterogeneity in sensitivity of
different cell lines to a particular material is well known [12,
28], but frequently only one cell line is tested and often this
cell line is not normal or primary. In this study, the authors
tested primary cells (MEFs) and a human skin normal fibro-
blast cell line, given the final application of the produced
Ag:TiO, thin films. Two different methodologies were used to
evaluate the influence of direct and indirect contact between
two different mammalian cell types and films, in culture media
previously incubated with films containing leachable. In the
attempt to obtain the best tuning of Ag:TiO, coatings prop-
erties, before in vivo testing, it is important to minimize
cytotoxicity to mammalian and human cells but simulta-
neously maximizing the antimicrobial effect in vitro.

I 24 hours
148 hours
I 72 hours

N N
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4 Conclusions

In this study the influence of Ag concentration on Ag:TiO,
sputtered coatings properties was fully characterized. The
assays were carried out in a dielectric titanium oxide
matrix with Ag content ranging from 0.1 to ~30 at.%. The
presence of Ag led to its diffusion and coalescence from
the columnar boundaries of TiO, matrix towards the sur-
face, noticeable by the denser coatings microstructure.
Annealing treatments at 500 °C promoted Ag diffusion to a
clear clustering process of the metallic NPs, increasing
their agglomeration sizes. Additionally, the thermal treat-
ment also produced changes on both Ag-NPs shape and
matrix structure. The FCC structure of the noble metallic
phase became more significant, but the anatase phase
crystallization was delayed due to presence of Ag disper-
sion. The biological tests indicated that the as-deposited
samples with Ag contents above 12 at.% displayed anti-
microbial activity, which was partially lost after the heat
treatment, as it reduced Ag release to the aqueous envi-
ronment. Moreover, the results of antimicrobial activity
were mirrored by the cytotoxicity for conditioned animal
cell culture media.

Further studies should be carried out in order to char-
acterize the stiffness and conductivity of Ag:TiO, thin
films, since these features will determine their performance
as a protective layer of sensors. This work highlighted the
potential of silver nanoparticles to tailor TiO, matrix
physical and biological properties and it was an essential
step towards the assessment of the ideal Ag concentration
for the protective layer interfacing between the human
body and pressure biosensors, such as in prosthetic devices.
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