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that tungsten is slightly oxidized (WOj) at the top surface of the film, and silver
presents mainly in metallic state. The low Ag/W ratios and the small surface
roughness (< 8 nm) indicate that silver segregation at the film surface is not
obvious. Microhardness of the samples with < 6.7 at.% silver is nearly seven
times that of the stainless steel (~ 250 HV). The coated samples are
hydrophobic tested by contact angle measurement. The potentiodynamic
polarization and the soaking test simulating the inflammatory state show that
even corrosion occurs and silver addition decreases corrosion resistance of the
films. The antibacterial ratio of the coated samples increases with silver content,
being 91% at 4.2 at.% silver content tested by agar plate counting method. In
agar disk diffusion assay, no inhibition zone is observed for all samples. The
antibacterial property of the W—Ag films is localized, long-lasting, and reusable,
which would be beneficial for their potential biomedical and environmental
applications.
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Introduction

The hospital-acquired infections (HAIs) continue to
be a major public health concern in hospitals and
healthcare units worldwide. It has been reported that
HAISs, of which a large portion are derived by contact
transmission, are ranked in the top 10 causes of death
in the USA, and there are 300,000 cases of HAIs
annually in the UK leading to 5000 deaths and over
£3 billion loss to the National Health Service [1, 2]. It
is of great importance to reduce the spread of
unwanted bacteria in clinical and environmental
applications.

More than 20 metallic elements have been investi-
gated for bactericidal property, including Ag, Cu, Zn,
W, Mn, Al, Si, Ti, V, Cr, Co, Ni, Zr, Nb, Mo, Pd, Sn,
Ta, Pb, Au, and Pt [3]. Among them, silver has been
known as an effective and long-term antimicrobial
agent since the ancient times, with the broad spec-
trum against multiple drug-resistant bacteria and the
limited toxicity toward mammalian cells [4-6]. The
biocompatible elements such as Cu, Zn, W, Mn, Ta
were also reported to possess antimicrobial activity
[3, 71.

Silver has been added into vapor-deposited cera-
mic coatings to produce a hard, wear-resistant, and
antibacterial surface layer on different substrates,
e.g., ZINO-Ag [8], TaN-(Ag,Cu) [9], TiN-Ag [10],
and diamond-like carbon (DLC)-Ag films [11, 12].
Silver segregation from ceramic films due to their
different nature was observed during the deposition
and the aging in ambient or wet conditions [12, 13].
The segregation of silver to film surface will increase
the biocompatibility concern of silver, and the nano-
sized voids left in the films may impair corrosion
resistance of the composite films.

Silver-containing metallic films were also prepared
for antibacterial applications. For example, the Ti-Ag
film with ~ 70 at.% Ag was composed of TizAg and
Ag phases, and the surface was smooth and devoid of
silver particles [14]. The Ti-Ag films with < 21.6 at.%
Ag exhibited solid solution structure [15]. The Nb-Ag
film with ~ 50 at.% Ag contained crystalline silver,
and the surface was covered with Ag agglomerates
[14]. Structural evolution of the films with silver
content is interesting for antibacterial films, for silver
content together with its distribution plays crucial
roles in silver ions release and thus antibacterial
activity of the films. For mechanical properties, the
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Ag-containing metallic films normally have lower
hardness (e.g., 2-8 GPa for Ti-Ag films [16]) and
weaker wear resistance than the ceramic films (e.g.,
13.3 GPa for DLC film [12], 12.5-15.4 GPa for TaN-
(Ag,Cu) films [9]).

Tungsten is a well-known metal for its high hard-
ness, high melting point, and good resistance to air
erosion at room temperature. Tungsten is widely
utilized in different industrial fields, and the vapor-
deposited W or W-containing films are hard
(14.1-32.3 GPa for W films [17-19]) and well bio-
compatible [20-22]. It was also found that W-con-
taining DLC film inhibited the growth of some
bacteria strains, and it significantly reduced biofilm
formation [7]. The potential biomedical applications
of W and W-based films are needed to be explored.

Tungsten film would provide a hard, wear-resis-
tant, structurally compatible, and biocompatible
matrix to carry silver and other antibacterial agents.
In this work, silver-containing tungsten (W-Ag) films
with up to 36.2 at.% Ag are deposited by magnetron
sputtering, and microstructure, composition, micro-
hardness, wettability, corrosion resistance, and
antibacterial activity of the coated samples are
investigated for their potential biomedical and envi-
ronmental antibacterial applications.

Experimental
Samples preparation

The W-Ag films were deposited on glass slides, sili-
con wafers, and 316L stainless-steel disks (¢
10 x 1 mm?) by an industrial-scale magnetron sput-
tering system. The substrates were degreased, ultra-
sonically cleaned, and subsequently blown dry in
flowing nitrogen gas. In the sputtering system, one
tungsten target and one silver target (purity > 99.9%)
were fixed for the deposition. The substrates were
mounted on the substrate holder (rotating speed
10 rpm), and the target-to-substrate distance was
17 cm. Prior to deposition, the vacuum chamber was
evacuated to a background pressure of 9 x 10~* Pa.
Then, pure Ar working gas (99.999% purity) was
introduced into the chamber, corresponding to a
working gas pressure of 0.24 Pa. For plasma ion
etching, the substrates were biased with pulse DC at
a frequency of 250 kHz and a voltage of — 450 V.
During deposition, the substrates were biased at
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— 80V, the tungsten target current was 4.0 A, the
silver target current was 0-2.0 A, and the deposition
time was 25-50 min. Pure silver film was also pre-
pared for comparison. The samples with slide glass,
silicon wafer, and stainless-steel substrate were noted
as G, S, and M group samples, respectively (Table 1).

Material characterization and tests

Surface morphology of the coated samples was
observed by scanning electron microscopy (SEM, FEI
Quanta 600F) equipped with energy-dispersive X-ray
analysis (EDX) and atomic force microscopy (AFM,
Veeco dilnnova, tapping mode). Phase structure of
the coated samples was analyzed by X-ray diffraction
(XRD, X'Pert PRO, CuK,). Elemental composition
and chemical bonding state of the samples were
examined by X-ray photoelectron spectroscopy (XPS,
VG K-Alpha, AIK,). The spectra were acquired
without and with 30 s of ion sputtering to remove
surface contaminants. For the sputtering, the angle,
current, and energy of the Ar" ion gun was 30°,
10 mA, and 2 keV, respectively.

Thickness of the films was obtained by measuring
the step height with a stylus surface profiler (Bruker
DektakXT, vertical resolution 0.1 nm, stylus radius
5 pm). Surface roughness of the coating samples was
assessed by an optical profiler (Veeco Wyko NT9300,
vertical resolution < 0.1 nm).

Microhardness of the coatings was measured by
Fischerscope HM2000 (Vicker's diamond pyramid
indenter, test load 10 mN). Wettability of the samples
was assessed by measuring water and glycol contact
angles using a contact angle goniometer under
ambient conditions. Surface energy of the samples
was determined from the above contact angles with
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the method based on Owens-Wendt theoretical
model [23].

Corrosion resistance of the stainless-steel group
samples was evaluated by potentiodynamic polar-
ization test with an electrochemical workstation
(Corrtest CS150) under ambient conditions. The
electrolyte was a Ca-free Hank’s balanced salt solu-
tion (HBSS, NaCl 8.00, KClI 0.40, NaHCO; 0.34,
KH,PO, 0.06, Na,HPO,-12H,O 0.12 g/L), and the
counter electrode and reference electrode were plat-
inum electrode and saturated calomel electrode
(SCE), respectively. Corrosion resistance of the coated
stainless-steel samples was also tested by soaking
treatment using acidic phosphate buffer saline (PBS),
which simulated the inflammatory state around the
implants (NaCl 8.00, KCl1 0.20, Na,HPO,-12H,0 2.87,
KH,PO,4 0.27 g/L, 30% H,O, 1.5 mL/L, pH being
adjusted to 5.2 + 0.1 by 0.4 M HCI [24]). The solution
was renewed every 3 days. After 6 days of soaking,
the samples were evacuated, washed gently with
deionized water, and observed with SEM.

Antibacterial test

Antibacterial property of the samples was assessed
by the quantitative evaluation using agar plate
counting method and the qualitative evaluation using
agar disk diffusion assay against E. Coli, a typical
kind of Gram-negative bacteria. E. coli has been
found in biomaterial-related infection sites and is one
of the main sources responsible for hospital-acquired
infections. For agar plate counting method, 10 puL of
E. coli suspension in the concentration of 10° colony-
forming units (CFU)/mL was dropped onto the
sample surface and then covered quickly by a filter
membrane. After placed in dark at room temperature

Table 1 Ag target current,

deposition time, thickness, Sample Ipng (A)  Time (min)  Thick (um)* Ra (nm)*  Ag ratio (at.%)"  HVj 0¥

i temein S A N /
G/S/M00 0 50 0.38 43 0 2100
G/S/M02 0.2 45 0.38 7.7 0.1 1860
G/S/M04 0.4 40 0.39 3.0 2.3 1780
G/S/M06 0.6 40 0.40 6.7 4.2 1750
G/S08 0.8 40 0.42 2.8 6.7 1740
G/S10 1.0 35 0.44 4.2 10.3 1420
G/S15 1.5 30 0.60 4.1 23.9 650
G/S20 2.0 25 0.78 3.6 36.2 570
G/SMAg 2.0 30 0.74 8.1 100 240

NA not applied, /not tested,” ™ for samples with silicon and glass substrate, respectively
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for 3 h, the samples were rinsed with 3 mL of steril-
ized water to collect the survival bacteria. After stir-
ring, 700 pL of the suspension was spread on
Maconkey agar plate evenly using a sterile spreader.
The inoculums were incubated aerobically at 37 °C
for 24 h. The images of colonies were taken by a
digital camera. Each sample was tested triply in one
test cycle. In order to study the antibacterial mecha-
nism of W-Ag films, E. coli was cultured on sample
MO06 and stainless-steel substrate for 3 h and then
treated for SEM observation.

For agar disk diffusion assay, E. coli suspension
(10° CFU/mL) was dropped onto Luria-Bertani agar
plate and spread evenly using a sterile spreader. The
sterilized samples were placed face down on the
inoculated agar plates, with effective contact between
them. The seeded agar plates were incubated aero-
bically at 37 °C for 48 h. The images of the inhibition
zone were taken by a digital camera.

Results and discussion
Films characterization

The W-Ag and pure Ag films on stainless-steel sub-
strate (samples M00-M06 and MAg, Fig. 1) and those
on silicon substrate (samples S00-520, SAg) are
adherent and smooth. The films on glass substrate are
adherent and smooth for samples G06-G20 and GAg,
but the samples deposited at low silver target cur-
rents (G00-G04) are rough due to peeling off and
cracking of the films. Thus, the addition of silver has
reduced residual stress in the sputter-deposited
tungsten film. The film thickness measured with the

oo, G0 Gorr oo

GO08 G10 G15 G20 GAg

000000

MO0 MO02
Figure 1 Optical photographs of the samples with glass and

stainless-steel substrates.
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surface profiler increases with the silver target cur-
rent (Table 1), ranging from 0.38 pm for sample SO0
to 0.78 pm for sample S20. Silver film has a much
higher deposition rate (SAg, 24.7 nm/min) than
tungsten film (500, 7.6 nm/min).

SEM surface images of the W—-Ag and pure Ag-
coated samples are shown in Fig. 2. Similar fine
particles with the size of 100-200 nm are observed for
the W-Ag films, and the particles are larger
(200-400 nm) for pure Ag film. Tiny white dots
(~ 20 nm) are scattered at the surface of W-Ag films
deposited at high silver target currents. The higher
Ag/W ratios of these dots compared with that of the
whole film indicate that they are silver or its oxide
nanoparticles. The Ag content of the films obtained
by areal EDX analysis increases with the silver target
current, e.g., being 4.2, 10.3, 23.9, and 36.2 at.% for
G06, G10, G15, and G20, respectively (Table 1).

AFM surface images of the coated glass samples
are shown in Fig. 3. Spherical nanoparticles with the
size of 110-180 nm are observed for sample GO06.
Smaller particles (40-100 nm) and big aggregations
appear at the surface of samples G15 and G20. Sam-
ple GAg has larger particle size and higher surface
roughness (Ra = 8.78 nm) than samples G06, G15,
and G20 (Ra = 2.24, 5.85, 6.72 nm, respectively).

The surface roughness of W-Ag-coated silicon
samples is Ra = 3-8 nm measured by the optical
profiler (Table 1). In DLC-Ag films, silver segrega-
tion from the carbon matrix is serious [25, 26], and a
very rough surface layer (Ra = 21.3 nm) was formed
at the silver target current of 0.6 A [12]. The silver
segregation-induced roughness increase observed in
DLC-Ag films is not obvious for the W-Ag films,
which may indicate a different microstructure of the
W-Ag films.

In XRD patterns, diffraction peaks from the steel
substrate and the tungsten films are present for
samples M00-MO06 (a-W, ICDD #04-0806), while the
silver peaks are absent (Fig. 4a). For the coated glass
samples, silver peaks are not detected for G00-G10
(Fig. 4b). A small peak appears at 20 = 38.1° for
sample G15, and there is a shoulder peak at
20 = 38.1° for sample G20. The two peaks can be
ascribed to Ag(111) plane (ICDD #04-0783). The
Ag(111) peaks are rather weak for samples G15 and
G20 that have the highest silver content, being 23.9
and 36.2 at.%, respectively. Tungsten and silver were
reported to be immiscible due to the large positive
enthalpy of mixing Ag and W [27], but they have
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Figure 2 SEM surface images of the W—Ag and the Ag-coated samples: a M00, b M02, ¢ M04, d M06, e G08, f G10, g G15, h G20,

i GAg.

similar atomic radius (130 pm for W, 134 pm for Ag).
The main diffraction peak can be indexed as W(110)
plane by the ICDD file of #04-0806. This peak is
positioned at slightly lower 20 values (39.8°-40.0°) for
Ag-containing W films than that for the pure W film
(40.1°). It is presumed that silver exists in the tung-
sten films mainly as solid solution atoms, and the
energetic ion bombardment helps form such a meta-
stable crystal structure during film growth. Accord-
ing to the Debye-Scherrer equation, the tungsten
grain size is calculated to be 23, 26, 21, 24, 23, 15, 13,
and 10 nm for samples G00-G20, respectively, from
the diffraction peaks located at 20 =~ 39.9° and
20 = 35.5°. In particular, additional diffraction peaks
are detected for sample G02, which can be indexed
with the ICDD file of #47-1319 (B-W [28]) or the file of
#65-6453 (o-W [18]). The formation mechanism of the
additional peaks needs a further study.

@ Springer

Surface elemental composition of sample G06 was
examined by XPS analysis, with the high-resolution
W 4f and Ag 3d spectra shown in Fig. 5. Strong W
4f doublets positioned at 37.9 eV (4fs,,) and 35.8 eV
(4f;,2) are indicative of oxidation of tungsten (WOj3)
at the top surface of the film. The doublets ascribed to
metallic tungsten (31.1/31.2 eV, 4fs5,5; and 33.3 eV,
4f,,») are increased, and those of WOj; are decreased
after 30-s sputter etching. In Ag 3d spectra, the dou-
blets are located at 374.1 eV (3d;,,) and 368.1 eV (3ds,,),
respectively. The Ag 3ds,, peak for metallic silver is
located at higher binding energy (368.4 eV) than
those for its oxides (367.8 eV for Ag,O, 367.4 eV for
AgO) [29]. This indicates that silver presents mainly
in metallic state, but it is slightly oxidized at the
topmost surface when exposed to ambient air. The
nonpassive silver oxide thin film is essential for the
release of antimicrobial Ag™ ions in solutions [30, 31].
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Figure 3 AFM images of the coated glass samples: a G06, b G15, ¢ G20, d GAg.
Figure 4 XRD patterns of () Al A+ W 04-0806 (b) +: W 04-0806
a stainless-steel and b glass S: substrate A x: W 47-1319
group samples, in which the W Ausilver A: silver
. MAg A
peaks are indexed by the G135
ICDD files of #04-0806 and MO06 G10 e
#47-1319. M — N_GO8
G06 N
+ G04 X
M il ++ Iy G02 XX
4 +
+ 1 1 S IS 1 1 + 1 + + IGOO 1 +
20 30 40 50 60 70 30 40 50 60 70 80
20 (%) 20 (%)

The atomic ratio of Ag/W is calculated to be 4.3
and 2.6% before and after 30 s of sputtering, respec-
tively. In comparison, much higher Ag/C ratio
(260 at.%) was obtained for DLC-Ag film that was
deposited at the same silver target current (0.6 A)
[12], which is due to the serious segregation of silver
from carbon matrix during and after film deposition
[23, 25, 32]. Silver has low solubility with carbon, and

it has no ability to form Ag-C compounds [33]. The
low Ag/W ratios measured by XPS show that silver
segregation at the film surface is not obvious for W-
Ag films, agreeing with the above morphology and
roughness analyses. Silver exists in the tungsten films
mainly as solid solution atoms according to the XRD
analysis.
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Figure 5 XPS high-resolution 80
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W 4f and Ag 3d spectra of
sample GO6 before and after
30 s of sputter etching.

Intensity (kCPS)

33.3 W 4f -l Ag3d
: 2
& a0l 3741 368.1
= ‘ ‘
G 25F : i
> | |
L
5 20 L

42 40 38 36
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Binding energy (eV)

34 32 30
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Table 2 Antibacterial agents and the microstructures of the antibacterial agent-containing metallic films or compounds

Element Lattice type Atomic radius (pm) Antibacterial agent/film microstructure
Ag fce 134 Antibacterial agent [3, 12]
Cu fce 117 Antibacterial agent [3, 9]
Zn hep 125 Antibacterial agent [7]
Mn bee 117 Antibacterial agent [7]
w bce 130 Antibacterial agent [7]
Solid solution, < 23.9 at.% Ag, and silver segregation at higher content, present work
Nb bee 134 Segregation, ~ 50 at.% Ag [14]
Mo bee 130 Solid solution of Mo—Ag [34]
Fe bee 117 Solid solution of Fe—Ag [35]
Fe,Ags, in ICDD
Ti hep 132 Solid solution, < 21.6 at.% Ag [15]
Ti,Ag, TiAg, Ag/Ti = 0.36 [16]
Ti;Ag, TiAg, in ICDD
TizAg + Ag, ~ 70 at.% Ag [14]
Zr hep 145 Zr3Ag, Zr,Ag, ZrAg, in ICDD
Co hep 116 Segregation of Ag nanoparticles [36]

Different microstructures have been reported for
vapor-deposited silver-containing metallic
(Table 2). (1) Intermetallic compounds. For sputter-
deposited Ti-Ag films, TizAg was formed in the film
at the silver content of ~ 70 at.% [14]. The phases of
Ti,Ag and TiAg were detected for the heat-treated
Ti-Ag films with the Ag/Ti ratio of 0.36 [16]. Fe and
Zr can also form compounds with silver according to
ICDD files (Table 2). (2) Solid solution. The Ti-Ag
films with <21.6 at.% Ag and the W-Ag films
with < 23.9 at.% Ag exhibited solid solution struc-
ture [15]. Tungsten and silver were reported to be
immiscible [27], but the energetic ion bombardment
helps form such a meta-stable crystal structure dur-
ing film growth. Solid solution was also reported for
Mo-Ag [34] and Fe-Ag [35] films. (3) Segregation of
silver nanoparticles. Ag agglomerates were observed
for Nb-Ag film containing ~ 50 at.% silver [14]. Sil-
ver nanoparticles will segregate at higher silver

films

@ Springer

contents compared with those for the formation of
solid solution or compounds. Segregation of silver
nanoparticles was also reported for Co-Ag [36] and
Ag-containing ceramic films [12, 13]. The above
studies show that structure of the deposited films is
generally dominated by silver content and materials
nature. This finding would be useful for structure
design and properties control of the metallic films
containing Ag and other antibacterial agents (Cu, Mn,
Zn, etc.).

Microhardness, wettability, and corrosion
resistance

Microhardness of the pure W film is 2100 HV, com-
parable to that of W films deposited with a novel
HiPIMS approach (21.3-32.2 GPa [17]), but it is
higher than those of the W film deposited by mag-
netron sputtering (14 GPa [18]) and the
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homogeneously multilayered W film fabricated by
multi-step sputtering (12-13 GPa [28]). The pure W
film is even harder than the DLC film (13.3 GPa [12]).
Microhardness of the films is slightly reduced to
1740-1860 HV for samples S02-S08 and markedly
decreased to 650 and 570 HV for samples S15 and
520, respectively (Table 1). These hardness values are
much higher than those of pure Ag film (240 HV) and
the stainless steel (~ 250 HV). Microhardness of the
samples with < 6.7 at.% silver is nearly seven times
that of the stainless steel.

Wetting behavior of the polished and the coated
stainless-steel samples was assessed by contact angle
measurement (Table 3). The water contact angles are
within 82°-92°. The narrow contact angle distribution
indicates that W—Ag and pure Ag films do not alter
hydrophobic nature of the stainless-steel substrate.
The glycol contact angles are relatively lower (62°-
73°). Surface free energy of the samples is determined
from the water and glycol contact angles. The coated
samples have higher surface energy than the polished
sample, but their values (21-26 m]J/ m?) are much
lower than those of the polished titanium, Ti6Al4V,
and NiTi alloys (52, 41/50 and 45 mJ/m?, respec-
tively [37, 38]). The hydrophobic surface with low
surface energy is beneficial for the biomedical appli-
cations of anti-fouling and antimicrobial materials
[23, 25]. In addition, the dispersive component is the
dominant for all samples. It was reported that a low
polar component (or low fractional polarity) was the
major parameter for good fibroblast cell proliferation
[37].

Corrosion resistance of the polished and the coated
stainless-steel samples was evaluated by potentio-
dynamic polarization test (Fig. 6). The coated sam-
ples have lower corrosion potential (E.,,) and larger

Table 3 Contact angle and surface energy of the stainless-steel

samples
Samples Contact angle (°) Surface energy (mlJ/m?)
Water Glycol Dispersive  Polar  Sum
SS 91.1 £3.1 727£05 139 6.6 205
MO0 873 2.1 647+£21 19.1 6.1 252
MO02 824 +£30 622+£52 160 10.0  26.0
Mo04 86.2 £33 64.0+33 186 6.8 254
MO06 89.7+£2.7 66.1 £7.0 205 47 252
MAg 91.6 £28 673 +08 215 37 252
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Figure 6 Potentiodynamic polarization plots of the stainless-steel
group samples.

corrosion current density (I.ory) values than the pol-
ished sample (Table 4). The pure tungsten-coated
sample (MO0O) has longer passivation range and
higher pitting potential than the polished sample
(SS), but the passive current density (Ip.ss) of the
former is nearly 1000 times larger than that of the
latter. SEM observation shows that the W film
underwent even corrosion during the test, although
some tiny pores were formed due to the high stop
potential (Fig. 7a). The W—Ag-coated samples have
similar polarization plots, but their pitting potentials
are much lower than that of pure W-coated sample
(MO00). The current peak at 0.08 V related to dissolu-
tion of silver nanoparticles found for ceramic films
(DLC [12], TiO, [39], MgO [40], etc.) is absent in the
plots. This indicates that silver in the W-Ag film
exists in a different way (i.e., solid solution atoms)
from the silver nanoparticles in the above ceramic
films. The W-Ag films also exhibit the even corrosion
mode (Fig. 7b, ¢). However, corrosion resistance
(Reorr) is gradually decreased with the increase in
silver content in the films (Table 4).

The coated stainless-steel samples were soaked in
acidic PBS (pH 5.2 £0.1) to test their corrosion
resistance at the simulated inflammatory conditions.
The films were slightly corroded after 6 days of
soaking, and Ag and AgCl nanocrystals (Ag
43.9 at.%, Cl 14.9 at.%) are observed at the surface of
sample M06 (Fig. 7d—f). This indicates that tungsten
and silver ions were released due to corrosion of the
films during the soaking period. It was reported that
tungsten and tungsten-DLC films were biocompati-
ble and antibacterial [7, 20-22]. The corrosion of W—
Ag films was enhanced at acidic conditions, but the

@ Springer
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Table 4 Corrosion data of the

stainless-steel group samples Sample Ecor (V SCE) Leor (HA/ cmz) Reor (Q cmZ) Epit (V SCE) Ipass (nA/ cmz)
SS — 0.20 0.020 4.07x10° 0.58 0.112*
MO0 — 037 1.886 1.88x10* 0.95 119%*
MO02 — 0.38 1.073 1.54x10* / /
Mo04 — 0.36 1.080 1.34x10* 0.23 165*
MO06 — 035 3.948 1.02x10* / /

*Current density at middle potential of the passivation zone

Figure 7 SEM surface images the tested stainless-steel samples: a—c¢ M00, M04, M06, respectively, after electrochemical test, d—f M0O,

MO04, MO06, respectively, after soaking test in acid PBS.

release of tungsten and silver ions would help treat
the inflammation around the films.

Antibacterial test

The antibacterial property of the stainless-steel sam-
ples was first quantitatively evaluated by agar plate
counting method (Fig. 8). The polished sample SS
favors bacteria growth when tested for 3 h, and the
bacterial colonies are reduced when W film is coated
(e.g., from 129 to 98 colonies, Fig. 9). It was reported
that DLC-W film inhibited the growth of some bac-
teria strains, which is related to the antibacterial
effect of tungsten [7]. The antibacterial ratio (AR) of
samples M02, M04, M06, and MAg related to sample
MO0 increases with silver content of the films, being
45, 70, 91, and 100%, respectively. Thus, the W film
with 4.2 at.% silver (sample M06) can obtain an AR

@ Springer

value of above 90%. This reveals silver-dependent
antibacterial activity of the W-Ag films. To verify the
antibacterial effect of W-Ag films, E. coli was cultured
on sample M06 and stainless-steel substrate for 3 h.
The SEM observation shows that the bacteria are less
on sample M06, and their cell membrane is broken,
and some intracellular inclusion is leaked (Fig. 10).
The content, distribution, and chemical state of
sliver element play crucial roles in silver ions release
and antibacterial activity of the Ag-containing films.
The bactericidal mechanism of silver ions can be
explained by (a) the impairing effects of silver ions on
the structure and functions of bacterial cells, and
(b) the reactive oxygen species (ROS) induced bacte-
ria death, in which ROS are produced in catalysis of
molecule oxygen by silver ions in water [41-43]. For
metallic silver in the forms of nanoparticles or films,
the nonpassive silver oxide thin film formed by
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Figure 8 Typical antibacterial test results (3 h) of the stainless-steel samples by agar plate counting method: a SS, b M00, ¢ M02, d M04,

e M06, f MAg.
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Figure 9 Bacterial colony numbers of the stainless-steel samples
tested by agar plate counting method.

oxidation is essential for the release of antimicrobial
Ag™ ions in solutions [30, 31]. As for the Ag-con-
taining metallic films with solid solution or inter-
metallic compound structure, the degradation of
metal matrix or compound would influence the
release of silver ions, as the above corrosion tests
suggested.

When the samples were qualitatively tested by
agar disk diffusion assay, no inhibition zone is

observed for all the samples (Fig. 11). Under similar
test conditions, the Ag-containing DLC [12] and TiN
films deposited at 0.6 A of Ag target current showed
wide inhibition zone due to silver segregation to the
film surface. It was also reported that the activation of
nanogalvanic couple created by embedding silver
nanoparticles into carbon matrix enhanced the ion-
ization of biocidal Ag™ ions [11]. For W-Ag films, it
seems that silver ions released from the films were
limited during the test, and they can only killed
bacteria that landed on the film surface. The localized
antibacterial effect makes W—Ag films a useful coat-
ing to prevent bacterial adhesion or colonization.
Moreover, the above tested samples were cleaned,
soaked in deionized water for 2 weeks, and tested
again. The AR value is still above 70% for samples
MO04 and M06, demonstrating their long-lasting and
reusable antibacterial property due to the slow and
continuous release of silver ions [29]. It was reported
that DLC-Ag films with above 2 at.% silver have the
improved bactericidal properties against E. coli, but
the decreased viability of osteoblast cells [32]. The
lack of silver segregation and the limited release of

@ Springer
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Figure 11 Typical antibacterial test results of the stainless-steel samples ($¢p10 mm) by agar disk diffusion assay (48 h): a SS, b M00,

c M02, d M04, e M06, f MAg.

silver ions would be beneficial for biocompatibility of
the W-Ag films at relatively low silver content.

Conclusions

W-Ag films with silver content up to 36.2 at.% were
prepared by magnetron sputtering. Adhesion of the
films on glass substrate is improved by silver addi-
tion due to the reduced residual stress in the films.
Silver exists in the tungsten films mainly as solid

@ Springer

solution atoms and silver segregation at the film
surface is not obvious. Tungsten is slightly oxidized
(WO3) at the top surface of the film, and silver pre-
sents mainly in metallic state.

W-Ag films with < 6.7 at.% silver are nearly seven
times as hard as that of the stainless-steel substrate.
W-Ag and pure Ag films do not alter hydrophobic
nature of stainless steel. The corrosion tests reveal
even corrosion of the films and the corrosion resis-
tance is decreased by silver addition. The
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antibacterial property of W-Ag films is tungsten
related, silver dependent, localized, long-lasting, and
reusable.
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