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Ag and AgOx thin films were deposited by pulsed DCmagnetron sputtering, for medical devices, in order to pro-
vide antibacterial properties. During the deposition process, oxygen flow, and, consequently, oxygen fraction,
was varied (0–15 sccm) to understand the influence of oxygen species in the physical, chemical and structural
properties of thin films. Coatings morphology was observed by scanning electron microscopy (SEM) and their
nanostructure and composition were assessed by X-ray diffraction (XRD) and X-ray photoelectron spectroscopy
(XPS) and energy dispersive spectroscopy (EDS), respectively. XRD and XPS analyses revealed that Ag thin films
are composed by metallic Ag, which crystallizes in fcc-Ag phase; whereas AgOx showed a mixture of Ag2O and
AgO phases for low oxygen fraction that became single AgOwith the increase of oxygen fraction in the discharge.
Surface wettability and surface tension of the coatings were also determined showing hydrophobic character.
Halo inhibition zone tests were performed against Staphylococcus epidermidis, in order to evaluate the antibacte-
rial behavior of coatings, and silver ion releasewasmeasured. Only AgOx presented antibacterial behavior, show-
ing that the presence of silver oxide are the main reasons for the antibacterial effect, probably due to the
increased production of ROS (Reactive Oxygen Species), making these coatings promising for medical
applications.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Coronary artery disease is the leading cause of death in industrial
countries and it is responsible for 70% of angioplasty procedures [1].
Thus, stents assume a major role in the treatment of this disease.
These medical devices prevent the blood vessel to be obstructed, by
being inserted in human body and keeping the vessel open,
reestablishing the normal blood flow [2].

Stents can be fabricated in several materials, such as nitinol, cobalt
chromiumalloy and stainless steel, being stainless steelmost commonly
used. Despite all the innovations in stents fabrication, namely the sub-
stitution of stainless steel for fibrous materials, including polyester,
polytetrafluoroethylene (PTFE) andpoly (L-lactic acid) (PLLA) [3], stents
still suffer from bacterial colonization, leading to severe infections [4].

Infection in medical devices is very common and it can arise from
several sources, such as contaminated surfaces, hands of medical staff,
patient own skin or mucus membrane, among others. One of the most
nho, Campus de Azurém, 4800-
common bacteria associated to implant infections is Staphylococcus
epidermidis, which is a gram-positive bacterium, capable to resist antibi-
otics and host defenses [5].

In the past years, several developments occurred in order to try to
functionalize medical devices with antibacterial properties, through
surface modification, with the use of noble metals, like silver, or silver
oxides, as coatings on implantable surfaces [6–10]. In fact, the appear-
ance of bacteria with resistant strains to antibiotics leaded to new at-
tempts for resurgence of silver's antibacterial properties [11].

Despite silver being a well-known antimicrobial agent, and having a
broad-spectrum of activity, its mechanism of action is not fully under-
stood [5,12]. However, it is suggested that the antimicrobial behavior
of silver can be achievedby: 1) the release of Ag+ ions, 2) the interaction
of bacteria with silver nanoparticles and 3) the formation of reactive ox-
ygen species (ROS), as schematized in Fig. 1 [4,9,13,14].

Regarding silver ions, their antibacterial activity is endorsed to mor-
phological and structural damage that ions cause in bacteria. Silver ions
can penetrate inside bacteria and cause their lysis, by the inhibition of
DNA replication [6,7]. Silver nanoparticles are claimed to bemore effec-
tive, once present a high surface to volume ration, tending to me more
easily ionized. Furthermore, silver nanoparticles can interact directly
with bacteria, promoting their death [8,15].
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Fig. 1. Schematic representation of mechanism of antibacterial action of silver nanoparticles (adapted from [14]).
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ROS can be generated inside or outside the cell and are byproducts of
respiring organisms' metabolism. Induction of ROS formation leads to
the synthesis of highly reactive radicals that can cause themitochondri-
al damage of themicroorganism, accelerating the cell death or dysfunc-
tion. It is reported that silver can generates ROS, potentially including
superoxide (O2

−), hydroxyl radicals (OH), singlet oxygen (1O2) and the
most stable ROS (H2O2) [16].

Therefore, it should be also possible to improve silver antimicrobial
characteristics by forming reactive oxygen species, which leads to a
most effective antibacterial behavior of silver, due to the toxic character
of these species to bacterial cells. For example, Ferreri et al. [5] and
Rebelo et al. [8] used oxidized nano-silver and silver oxide thin films, re-
spectively, to achieve antibacterial behavior.

Silver oxides systems have not been well studied, since silver is,
generally, consider as a non-reactive material [17]. The Ag-O system
presents several defined compounds, such as Ag2O, Ag3O4, AgO and
Ag4O3, being the Ag2O and AgO the most stable at high oxygen pres-
sure and low temperature [18,19]. Regarding their synthesis, the
most popular method is evaporation of metallic silver following by
an oxidation, in a reactive environment (normally, a reactive plasma
excited by DC magnetron or microwave), or sputtering [17]. Never-
theless, the report of the application of magnetron sputtering in
the formation of silver oxides, and consequently combine the advan-
tages of magnetron sputtering technique and reactive processes [12],
has been rarely. The formation of these oxides in form of thin films,
depends on the availability of oxygen in the deposition chamber
and the energy required for the oxidation, i.e., growth conditions/re-
action kinetics [20].

Barik et al. [21], for instance, studied silver oxides prepared by reac-
tive DC magnetron sputtering, operating in constant power mode at
25 W observing that at oxygen flow of 1.71 sccm and 2.01 sccm a stoi-
chiometric Ag2O (fcc) was formed. Additionally, Raju et al. [20] also
evaluated the influence of oxygen partial pressure changes during
films growth, by pulsed laser deposition (PLD), revealing that with the
increase of the oxygen pressure from 9 to 50 Pa, in the deposition cham-
ber an Ag2O phase transforms into AgO. In their study, only oxygen
pressure was varied, maintained the others growth parameters con-
stant: temperature (300 K), fluence (1.006 J cm−2), substrate-target
distance (3 cm) and deposition time (90 min). For an oxygen pressure
of 9 Pa, a pure Ag2O hexagonal crystal system was formed. As chamber
pressure increases, an AgO monoclinic crystal system began to appear.
For 10 Pa it was observed a mixture of AgO and Ag2O and for pressures
higher than 20 Pa only AgO was formed. Dellasega et al. [22] obtained
pure AgO (at higher fluence: 1.6 J cm−2) and conclude the threshold
pressure to obtain AgO was 4 Pa. Furthermore, Kumar et al. [19] depos-
ited AgO thin films by RF reactive magnetron sputtering, with a
sputtering power of 50 W, at room temperature, with oxygen flow
rates from 10 sccm to 30 sccm. The results showed a uniform and stoi-
chiometric AgO (monoclinic crystal system), oriented along the (−111)
plane.

However, it is important to evaluate the influence of such changes
on the functional properties of the films, namely the antibacterial effect.
As a result, the main objective of this work is to produce and character-
ize silver and silver oxides thin films, by reactive magnetron sputtering,
with the main aim of designing a coating that provide antibacterial
properties to medical devices such as cardiovascular stents. The oxygen
flow variation, during the coatings deposition process, was studied, in
order to understand the influence of the oxygen content on the physical,
chemical and structural properties of coatings and its effect on the anti-
bacterial activity against Staphylococcus epidermidis, probably due to the
formation of ROS.

2. Experimental details

Ag and AgOx coatings were deposited onto stainless steel 316L and
silicon substrates by reactive pulsed DC magnetron sputtering. Silicon
substrates were used in characterization techniques that evaluate the
coatings morphology and structure, while stainless steel 316L sub-
strates were used to evaluate the functional properties. In order to re-
move impurities and minimize contamination, the substrates were
ultrasonically cleaned with distillated water, ethanol and acetone, dur-
ing 10 min in each solution, before deposition. Additionally, the sub-
strates and the silver target (200 × 100 mm2) were cleaned by an
argon plasma etching process prior to each deposition. The etching pro-
cess was performed in an argon atmosphere (80 sccm), using a pulsed
DC power supply at 0.4 A, 1536 ns of reverse time and 200 kHz applied
to the substrate holder and a DC power supply, with a current density of
0.5 mA cm−2, applied to the Ag target.

During the deposition process, the sputtering atmosphere consisted
of a constant argon flow (60 sccm) and an O2 flow that varied from
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0 scmmto 15 sccm, (increasing 1.5 sccmper deposition), corresponding
to a variation in the fraction of oxygen in the discharge (fO2 = ΦO2 /
(ΦO2 + ΦAr) from 0 to 0.2. Total pressure inside the chamber varied
from 5.8 × 10−1 Pa until 7.8 × 10−1 Pa, with the increase of the O2

flow. A pulsed DC power supply was connected to the silver target, ap-
plying a current density of 1mA cm−2, and the reverse time and the fre-
quency were kept at 1536 ns and 200 kHz, respectively. The samples
were placed in a substrate holder, located 70 mm away from the target
and rotating at a constant velocity of 7 rpm. The deposition time (8 h)
was maintained constant for all the coatings. Deposition process was
performed at room temperature.

XPS (X-ray photoelectron spectroscopy) analysis was performed on
coated silicon, in order to obtain information about binding state of the
samples. The analysis was made using a Kratos AXIS Ultra HSA equip-
ment, with VISION software for data acquisition, carried out with a
monochromatic Al Kα X-ray source (1486.7 eV), operating at 15 kV
(90W), in FATmode (Fixed Analyser Transmission), with a pass energy
of 40 eV and a pass of 0.1 eV for regions ROI and 80 eV and a pass of
1.0 eV for survey. A charge neutralization system was used and
the data acquisition was performed with a pressure lower than
1 × 10−6 Pa. Data analysis was performed by CasaXPS software and
the effect of electric chargewas corrected by the reference of the carbon
peak (285 eV).

The morphology and thickness of the coatings deposited on silicon,
were evaluated by scanning electron microscopy (SEM) in a NanoSEM
– FEI nova200 equipment, being analyze three different regions, but
only present a representative micrograph. Energy dispersive spectros-
copy (EDS) was performed for the detection of coatings bulk
composition.

Structure and phase distribution of coatings was assessed by X-ray
diffraction (XRD) analysis in a PANalytical X'Pert PRO MPD system,
using CuKα (λ = 0.154056 nm) radiation (45 kV and 40 mA) with a
parallel beam configuration, in a grazing incidence mode with an
angle of incidence of 5°. A voigt function was used for fitting the XRD
peaks, calculating the peak position (2θ) and the full-width at half-max-
imum (fwhm), with the intuit to calculate the grain size.

Contact angle measurements were performed with the view to
investigate the samples hydrophobic behavior, using the van Oss
approach, in 6 samples of each coating, through the sessile drop con-
tact angle technique, using an automated contact angle measure-
ment apparatus (OCA 15 Plus; Dataphysics, Germany). For this
purpose, water, formamide and α-bromonaphthalene were used, in
order to evaluate fluids with different values of surface free energy,
Ƴl

Tot; apolar Lifshitz–van der Waals surface free energy component,
Ƴl

lw; electron acceptor surface free energy component, Ƴl+; and
electron donor surface free energy component, Ƴl−. For statistical
analysis, one- way ANOVA analysis was used, by applying Tukey
multiple comparisons test, using the software Statistical Package
for the Social Sciences Inc. (SPSS). All tests were performed with a
confidence level of 95%.

Halo inhibition zone tests, against Staphylococcus epidermidis (IE
186), were performed in order to evaluate, as a qualitativemeasure, an-
tibacterial activity. A colony of S. epidermidiswas taken from Tryptic Soy
Agar (TSA, Merck), 20 ml of Tryptic Soy Broth (TSB, Merck) was added
and incubated for 18 h, at 37 °C and 120 rpm. A volume of 1 ml of
1 × 107 CFU·ml−1 cellular suspension was added to 14 ml of TSA and
placed in sterile Petri dishes. The different coatings were placed in
Petri dishes and incubated, during 24 h, at 37 °C. The halo formed
around the coatings, deposited on steel, after 24 h, was measured. All
the assays were run in triplicate.

Ag ion release tests were performed by immersing the samples in
50 ml of NaCl 0.9%, over a 24 h period. A volume of 2 ml of the solution
was taken from the samples and added to 4 ml of HNO3 5%. The release
of Ag ions was measure using a PERKINELMER, ICP-OES OPTIMA 8000,
with a 6106PE POLYSCIENCE refrigerator and a S10 PERKINELMER auto-
matic sampler. All the tests were run in triplicate.
3. Results and discussion

3.1. Coatings deposition

Silver oxide coatings deposited in reactive sputteringmode were la-
belled as AgO following by the percentage of O2 flow used in the depo-
sition. Thus, AgO10 corresponds to a deposition with 10% of the total O2

flow (1.5 scmm); AgO20 corresponds to a deposition with 3 sccm of O2

flow, etc.
Fig. 2 shows the variation of Ag target voltage and pressure in depo-

sition chamber accordingwith the fraction of oxygen. It reveals that the
target voltage increases up, with a tendency to stabilize, from 86.9 V up
to 92.4 V.

As the fO2 increased, an increase in the total pressure and in the sil-
ver target voltage is observed, once the reactive gas is not totally con-
sumed during the growth of thin films, which leads to a formation of a
compound (Ag-O) in the target surface, associatedwith a variation in ef-
fective secondary electron emission yield (SEEY), reaching a poisoned
mode. In this study, the silver oxide coatings were deposited with a
fO2 of 0.2, in a poisoned mode.

The deposition rate of the films (see Fig. 3) was calculated from the
thickness (observed by SEM) and deposition time, revealing an increase
for the film deposited with the lowest fraction of oxygen and continu-
ously decreasing as oxygen is incorporated. This behavior is attributed
to the introduction of oxygen, which in an initial phase, contributes
along with silver to films growth, leading to an increase of deposition
rate with the introduction of oxygen. However, for higher amounts of
oxygen, silver target is poisoned with oxygen, leading to deposition of
silver oxides, and, consequently, to lower deposition rates, once silver
oxides have lower sputtering yield, when compared with pure silver
[23]. The lowdeposition rate of Agwas not verified in previously studies
[8], which can indicate that the target intensity applied can be in the
limit of operation.

3.2. Chemical, morphological and structural analysis

A bulk composition of the coatings was performed by EDS analysis,
indicating an excess of silver for AgO10 and AgO20 coatings, while for
the remaining coatings the amount of silver and oxygen are similar, sug-
gesting an AgO composition (Fig. 4).

Figs. 2 and 4 reveal that with the increase of the fraction of oxygen in
the discharge, the pressure in the chamber increases linearly in the en-
tire range of oxygen fraction. The increase of oxygen also leads to an in-
crement in the Ag target voltage, but the voltage stabilizes,
approximately after fO2 = 0.09. The same tendency is observed in
atomic composition of the coatings, where the percentage of oxygen in-
creases, until fO2 = 0.09, stabilizing after that.

In Table 1, the Ag/O ratio of silver oxide coatings is summarized, as
well as oxygen fraction in the discharge and O2 partial pressure and
the O2 flow uses to obtain those ratios.

SEM results (Fig. 5) suggest the presence of a compact film in Ag
coating contrary to AgOx coatings that present some porosity. AgOx

coatings show a more columnar structure, compared to the pure Ag
coating; however the increase of oxygen fraction minimizes the poros-
ity, producingmore compact films andwith lower column size. Howev-
er, after ΦO2 = 0.13 the thin films are compact.

In order to obtain a more detailed information about the coatings
structure, XRD analysis was performed. The XRD diffraction patterns
of Ag, AgO10, AgO20, AgO40, AgO60, AgO80 and AgO100 coatings are
presented in Fig. 6. The XRD spectrum evidenced three different struc-
ture in the films. The Ag films with a typical face-centered cubic (FCC)
structure (ICDD card no 00-004-0783), polycrystalline with randomly
oriented crystallites and grain sizes of 78.5 nm, calculated by Scherrer
formula.

For AgOx films, on the other hand, two distinctive behaviors are no-
ticed. For large oxygen fractions (AgO40 to AgO100), a pure monoclinic



Fig. 2. Variation of Ag target voltage and total pressure in deposition chamber for different oxygen fractions in the discharge.
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AgO phase is easily identify (ICDD card no 00-043-1038), which is in
agreement with the composition of the films, where the ratio between
Ag and O is close to the unit, as previously discussed. Nonetheless, for
low oxygen fractions (AgO10 and AgO20) at least two scenarios can
be considered. In the first case, a pure monoclinic AgO phase was fitted
(ICDD card no 00-043-1038), where residual stresses in the films may
slightly increase the lattice parameter. This variation results in a shift
of the (002) plane towards lower angles. The simulation predict a vari-
ation from 0.549 to 0.559 nm, in the lattice parameter, which is likely to
occur for grains preferentially orientated in the (002) direction and
films in compressive stress. These results can simulate the spectra ob-
tained for sample AgO10. Yet, there is still a lack of fit for AgO20,
where the diffraction peak corresponding to 56.3° is not included in
the fitted spectrum, as shown in Fig. 7a). Additionally, pure AgO phases
would not explain the excess of silver in those films.

As a result, a second scenario is proposed, considering a mixture of
Ag2O FCC (ICDD card no 00-043-0997) and monoclinic AgO phases
and the result are shown in Fig. 7b). In this case, the diffraction occur-
ring at 56.3° is included as the (022) diffraction of the Ag2O phase, de-
creasing the fitting deviation. However, the cell parameter for the
cubic structure showed a slight deviation from the theoretically value,
showing a difference of 0.009 nm (from 0.471 nm to 0.463 nm). This
Fig. 3. Variation of deposition rate for different oxygen fractions in the discharge.
variation may be due to the lack of stoichiometry of the compound,
where instead of pure Ag2O, anAgxO phase is formed. This has been pre-
viously reported in silver oxide nanostructures [24].

Considering the previous analysis, silver oxide coatings AgO10 and
AgO20 are identified as a mixture of sub-stoichiometric AgxO fcc
phase, with composition close to Ag2O, and AgO monoclinic phases.
For higher oxygen fractions (AgO40 to AgO100), Ag2O disappears and
coatings only present a single AgO monoclinic phase. These results are
in agreement with the composition of the films, where for high oxygen
fractions there is sufficient oxygen to form a pure AgO compound, as
previously mentioned. The difference observed in silver oxides, with
the increase of oxygen fraction, can be justified by the availability of ox-
ygen in the reaction zone, resulting in the formation of different valence
states of metal oxide [20].

As reported above, Ag is present in a formof a compact thinfilmwith
a nanocrystalline structure, with a grain size of 78.5 nm. AgOx coatings
show a thin film with some porosity and a more columnar structure,
compared to the pure Ag coating; however the increase of O2 flowmin-
imizes the porosity, producing more compact films and with lower col-
umn size. From Fig. 3 it is possible to calculate the thickness of coatings,
which are presented in Table 2.
Fig. 4. EDS composition for silver oxide coatings.



Table 1
Ratio of Ag/O composition of silver oxide coatings.

Nomenclature % O2 flow O2 flow (sccm) pO2

(Pa)
fO2=

ΦO2
ΦArþΦO2

Ag/O ratio

AgO10 10 1.5 9.35 0.02 2.0
AgO20 20 3 13.6 0.04 1.7
AgO30 30 4.5 17.2 0.07 1.1
AgO40 40 6 19.5 0.09 1.2
AgO50 50 7.5 21.3 0.11 1.1
AgO60 60 9 26.0 0.13 0.9
AgO70 70 10.5 28.4 0.15 1.1
AgO80 80 12 29.7 0.17 1.0
AgO90 90 13.5 31.2 0.18 1.0
AgO100 100 15 28.6 0.20 1.0
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According to Fig. 2 and the compositional, structural and morpho-
logical results presented, four samples were chosen to continue the
study of chemical bonding and antibacterial characterization (Ag,
AgO10, AgO20 and AgO100). The remaining samples were discarded
for further analysis due to their similar composition, morphology and
structure with samples AgO100.

In order to confirm the chemical state and binding energy of the
coatings surface and the phase composition, XPS analyses were carried
Fig. 5. SEM films cross section detailed view (recorded in SEmode at 100 kX) and top-viewmic
AgO80 and AgO100, respectively.
out. Nevertheless, XPS analysis of silver and silver oxides is very com-
plex, once the binding energies of metallic silver and its oxides are re-
ported with low dispersion of values, or even superposition.

In order to facilitate the identification of oxidation states, the Auger
Parameter (AP) was used, since it is considered to be more reliable
that finding the correct binding energy of each state of oxidation [25].
AP does not depend on the sample charge shift, avoiding charge correc-
tion, and AP peaks present larger chemical shifts than photoelectron
peaks [25]. Despite the fact that this parameter allows distinguishing
the reduced form Ag0 from its oxidized forms, it cannot distinguish Ag
(I) form from other oxidation states, and thus other parameter such as
the FWHM of the peak should be considered. Hence, XPS analysis of
coatings were carried out with binding energy for Ag 3d and kinetic en-
ergy for AgMNN, as observed in Fig. 8. The bonding types, binding ener-
gies, APs and possible structures are summarized in Table 3.

For Ag coating, the spectra suggest the presence of a doublet with
the Ag 3d5/2 peak located at 368.86 eV. This fact, combined with
auger parameter, is reported to correspond to Ag\\Ag bond in metallic
state [26,27]. On the other hand, Ag\\O bonds at 368.28 eV [1], for tran-
sitionmode coatings (AgO10 andAgO20), and at 368.31 eV for the coat-
ing in the reactive mode (AgO100). These binding energies are
compatible with silver oxides. According to Ferraria et al. [25], the dou-
blet assignable to Ag 3d have different characteristics in AgO, Ag2O and
rographs (recorded in SEmode at 100 kX) (a) to (f) referent to Ag, AgO10, AgO20, AgO50,



Fig. 6. XRD patterns of Ag and AgxO coatings, according to ratio of Ag/O composition
obtained by EDS.

Table 2
Thickness of silver and silver oxide coatings.

Sample Thickness (mn)

Ag 159.6
AgO10 328.9
AgO30 218.6
AgO40 242.2
AgO50 185.2
AgO60 146.2
AgO70 166.3
AgO80 162.7
AgO90 175.4
AgO100 195.3

6 R. Rebelo et al. / Surface & Coatings Technology 305 (2016) 1–10
in a mixture of those two phases, regarding binding energy and FWHM.
In fact, the Ag 3d doublet, reported in such study, is slightly shifted in
Fig. 7. a) AgO20 XRD pattern fitted using a monoclinic AgO structure, b) AgO20 XRD pattern fit
results and the color lines to the fitted lattice plane identified structures.
AgO coating (0.4 ± 0.1 eV) and presents the largest FWHM,when com-
pared with a mixture of Ag2O and AgO powders [25]. This behavior is
observed in sample AgO100, when compared to AgO10 and AgO20
coatings, as shown in Fig. 8,supporting the idea of a mixture of
AgO + Ag2O phases for AgO10 and AgO20 coatings and a single AgO
phase for AgO100 coating, observed by XRD, and corroborated by com-
positional analysis.

Furthermore, XPS spectra to O 1s and C 1s are presented in Fig. 9.
Some residual oxygen and carbon are associated with surface contami-
nation, since no previous sputter cleaning was performed in order to
avoid preferential sputtering of O and any structural damage in the coat-
ings. Additionally to the contamination, O-Ag peak (529.3 eV), associat-
ed to the bonding of silver oxide, was identified in the AgOx coatings,
which has been reported to shift to lower binding energies for pure
AgO phases, observed in AgO100 coating, when compared with Ag2O
and their mixture [25].

3.3. Surface properties

The measurement of contact angle allows the evaluation of the hy-
drophobicity character of a surface. When the variation of the free
ted using a mixture of Ag2O and AgO phases. The symbols correspond to the experimental



Fig. 8. XPS survey spectra and detailed regions of Ag 3d (left) and Ag MNN (right) for Ag and AgOX thin films.
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energy of interaction (ΔG) between the material's surface (Δm) im-
mersed in water (ΔGmwm) has a negative value, the material is hydro-
phobic, which means a higher interaction between the material
Table 3
XPS analysis of different coatings [1–4].

Coating Bonding Binding Energy
(eV)

Auger parameter
(eV)

Compatible
with

Ag Ag\\Ag 368.86 726.09 Ag
AgO10 Ag\\O 368.28 723.36 AgO/Ag2O
AgO20 Ag\\O 368.28 723.41 AgO/Ag2O
AgO100 Ag\\O 368.31 723.37 AgO/Ag2O
molecules than with water. For hydrophilic materials, this variation of
energy assumes a positive value. The contact angle with water also al-
lows to evaluate the hydrophobicity of a given surface, where contact
angles above 90° corresponds to hydrophobic surfaces, while lower
contact angles correspond to hydrophilic surfaces [9].

Table 4 shows the contact angles, surface energy parameters and de-
gree of hydrophobicity of all the coatings. The results evidence that all
coatings present a hydrophobic surface, since the water contact angles
are above 90° and ΔGmwm present negative values. Ag100O coating is
statistically different from the others (p b 0.05).

Additionally, all coatings present amonopolar surface. Higher densi-
ty of apolar areas in material's surface promote can promote an attach-
ment ofmicroorganismvia thehydrophobic effect, due to the increment
of hydrophobic interactions [28].



Fig. 9. XPS O1 (left) and C 1s (right) spectra for Ag and AgOx thin films.

Table 4
Water (Θw), formamide (ΘF) and α-bromonaphtalene (Θα-B) contact angles, surface energy components (apolar Lifshitz-van der Waals surface free energy component, Ƴlw; electron
acceptor surface free energy component, Ƴl

+; electron donor surface free energy component, Ƴl
−.

Coating Contact angle ± S.D.(°) Surface energy components (mJ/m2) ΔGmwm (mJ/m2)

Θw ΘF Θα-B Ƴlw Ƴ+ Ƴ−

Ag 102.4 ± 0.7 95.4 ± 1.8 52.6 ± 0.5 28.7 0.0 5.1 −57.2
AgO10 101.1 ± 2.7 88.4 ± 6.1 44.5 ± 1.5 32.6 0.0 3.3 −67.7
AgO20 99.4 ± 3.6 88.6 ± 0.8 40.5 ± 0.7 34.4 0.0 4.4 −62.6
AgO100 107.1 ± 1.7 90.3 ± 3.0 50.1 ± 2.7 29.9 0.0 1.1 −82.2

8 R. Rebelo et al. / Surface & Coatings Technology 305 (2016) 1–10
3.4. Antibacterial properties

Halo inhibition tests were performed in order to evaluate the exis-
tence of antibacterial properties of the coatings, against Staphylococcus
epidermidis. The results obtained are present in Fig. 10. A halo zone
(zone of inhibition of bacteria growth) in oxide coatings is clearly ob-
served. On the other hand in Ag coating the halo is not visible, which
Fig. 10. Results of antibacterial tests for: Ag (a); AgO10 (b); AgO20 (c) and AgO100 (d) and hal
ANOVA was used with significant level of 95% (*p b 0.05).
means the pure Ag continuous film did not present antibacterial activity
against S. epidermidis.

As previously suggested, the formof silver can influence the antibac-
terial efficiency. The presence of Ag nanoparticles tends to ionize more
easily, when compared with a compact film, and also interact, directly,
with bacteria, promoting their destruction [15]. Once in studied coat-
ings there is no evidence of silver nanoparticles, the antibacterial
o size (e) for all coatings. The data are expressed as mean± standard deviations. One way
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behavior of the silver oxide coatings should be due to a higher silver ion
release of those coatings, when compared with pure Ag coatings or due
to an increase of ROS production induced by those coatings.

Previous studies [8] showed that in silver thin films, Ag ionization is
insufficient or non-existent and, consequently, no antimicrobial activity
was observed. Nevertheless, the silver morphology (nanoparticles
(NP's); clusters or films) seems to influence the antimicrobial behavior
[11], in many cases correlated to the changes in silver ionization in dif-
ferent morphologies. However, it has been also proposed that silver
nanoparticles generate more ROS than silver ions [29], which means
that it is the specific characteristics of silver morphology the main re-
sponsible for the production of ROS and that it is not the presence of
Ag+, but the process of their release, the main cause of ROS formation
[14]. This species has been correlated to antibacterial behavior of silver.

For the analysis of Fig. 4 it is possible to observe that silver at.% de-
creases until fO2= 0.11 (corresponding to AgO50), remaining, approx-
imately constant (at.%50) after that. For higher fO2, silver at.% takes the
value of: approximately, 70, for fO2= 0.02 (AgO10), approximately, 60
for fO2=0.04 (AgO20), approximately, 53 for fO2=0.07 (AgO30) and,
approximately, 54 for fO2=0.09 (AgO40). Furthermore, in order to un-
derstand themain cause of antibacterial behavior present in silver oxide
coatings, ICP-OESwas performed after 24 h period of contact of coatings
with NaCl 0.9%. In Fig. 11 it is possible to analyze the Ag+ release from
coatings and it is possible to observe that silver oxides did not presented
a higher silver ion release, whichmeans that is not the amount of silver
ions the key factor in the achievement of antibacterial properties pre-
sented by silver and silver oxides coatings.

Accordingwith ICP-OES andhalo tests results, it is suggested that the
formation of ROS is, probably, the agent responsible for the antibacterial
properties of silver oxides.

Ninganagouda et al. [30] demonstrated that Ag nanoparticles when
in contact with bacteria inhibited their growth, due to ROS formation.
However, when it was added an antioxidant to Ag nanoparticles, the an-
tibacterial behavior was not observed. This study determined that the
antioxidant agent prevented the formation of a silver oxide layer on
Ag nanoparticles' surface, and consequently, inhibited the antibacterial
activity. Thus, the use of a silver oxide coating can be an advantage in
ROS formation and explain antibacterial results.

Furthermore, as demonstrated by Ferreri et al. [5], the incorporation
of oxidized silver on coatings can inhibit the bacterial growth, since al-
lows the synthesis of OH− in aqueous environments (Eq. (1)).

Ag2OþH2O↔2Agþþ2OH− ð1Þ
Fig. 11. Results of ICP-OES test. The data are expressed as mean ± standard deviations.
One way ANOVA was used with significant level of 95% (*p b 0.05).
Antibacterial tests demonstrated that the formation of reactive oxy-
gen species could be the principal motive to achieve antibacterial prop-
erties, since silver oxide coatings presented antibacterial activity unlike
continuous silver coating.

Beside antibacterial properties, coatings' cytotoxicity was evaluated,
through MTS assays, and AgO100 did not present cytotoxicity, which
makes these coating suitable to medical applications. These results
open the possibilities to pursue more exhaustive biological studies,
which will be detailed in a posterior work.

4. Conclusions

Ag and AgOx coatings were deposited by non-reactive and reactive
pulsed dc magnetron sputtering, respectively. The O2 flow and, conse-
quently, oxygen fraction during the deposition process, was varied in
order to evaluate the influence of oxygen species in coatings properties.

The structural andmorphological characterizations revealed that, Ag
coating forms a continuous layer, composed by crystalline fcc-Ag phase.
The incorporation of oxygen in the deposition atmosphere lead to the
formation of a coating composed by a mixture of Ag2O + AgO phases.
As the amount of oxygen fraction increase, the observed thin film be-
came, only, AgO, with a monoclinic crystalline phase.

Halo inhibition testes revealed the antibacterial behavior of AgOx

coating unlike Ag coating. The differences on coating behavior may be
attributed to film composition (the incorporation of oxygen leads to a
higher formation of ROS and, consequently, to an antibacterial
behavior).

The obtained results suggest that AgOx coating, deposited by DC
magnetron sputtering has potential to be used in biomedical applica-
tions, such as surgical instruments.
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