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Biofilm formation has been pointed as a major concern in different industrial applications, namely on
biomedical implants and surgical instruments, which has prompted the development of new strategies
for production of efficient antimicrobial surfaces. In this work, nano-galvanic couples were created to
enhance the antibacterial properties of silver, by embedding it into amorphous carbon (a-C) matrix. The
developed Ag/a-C nanocomposite coatings, deposited by magnetron sputtering, revealed an outstanding
antibacterial activity against Staphylococcus epidermidis, promoting a total reduction in biofilm formation
with no bacteria counts in all dilution.

The open circuit potential (OCP) tests in 0.9% NaCl confirmed that a-C shows a positive OCP value, in
contrast to Ag coating, thus enhancing the ionization of biocidal Ag* due to the nano-galvanic couple
activation. This result was confirmed by the inductively coupled plasma-optical emission spectroscopy
(ICP-OES), which revealed a higher Ag ionization rate in the nanocomposite coating in comparison with
the Ag coating. The surface of Ag/a-C and Ag coatings immersed in 0.9% NaCl were monitored by scanning
electron microscopy (SEM) over a period of 24 h, being found that the Ag ionization determined by ICP-OES
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was accompanied by an Ag nanoparticles coalescence and agglomeration in Ag/a-C coating.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

The development of antibacterial surfaces has been pointed as
an emerging strategy in different industrial applications, namely, in
textiles, medical instruments, food packages and indwelling med-
ical devices [1-3]. Most of living bacteria are found to grow in
biofilms which strongly adhere to different types of surfaces, where
they find a strategic survival mechanism. This phenomenon leads to
the failure of different types of components used in the above men-
tioned applications, which represents a huge economic loss and
also a public health concern when it comes to fields such as med-
ical devices or food packages. Among different strategies adopted
for the development of anti-infective surfaces, the incorporation
or utilization of bulk materials, with intrinsic bactericidal activity
has become a very current approach [2], where Ag-based materials
have gained a great popularity. The use of Ag in bulk form has been
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ceasing over time and, presently, it is widely used in nanoparti-
cle form, due to the enhanced antibacterial effect promoted by the
higher surface to volume ratio.

Over the past decade great efforts have been dedicated to under-
stand different aspects related to the antibacterial effect of Ag
nanoparticles (NP), namely, their mechanisms of actuation and
their stabilization in complex biological medium. The proposed
mechanisms underlying the biocidal activity of Ag nanoparticles
are: (i) release of Ag ions [4]; (ii) direct physical contact between
bacteriaand NP [5] and (iii) generation of free radicals [6]. This issue
is still widely studied, and, presently, some controversial results
are still being reported, with some authors claiming that the Ag
antibacterial activity is related to the Ag ions action [ 7,8], while oth-
ers claim that the other factors should also play arole [9,10]. Several
fundamental studies regarding the ionization mechanisms of free
Ag nanoparticles have been performed in mili-q water [11] and,
more recently, in more complex biological medium simulating the
real conditions found within the human body [12,13]. The results
indicate that the Ag ionization is reduced in the presence of Cl~ or
PO43- ions, due to the formation of Ag complexes, and also in the
presence of thiol and selenide containing compounds, which block
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the particle surface and prevent the dissolution [13], thus hamper-
ing the long term antibacterial activity, especially if considering
that the Ag ions play a key role in Ag antibacterial efficiency.

The use of Ag nanoparticles in real applications comprises
its incorporation in different matrix materials, including poly-
mers/textiles [14,15] or bioactive glass [16], as well as in
nanocoatings [17-27]. In the specific case of nanocomposite
coatings their deposition can follow different routes, namely,
physical vapor deposition methods, which allow to deposit mul-
tifunctional nanocomposite coatings, based on metal (Me) oxides
[19,20], nitrides [21,22], carbonitrides 23,24 ] or amorphous carbon
[25-27] matrixes containing the Ag nanoparticles. In this context
Ag-Ti coatings have also become very popular, own to their poten-
tial antibacterial activity and electrical properties, which are highly
desirable for sensor applications [28,29]. These deposition meth-
ods allow to tailor the Ag nanoparticles size/amount and also the
morphology of the matrix, being generally accepted that smaller
particle sizes and more porous matrixes enhance the antibacte-
rial activity; in fact, smaller NPs have higher reactivity and porous
nanocoatings enhance the interaction with the electrolyte. Nev-
ertheless, some issues are still not solved in what regards the Ag
based nanocomposite coatings, namely: (i) the influence of the
matrix chemistry on the antibacterial efficiency and (ii) the long
term antibacterial activity. For instance, Kelly et al. [21] compared
the behavior of different transition metal nitride coatings (TiN, ZrN
and CrN) alloyed with similar amounts of Ag and they found that,
despite the very similar morphology of different nanocomposite
coatings, the CrN showed the best antibacterial effectiveness, while
for TiN matrix the antibacterial activity was not observed. The influ-
ence of the matrix of the coating on the antibacterial activity was
not truly described in the paper, in particular the possible effect of
its electrochemical activity.

The main goal of this research is to contribute for the under-
standing of the importance of the electrochemical properties of
the matrixes for enhancing the Ag antibacterial effect of Ag-NPs
containing nanocomposite coatings. In this work the in- vitro
antibacterial activity of Ag/a-C nanocomposite coating is compared
with Ag and a-C coatings and a special emphasis is given to the
role of coatings electrochemical properties on Ag ionization and the
evaluation of Ag nanoparticles evolution along the immersion time.
The deposition method followed was dual magnetron sputtering, a
well establish technique in industrial environment. Following this
deposition method a specific type of diamond like carbon (DLC)
coating can be obtained, which is generally classified as amorphous
carbon (a-C), being characterized by a high amount of sp? type
bonds combined with sp3 bonds, which content is about 5% [30].

2. Material and methods
2.1. Coatings deposition

a-C, Ag/a-C and Ag coatings were deposited by dc magnetron
sputtering onto TEM grids with carbon foil (used for transmission
electron microscopy (TEM) analysis) and stainless steel (SS316L),
used for all the other characterization techniques. The deposi-
tion chamber contains two opposite magnetrons and a rotating
substrate holder, being pumped by rotary (Pfeiffer Vacuum, DUO
20M) and diffusion (BOC Edwards-Diffstak 160/700) pumps to
a base pressure of 5x10~4Pa. The a-C and Ag coatings were
deposited using pure C (99.99%) and Ag (99.99%) targets, respec-
tively, while the Ag/a-C nanocomposite coating was deposited
using both targets simultaneously. The targets have dimensions
of 200 mm x 100 mm. Previously to deposition process the sub-
strates were polished using emery paper (from 320 to 1200) and,
afterwards, ultrasonically cleaned in acetone, ethanol and distilled

water for 15 min in each solvent. In order to further improve the
coatings adhesion to the substrate, an etching process was per-
formed before each deposition in an argon atmosphere (Ar flow
of 35sccm) by applying a pulsed dc bias voltage of 575V to the
substrate holder, being the reverse time and frequency 1.6 ws and
250 kHz, respectively. Simultaneously, the C and Ag targets were
connected to dc power supplies, and power densities of 1.75 W/cm?
and 0.25 W/cm? were applied to the targets, respectively, in order
to eliminate the contamination from their surface. During the etch-
ing process, the substrates were protected by a stainless steel
shield. The depositions were performed with substrates rotating
at 10 cm from the target with a constant speed of 18 rpm. A pulsed
negative dc bias voltage of 50 V was applied to the substrate holder,
and no additional heating was applied. During deposition, the Ar
flow was kept at 42 sccm, which results in a deposition pressure
of 5 x 101 Pa. The a-C and Ag coatings were deposited by applying
power densities of 7W/cm? and 0.09 W/cm? to the C and Ag targets,
respectively, whereas same power densities were used simulta-
neously for the deposition of Ag/a-C nanocomposite coating. The
deposition times were adjusted in order to obtain a thickness of
1 pm for a-C and Ag/a-C coatings and 300 nm for the Ag coating.

2.2. Coatings chemical composition, structure and morphology

The coatings chemical composition was determined by electron
probe microanalysis (EPMA), in a Cameca SX 50 apparatus. Five
punctual measurements were randomly performed on the sam-
ple surface, with an acceleration voltage of 10kV. The coatingis
structure was evaluated through grazing incidence X-ray diffrac-
tion (GIXRD) in a PANalytical X'Pert PRO MPD system using Cu Ko
radiation (45kV and 40 mA) with a parallel beam configuration.
The incident beam optics consisted of a hybrid monochromator
(with a Cu W/Si mirror and a double crystal Ge (220)). A parallel
plate collimator (0.7°) and Soller slits (0.004°) were mounted on
the path of the diffracted beam. A PIXcel detector in receiving slit
mode was used for X-ray collection. The analysis were performed
in grazing incidence mode with an angle of incidence of 1°. For
the Ag/a-C coating an additional analysis was performed at an inci-
dence angle of 0.1°, which is below the carbon critical angle (ac,
which is at about 0.2°), thus allowing to determine the grain size
of Ag particles sitting on coatings surface. The Ag grain size was
determined by Scherrer formula using the (111) peak [31]. The XRD
peaks were fitted with pseudo- Voigt function, which allowed us to
calculate either the full-width at half-maximum (FWHM) and the
peak position (20). The Ag/a-C coatingis morphology was evaluated
through transmission electron microscopy analysis in a TEM Tec-
nai G2 apparatus working at 200 kV. The Ag/a-C coating observed
in TEM analysis was deposited into TEM grid with carbon foils with
a deposition time of 5 min, which allowed to obtain a thickness of
about 40 nm, thus avoiding any need of sample preparation.

The coatings morphology in as-deposited state, after immer-
sion in 0.9% NaCl and after halo inhibition tests were monitored
through scanning electron microscopy (SEM) in a SEM, EDAX Nova
nanoSEM 200 equipment. The Ag particle size was determined by
analyzing the SEM micrographs in Image] software; only particles
with sizes above 10 nm and with circularity between 0.7 and 1 were
considered.

2.3. Silverion release and electrochemical properties

The open circuit potential (OCP) measurements were performed
using a Gamry potentiostat REF600 in a classic three electrodes cor-
rosion cell with platinum and saturated calomel (SCE) as counter
and reference electrodes, respectively. The samples were immersed
during 1800s in a solution of NaCl concentrated at 0.9% w/v in
equilibrium with air. The results of the electrochemical test were
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calculated as the average and standard deviations of at least three
separate samples. All the potentials are expressed with respect to
SCE electrode.

Silver ion release was analyzed using an inductively couple
plasma optical emission spectrometer (ICP-OES) PERKIN ELMER
OPTIMA 8000. Samples with 20 mm x 20 mm were immersed into
a vessel containing 50 ml of 0.9% NaCl at room temperature. 2 ml
of the solution were taken out after 0, 2, 6, 12 and 24 h of immer-
sion and reserved for ICP-OES in dark, to avoid precipitation. Two
calibration curves were prepared using a silver standard solution
for ICP (silver, plasma standard solution, specpure, Ag 1000 ppm ),
diluted in HNO3 at 5% v/v in order to mimic the standard solution
matrix and NaCl 0.9% w/v to replicate the experimental conditions
used for the samples. Both calibration curves showed indistinguish-
able results. At least 3 samples were evaluated and the standard
deviation are presented. The results are expressed in ng of silver
release in one ml of solution by 1 cm? of sample (ppb cm~2).

It should be pointed out that the electrolyte used for OCP and
Ag"* release tests does not represent the one used in antibacterial
tests, which would be the ideal approach; nevertheless, the tests
were carried out using the same solution in order to perform a
direct comparison between OCP and ICP results. In fact, the com-
plex medium, such as the Tryptic Soy Broth (TSB) used for biological
tests, turns the ICP-OES analysis complex, due to the presence of
macromolecules such as proteins. Therefore, the results achieved
in this solution cannot be directly correlated with the complex bio-
logical medium; nevertheless, from a thermodynamic point of view
the first Ag salt formed in any biological solution is AgCl, thus, the
use of this electrolyte allows to draw some conclusions about the
Ag ionization rate for comparison the behavior of Ag and Ag/a-C
coatings.

2.4. Invitro antibacterial activity

2.4.1. Agar diffusion test

The antibacterial activity of a-C, Ag/a-C and Ag coatings were
tested against Staphylococcus epidermidis (IE186 strain, a clinical
isolate belonging to the CEB Biofilm Group collection). Zone of inhi-
bition (Zol) tests, adapted from Kirby-Bauer test [32], were carried
out to determine the diffusion of silver from the coatings surface.
The halo size was used as a qualitative measure of the sample activ-
ity. S. epidermidis was stored at —80°C in Tryptic Soy Broth (TSB,
Merck) containing 15% (vol/vol) glycerol. Cells were firstly grown
for approximately 36 h in plates of Tryptic Soy Agar (TSA, Merck),
and then a single colony was inoculated in TSB and incubated for
18 h,at 37 °Cunder a constant agitation of 120 rpm. Afterwards, the
resultant cell suspension was adjusted to an optical density (OD) of
1.0 at 640 nm and properly diluted in TSB to 1 x 107 CFU ml~1. The
incubation of the bacteria in the agar was performed with the addi-
tion of 1 ml of cells suspension to 14 ml of cooled (<50°C) TSA and
placed into sterile plastic petri dishes. After medium solidification,
the coated coupon (with dimension of 2 mm x 2 mm) (previously
sterilized by exposure of + 1 h to UV light) were placed separately
on the top of an agar plate, with the coated side in contact with the
agar, and incubated for 24 h, at 37 °C. After the incubation period,
the halo (zone of transparent medium, which means that there is
no bacteria growth) formed around the sample was measured and
photographed to record the results (images captured with Image
Lab™ software). All experiments were repeated at least in three
independent assays.

Scanning electron microscopy (SEM) was used to observe the
coatings surface after halo test and three fields were used for image
analysis.

2.4.2. Biofilm formation

In addition, bacterial colonization assays were performed. S. epi-
dermidis was cultivated in a liquid medium, by inoculation of a
single colony on 20 ml of TSB and incubated for 18 h at 37°C, and
120 rpm (this procedure is the same above mentioned). Afterwards,
the resultant cell suspension was adjusted to an optical density
(OD)of1.0at 640 nm and properly diluted to a final concentration of
approximately 1 x 10°> CFU ml~! (this concentration is required in
order to maintain the same order of magnitude as the agar diffusion
test). Coated coupons, with dimensions 2 mm x 2 mm (previously
sterilized by exposure of £1h to UV light) were inserted in six-
well plates and 3 ml of cellular suspension was added to each well.
The plates with the materials were then incubated at 37 °C under
120 rpm for 24 h. After incubation of S. epidermidis strains, the coat-
ings were gently washed with Phosphate Buffered Saline (PBS (1x))
to remove non-attached bacteria. Thereafter the adherent bacte-
ria were detached from the coatings using an ultrasonic bath for
5-10 min. The bacteria were incubated with serial dilutions on TSA
platesat 37 °Cfor 24 h, and then the number of Colony forming units
(CFU) was counted. All assays were independently performed in at
least three independent assays were performed.

Results from biological assays were compared using one-way
analysis of variance by applying the Bonferroni multiple com-
parisons test, using the software GraphPad Prism. All tests were
performed with a confidence level of 95%.

3. Results
3.1. Coatings structure and morphology

Both a-C and Ag/a-C coatings show a similar thickness (of
1000 nm). In order to achieve a similar thickness in both coat-
ings the deposition time was decreased from 150 min. (used for
the deposition of a-C coating) down to 120 min for Ag/a-C coat-
ing deposition, which is due to the higher sputtering yield of Ag
(3.12 for Ar bombardment at 500 eV) in relation to C (0.12 for Ar
bombardment at 500 eV) [33]. The chemical composition obtained
by EPMA suggested that the a-C layer is composed only by car-
bon, as expected, while the Ag/a-C coating shows 20at.% Ag; the
level of oxygen originating from residual atmosphere and target
contamination was relatively low (below 2 at.% O). Considering the
density of Ag (10g/cm3) and amorphous carbon (2.2 g/cm?) [30],
the Ag/a-C nanocomposite coating contains 30% of Ag in volume,
indicating that the total thickness of Ag in this coating should be
around 300 nm. As a result, the Ag thin film, containing 100 at.%
of Ag, was deposited with a thickness of 300 nm in order to get a
similar volume and mass of Ag in relation to the Ag/a-C coating.

The coatings crystalline structure was evaluated by means of
GIXRD analysis and the results are shown in Fig. 1, where the main
fcc-Ag diffraction peaks are identified (ICDD 181730).

The diffraction pattern of Ag coating suggests that the only crys-
talline phase present in the coating is Ag. Regarding the Ag/a-C
nanocomposite coating the only detectable crystalline phase is Ag,
which was somehow predictable since a-C coatings typically form
amorphous phases [30]. In addition, Ag is a poor carbide former,
thus silver tends to grow as a second phase in carbon coatings
[34,35]. In order to get a better insight about the size distribution
of Ag nanoparticles in the nanocomposite coating a GIXRD anal-
ysis was performed either below (0.1°) the carbon critical angle,
which allows to evaluate the particle size in coating’s surface, and
above (1°) the carbon critical angle (a«c, which as at about 0.2°),
which allows to determine the particle size in the coatingis bulk.
The GIXRD difractograms of Ag/a-C nanocomposite coating are
depicted in Fig. 1, together with the Ag coatingis diffraction pat-
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Fig. 1. (a) GIXRD difractograms of Ag coating and Ag/a-C coating below and above the critical angle of carbon (ac), (b) schematic representation of Ag grain/nanoparticle

size distribution along the coatings depth.

tern. A schematic representation of the Ag grain/nanoparticle size
distribution along the coatings thickness is also shown in Fig. 1(b).

The Ag grain size determined by Scherrer method [31] is about
47 nm in Ag coating. Regarding the Ag/a-C nanocomposite coating
different trends can be found above and below the carbon criti-
cal angle (ac~0.2°); the calculation of Ag grain size allowed to
determine a value of about 20 nm below the a.c and 2 nm above ac.
The results obtained in GIXRD analysis allowed to confirm the Ag
grain size distribution along the coatingis thickness, which revealed
that the coatingis surface is composed of bigger Ag grains with a
size of about 20 nm, while the Ag grains in the coatings bulk show
smaller dimensions (2 nm). A schematic representation of the Ag
particle size distribution along the coatingis thickness is shown in
Fig. 1(b). A more detailed analysis and details about Ag particle size
distribution following the GIXRD analysis is provided in [36].

TEM micrographs were recorded in order to get a better insight
about Ag nanoparticles distribution in Ag/a-C nanocomposite coat-
ing.

The TEM image depicted in Fig. 2(a) suggests the presence of
Ag nanoparticles with dimensions in order of 10-20 nm; a more
detailed view (see Fig. 2(b)) shows a bimodal size distribution,
with a high density of small Ag nanoparticles, with dimensions in
the order of 2-3 nm, and bigger Ag nanoparticles with dimensions
of about 20 nm. These larger Ag nanoparticles should correspond
to the ones detected at low incidence angles in GIXRD analysis,
which should be sitting in coatings surface. These particles should
be monocrystalline, since the grain size determined by GIXRD anal-
ysis is similar to the nanoparticle size found in TEM micrographs.
The smaller particles are predominant in coatings bulk, according
to the GIXRD analysis.

3.2. Coatings electrochemical properties and Ag ionization rate

The open circuit potential (OCP) of a-C and Ag coatings were
determined and compared with the OCP value of Ag/a-C nanocom-
posite coating in 0.9% NaCl electrolyte. The results are depicted in
Fig. 3.

The OCP results clearly indicate that a-C coating shows the high-
est open circuit potential (0.14V vs. SCE), while Ag coating shows
the lowest OCP value (—0.03V vs. SCE). The Ag/a-C nanocomposite
coating shows an intermediate behavior between Ag and a-C, with
an OCP value around —0.006V, which was somehow predictable
taking into account the mixed potential theory which predicts that
for two conductive phases in electrical contact the OCP should be
located between the OCP values of its components [37], supporting
the idea of galvanic couple between nc-Ag and the a-C matrix to
enhance the silver ion release.

The Ag ion release was monitored along time by means of ICP-
OES analysis, and the results are shown in Fig. 4.

The results suggest that both a-C, Ag/a-C and Ag coatings show
dissimilar ionization rates along the immersion time studied (24 h).
As expected, a-C coatings does not reveled any Ag ions over time
due to its absence of silver. Ag/a-C coating, on the other hand,
showed higher ionization rates in relation to Ag coating, being
found that after 24 h the amount of Ag ions is about 35 ppb cm~2
and 59 ppb cm~2, for solutions in contact with Ag and Ag/a-C coat-
ings, respectively. The SEM micrographs of Ag/a-C and Ag coatings
surface in as-deposited state, after 2h and 24 h of immersion are
shown in Fig. 5.

The SEM micrographs of Ag/a-C and Ag coatings in as-deposited
state, shown in Fig. 5(a) and (d), respectively, suggest that the Ag/a-
C coating forms a nanocomposite coating, with Ag nanoparticles
embedded in the a-C matrix, which is in good agreement with the
GIXRD and TEM results. Conversely, the Ag coatingis micrograph
suggests the presence of homogeneous coating typical from coat-
ings composed by one single phase. The SEM micrographs of Ag/a-C
coating shown in Fig. 5(b) and (c) (which represent the coatings
immersed in 0.9% NaCl for 2 h and 24 h, respectively) clearly show
that the Ag nanoparticles tend to agglomerate along time when
immersed in NaCl solution, forming agglomerates with up to about
500 nm (see Fig. 5(b)), which are not visible in as-deposited state
(see Fig. 5(a)).

The analysis of micrograph shown in Fig. 5(b) allowed to deter-
mine a mean particle size of about 60 nm, being the smallest particle
size about 25 nm. In this analysis only particles with a circularity
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Fig. 2. TEM top-view micrograph of Ag/a-C coating recorded at a magnification of (a) 145 kX and (b) 450 kX.
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Fig. 3. OCP curves of a-C, Ag/a-C and Ag coatings.

between 0.7-1 were considered, since the main aim is to deter-
mine the increase in the Ag particle size, without considering the
Ag agglomerates. A similar analysis in the initial coating revealed
a mean particle size of 25nm, a value much lower than the one
observed in the coating immersed during 2 h. After 24 h of immer-
sion most of the particles are connected in agglomerates with
several hundreds of nanometers, being the size of each individ-
ual nanoparticle clearly higher that in the initial stage, represented
in Fig. 5(a). These particle agglomeration leads to a heteroge-
neous Ag particles coverage, as can be depicted in the inset of
Fig. 5(c), where it is clear that the surface is composed of large
areas with Ag agglomerates, combined with areas with no visible
Ag particles. These observations suggest that possibly the particles
are firstly increasing through a coalescence process, which should
lead to formation of spherical particles, and thereafter this parti-
cles agglomerate. Over this period of time no visible changes are
observed in Ag coating’s surface.

3.3. In-vitro antibacterial activity

Fig. 6 shows an example of the halo tests carried out on different
coatings and SEM images performed on the respective coating’s
surface after halo tests.

The Ag/a-C coating (Fig. 6(b)) shows a clear halo surrounding it,
with a dimension of ~2.4 4+ 0.02 mm; the respective SEM image (see
Fig. 6(e)) shows no bacteria on the coating surface, which is cov-
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Fig. 4. Ag* release along time determined by ICP-OES analysis.

ered with Ag nanoparticles. Conversely, the a-C coating (Fig. 6(a))
does not show any halo around it and through observation of the
respective SEM image (Fig. 6(d)) it is possible to observe microbial
colonies on its surface. A similar behavior is observed in Ag coating.
These results clearly demonstrate the lack of antibacterial activity
in a-C and Ag coatings, while the Ag/a-C coating avoids the bacte-
rial growth as confirmed by the existence of an inhibition zone and
absence of bacteria on its surface.

To assess the number of viable cells, the cellular concentration
was determined by CFU (Fig. 7) in terms of the logarithm of bacterial
concentration (CFUmI-1).

Fig. 7 shows that the addition of silver to a-C coatings promotes
a total reduction in biofilm formation (this reduction is statisti-
cally significant (P<0.0001)), since no bacteria was found on the
samples. These assays confirm the antibacterial activity of Ag/a-
C coating. Conversely, the a-C and Ag coatings did not show any
reduction in biofilm formation, thus suggesting the lack of antibac-
terial activity, in good agreement with the halo tests.
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500 nm

Fig. 5. SEM micrographs of as-deposited surface of (a) Ag/a-C and (d) Ag coatings; after immersion in 0.9% NaCl solution for Ag/a-C coating surface after (b) 2 h, (c) 24h and

Ag coating after (e) 2 h, (f) 24 h.

20 mm

20 mm 20 mm

Fig. 6. Antibacterial activity of: (a) a-C, (b) Ag/a-C and (c) Ag coatings against S. epidermidis, evaluated by zone of inhibition (Zol) assays. SEM micrographs of (d) a-C, (e)

Ag/a-C and (f) Ag coatings surface, after Zol test.

4. Discussion

In this study Ag/a-C nanocomposite coatings were deposited
by magnetron sputtering process and the antibacterial properties
were compared with a-C and Ag coatings. The co-deposition of Ag
and C results in the formation of nanocomposite coatings, where
Ag nanoparticles are embedded in the a-C matrix coating, as sug-
gested by GIXRD, TEM and SEM analyses. The growth of Ag as a
second phase in the carbon matrix is mainly attributed to the low
solubility of silver atoms in carbon [34,35]. These microscopy anal-
yses combined with GIXRD results allowed to observe the bimodal

Ag NP size distribution along the coatings thickness, being found
that the a-C matrix is composed by a large density of 2-3 nm sized
Ag-NP, combined with a lower density of 20-25 nm sized Ag-NP,
being the later ones siting in the coatings surface, while smaller
Ag particles are embedded in the coating bulk. Similar trend has
already been reported in magnetron sputtered Ag nanocompos-
ite coatings in a TiO, matrix, being this bimodal size distribution
attributed to the coalescence of surface Ag particles, promoted by
the reduction in their free energy, a phenomenon not observed in
the bulk, due to the restricted mobility of Ag atoms or nanoparticles
inside the coating matrix [38]. This coating morphology permits the
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formation of two distinct electrical conductive phases, which allow
the formation of a galvanic couple between the a-C and the silver
nanoparticles, as confirmed by the OCP analysis (see Fig. 3). Such
material configuration in contact with the electrolyte promotes a
galvanic corrosion for the phase with lower reduction potential
(Ag). As a result, the a-C phase will act as cathode in the reac-
tion and Ag as anode, thus enhancing the Ag ionization rate. On
the contrary, for a pure silver coating, the silver ion release will be
limited by the coatings crystalline structure, where the defects and
grain boundaries promote the silver ionization. The driving force
for the Ag ions release are the differences in the Gibbs free energy
between the Ag grains and its grain boundaries, which tend to be
more unstable, and thus more prone to be oxidized [18]. Neverthe-
less, due to the proximity between the OCP values expected in the
silver in bulk and grain boundaries, the Ag ionization rate is lower
in relation to a-C/Ag nanocomposite coatings. These two scenarios
are schematized in Fig. 8.

In fact, the ICP-OES results over a period of 24h (see Fig. 4)
demonstrate that the Ag ionization rate in Ag/a-C nanocompos-

Ag/a-C

Cross-Section

ite coatings is higher in relation to the Ag coating, which was also
ionized in this electrolyte.

During the 24 h of immersion, a linear increase in the Ag ion-
ization rate is accompanied by an agglomeration of Ag surface
particles, as observed in SEM analysis (see Fig. 5). During the first
2h of immersion it is observed that the size of spherical parti-
cles increased from a mean value of 25 nm to 60 nm, suggesting
that some particle coalescence is occurring along with the forma-
tion of agglomerates, which amount increases over the next 24 h.
This suggests that in a first stage the particles are growing through
a coalescence process, explained by the Oswald ripening process,
which involves the dissolution of smaller Ag-NP with subsequent
precipitation in bigger Ag particles surface [39]. However, the par-
ticles agglomeration indicates that not only a coalescence process
occurs, but some silver mobility on the surface should arise in
order that the agglomeration could take place. In liquid medium,
free floating nanoparticles describe a Brownian motion that allows
them to interact through weak van-der-Waals forces, thus result-
ing in particle agglomeration [39]. Nevertheless, the mechanism
for this process still remains unclear since, assuming that the parti-
cles are immobilized in the coatings surface with distances around
tens of nanometers, one would not expect any significant van-der-
Waals interactions, which only act at short distances. One possible
hypothesis, might be the release of Ag nanoparticles to the lig-
uid medium, due to the low affinity between the carbon phase
and the metallic silver, followed by a posterior attachment to the
coatings surface, which would allow them to easily agglomerate.
However, the particles coalescence and agglomeration does not
seem to reduce the Ag ionization rate, which increases linearly
along the first 24 h.

The antibacterial test revealed that the Ag/a-C coating shows
antibacterial activity; conversely the a-C and Ag coatings do not
inhibit the biofilm formation. These differences might be related
with the different trends in Ag ionization, as confirmed by the ICP-
OES results. It should be pointed out that the antibacterial tests
were performed over a period of 24 h, and at the end of this time the
amount of Ag ions in Ag/a-C coatings was about twice in relation to
the amount of Ag* released from the Ag coating, which might be one
reason for the enhanced antibacterial activity of nanocomposite
coating. In fact, the biocidal activity of Ag* is well established being
silver salts widely used as antibacterial agents. However, in what
regards to the Ag nanoparticles other mechanisms are still under

Cross-Section

Fig. 8. Schematic representation of electrochemical reactions in Ag/a-C nanocomposite and Ag coatings.
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discussion, namely, the possible interaction of bacterial cells and
Ag nanoparticles, being the later involved in damaging of bacterial
cell wall and plasma membrane, or inhibition of DNA replication
and protein synthesis [40-42]. As previously shown, the Ag coating
is formed by a continuous Ag layer, while in the nanocomposite
coatings the Ag is present in nanoparticle form with sizes between
3 and 25 nm. These nanoparticles showed mobility on the surface,
demonstrated by the agglomeration process and, thus, they might
easily diffuse into the culture media, causing the killing of bacteria
and, thus, contributing to an enhanced antibacterial activity.

5. Conclusions

Ag/a-C nanocomposite coatings were deposited by magnetron
sputtering onto SS316L substrates and the electrochemical behav-
ior, Ag ionization rate and antibacterial activity were compared
with a-C and Ag coatings. The Ag and C co-deposition resulted in
the formation of a nanocomposite coating, where 3 nm sized Ag
nanocrystals were formed in the carbon-based matrix, while the
surface was covered with 20 nm sized Ag nanocrystals.

The open circuit potential analysis revealed that the a-C coating
shows a higher OCP value compared to Ag, in 0.9% NaCl electrolyte,
thus meaning that the physical contact between Ag and a-C should
result in an enhanced Ag ionization rate. The Ag/a-C nanocom-
posites form nano-galvanic couples, where Ag ionization rate is
enhanced in relation to Ag coatings, as confirmed by the ICP-OES
results. The Ag ionization in Ag/a-C coatings was accompanied by
silver coalescence and agglomeration processes over the first 24 h.

The antibacterial test indicated that both a-C and Ag coatings
do not show any antibacterial effect against S. epidermidis biofilm
formation, while the Ag/a-C coatings completely avoided the bacte-
rial growth, which indicates an outstanding antibacterial efficiency.
This antibacterial effect might be related with the higher Ag ions
release in the nanocomposite coatings, as well as the presence of Ag
nanoparticles, which might be enhancing the antibacterial effect.
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