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Biomaterials releasing silver (Ag) are of interest because of their ability to inhibit pathogenic
bacteria including antibiotic-resistant strains. In order to investigate the potential of nano-
metre-thick Ag polymer (Ag/amino-hydrocarbon) nanocomposite plasma coatings, we
studied a comprehensive range of factors such as the plasma deposition process and Ag
cation release as well as the antibacterial and cytocompatible properties. The nanocomposite
coatings released most bound Ag within the first day of immersion in water yielding an anti-
bacterial burst. The release kinetics correlated with the inhibitory effects on the pathogens
Pseudomonas aeruginosa or Staphylococcus aureus and on animal cells that were in contact
with these coatings. We identified a unique range of Ag content that provided an effective
antibacterial peak release, followed by cytocompatible conditions soon thereafter. The control
of the in situ growth conditions for Ag nanoparticles in the polymer matrix offers the pos-
sibility to produce customized coatings that initially release sufficient quantities of Ag ions
to produce a strong adjacent antibacterial effect, and at the same time exhibit a rapidly
decaying Ag content to provide surface cytocompatibility within hours/days. This approach
seems to be favourable with respect to implant surfaces and possible Ag-resistance/tolerance

built-up.
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1. INTRODUCTION

Silver (Ag) has been used for millenia in many appli-
cations including jewellery, tableware, currency or
dental alloy [1]. The most important characteristic of
Ag for hygienic and medical purposes is its disinfectant
property owing to the release of silver cations (Ag™).
The first scientifically documented use of Ag as an anti-
bacterial agent dates to 1881 when silver nitrate was
used as an eye drop for prevention of gonococcal
ophthalmia neonatorum [2,3]. With the emergence of
antibiotics, the medical use of Ag declined. However,
the interest in Ag is again increasing [4], as Ag ions
are generally active against bacteria, including
antibiotic-resistant strains. Especially, Ag nanoparticles
are in use for medical applications such as Ag-
impregnated catheters, wound dressings, prostheses
coated or with embedded nanosilver [1,5] as well as
for consumer products such as cosmetics or textiles
[6]. Owing to their small size, Ag nanoparticles can
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exhibit different physico-chemical properties compared
with those of the bulk metal. The higher surface area
per mass results in a larger number of atoms that can
interact with the environment [6-9]. It has been
shown that metallic Ag poses a minimal health risk
for the human body. Nevertheless, the direct interaction
of Ag nanoparticles with the human body is a subject of
ongoing investigations [10].

In our studies, Ag nanoparticles were grown in situ
and bonded within a plasma polymer matrix-containing
amino groups [11,12]. An important advantage of this
type of low-pressure plasma coating is the high biocom-
patibility of the matrix polymer. With the choice of
reactive gases (e.g. carbon dioxide (COj), nitrogen
(No) or ammonia (NHj)) and of monomer addition
(e.g. hydrocarbons), the plasma technology allows for-
mation of functionalized surfaces that are stable in
aqueous environments [13—18]. Plasma technology is
routinely used to prepare cell cultivation surfaces as
substrates for cultivation of adherent cells. These pro-
ducts are treated by a low-pressure plasma process to
create a hydrophilic finish on a polystyrene surface
that enhances cell attachment and proliferation,
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especially with the incorporation of nitrogen-containing
cations [19].

When biomaterials are used as implants, they not
only should promote cell growth, but ideally also exhibit
initial antimicrobial properties [20]. This spurred us to
investigate ultrathin plasma polymer coatings (25 nm
thick) containing nanoparticles of Ag that could pro-
vide a burst-release of Ag ions to avoid bacterial
colonization [21]. Although the overall amount of incor-
porated Ag is low, the Ag release can be adjusted to
have a strong antibacterial effect within the first
hours and to be consumed in this time frame. The initial
Ag burst of the nanocomposites also helps in avoiding
possible risks or potential of resistance and tolerance
of bacterial cells to Ag [22,23], which might occur in a
constantly low Ag-releasing environment. Recently,
Landsdown reviewed the use of Ag in healthcare app-
lications with focus on efficacy and safety aspects [24].
In the present study, we used the human pathogens
Pseudomonas aeruginosa (Gram-negative) and Staphy-
lococcus aureus (Gram-positive). These species are
common nosocomial pathogens, which can cause
implant-associated infections [20,25]. As model animal
cells, we used the mouse fibroblast cell line 3T3 (accord-
ing to the ISO norm 10993-5: biological evaluation
of medical devices), which has the advantage of high
reproducibility.  Functional =~ Ag/amino-hydrocarbon
(Ag/a-C:H:N) metal-polymer nanocomposites were
obtained by plasma polymerization in a gaseous mix-
ture of ammonia and acetylene (NH;/CoH,) combined
with the co-sputtering of Ag atoms.

2. MATERIAL AND METHODS
2.1. Plasma polymerization and sputtering

In order to investigate the effects of both the functional
plasma polymer and the Ag content in the Ag/a-C: H:
N nanocomposites, a custom-built modular plasma
reactor system was used to deposit Ag-containing or
Ag-free amino-hydrocarbon (a-C:H:N) coatings. For
co-sputtering of Ag, the Ag cathode was optionally
introduced in the plasma chamber (asymmetric set-
up), in contrast to Ag-free a-C: H: N plasma polymers
that were produced in a symmetric reactor set-up [15].
The plasma exposure time was adjusted to deposit coat-
ings of 25 nm thickness for all samples studied here.
This coating thickness ensures that the substrates
are uniformly coated, while possible film failure owing
to internal or external stresses as known from thicker
coatings is avoided [26]. For similar reasons, the
deposition of an overlayer (or adlayer) was avoided.

2.2. Ag-free plasma polymer

Ag-free a-C : H : N coatings were deposited from gaseous
mixtures of CoHy, NH3 and argon (Ar) without Ag at
the cathode. Therefore, a symmetric reactor set-up
was chosen consisting of two plane parallel electrodes
of the same size (30 cm in diameter) separated by a
glass ring with a distance of 5 cm. The lower electrode,
where the substrates were placed, was capacity-coupled
to a 13.56 MHz radiofrequency (RF) excitation, while
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the upper electrode contained a gas shower for the
homogeneous gas inlet controlled by flow meters. A
roots pumping system evacuated the vacuum chamber
through openings in the lower electrode to a base
pressure of 5 x 1072 Pa. Gas mixtures of variable
NH;/CoH, ratios of 2:1 and 4 : 1 were used with vary-
ing power input ranging from 8 to 50 W at a fixed
process pressure of 10 Pa in order to deposit nitrogen-
functional plasma polymers.

2.3. Ag-containing plasma polymer

For the incorporation of Ag during the growing plasma
polymer film, a Ag cathode (i.e. target, 16 cm in dia-
meter) was mounted inside the plasma reactor close to
the upper electrode, but insulated by a ceramic disc.
In this asymmetric set-up, the Ag electrode was
driven by 13.56 MHz RF excitation, while the lower
electrode holding the substrates was grounded. This
configuration results in a self-bias potential on the smal-
ler Ag electrode, which leads to particle bombardment
(sputtering) of the Ag target. Ag atoms are hence liber-
ated into the plasma zone. Using proper experimental
conditions, detrimental plasma polymer deposition on
the Ag target can be prevented. Congruent processing
parameters as those used for the Ag-free plasma poly-
mers were employed to produce the metal—polymer
nanocomposite coatings, i.e. NH3/CyH, flow ratio of
2:1 and 4:1, both with an admixture of Ar gas sup-
porting the Ag sputtering, operated between 8 and
50 W at a pressure of 10 Pa. Beside comparable gas
phase reactions, similar energetic conditions during
the film growth were obtained for both symmetric and
asymmetric reactor set-up yielding a comparable film
functionality [27]. After plasma deposition, the
chamber was re-evacuated for some time to remove
any remaining by-products of the plasma deposition
process. The substrates were subsequently removed
and analysed by various surface characterization
techniques as described below.

2.4. Continuous nano Ag coatings

Ag thin films were deposited on silicon (Si) wafers
and tissue culture polystyrene (TCPS) Petri dishes as
reference material using the asymmetric plasma con-
figuration as described above. Ar-processing gas was
used without further gases added, operated at a power
of 50 W and a pressure of 10 Pa, in order to obtain a
pure Ag sputtering. In the absence of polymerizing pre-
cursors, a continuous nanometre-thick metal layer
(here: 25 nm) is formed. The Ag layer exhibited some
surface roughness owing to the used process conditions
(pressure of 10 Pa, 5 cm distance between Ag electrode
and substrate), which was found to enhance the Ag
ion release by about 30 per cent compared with a
smooth sputter-deposited Ag layer (at a pressure of
1 Pa) [27].

2.5. X-ray photoelectron spectroscopy

In order to gain insight into the chemical nature of the
Ag/a-C:H:N and a-C:H:N coatings, X-ray photo-
electron spectroscopy (XPS) analyses were performed
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on coated Si wafers (100) using a PHI 5600 LS X-ray
photoelectron spectrometer (USA) equipped with a
conventional hemispherical analyser. The X-ray source
employed was a monochromatized Mg Kea (1235.6 eV)
operated at 300 W. Spectral acquisition is performed
under ultra-high vacuum (UHV; 10™'° Pa) conditions.
Analysis was conducted using a take-off angle of 90°
relative to the substrate surface. The pass energies
were 58.7 and 187.8eV for wide-scan and high-
resolution elemental scans, respectively. These pass
energies correspond to a step width of 0.80 and
0.025 eV, respectively. Charge compensation was
performed with a self-compensating device using
field-emitted low-energy electrons to keep the main
carbon (C-H) component at a measured binding
energy of 285.0 eV. The data reduction (atomic concen-
tration, shift, curve fitting, etc.) was performed with
CasaXPS v. 2.2.87 software. The sensitivity factors
were 0.368, 0.314, 6.277, 0.498 and 0.733 for Si2p, C
1s, Ag3d, N1s and O ls, respectively. Spectra were
fitted after a Shirley background subtraction.

2.6. Electron microscopy

The Ag nanocomposite coatings on Si substrates
were thinned in cross-sectional view geometry with
the tripod method. The final thickness suitable for
electron transmission was achieved by an Ar" beam
milling system (RES 101 from Baltec, UK). Low- and
high-resolution transmission electron microscopies
(HRTEM) were performed with a Jeol JEM FS2200
microscope (Japan).

2.7. Ag release kinetics analysed by inductively
coupled plasma-optical emission
spectrometry

A range of Ag/a-C: H: N coatings with varying Ag con-
tent were tested in a Ag release assay in comparison
with continuous Ag thin films and Ag-free a-C:H:N
polymer controls. Coatings were produced at high and
low NH3/CoH, flow ratios, 2:1 and 4: 1, respectively,
operated between 8 and 50 W plasma input power.
TCPS Petri dishes (Falcon) of 35 mm diameter were
used as substrate material. The various coated dishes
were exposed to 4 ml of deionized water (18 m{)) at
37°C for a period of 1, 4, 6 and 14 days (long term) or
for several hours (short term). These parameters corre-
spond to important time and temperature settings of
the biological testing described below. Following the
liquid exposure, 1.5ml samples of the supernatant
were collected and submitted to the analysis techniques
for the quantification of the Ag concentration. In order
to identify the bulk Ag content of the coatings, as well
as the Ag amount released from the coatings, induc-
tively coupled plasma-optical emission spectrometry
(ICP-OES) was performed on the various plasma-
coated dishes using an Optima 3000, Perkin Elmer
instrument, USA. Therefore, the Ag was dissolved in
concentrated nitric acid and diluted with water. The
Ag-containing solution was then introduced into the
ICP-OES and optically analysed (Ag lines 328.068
and 338.289 nm). The calibration was performed using
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an external Ag standard solution of 1 mgml™'. A recov-
ery rate was found between 98 and 101 per cent. The
detection limit is lesser than or equal to 0.075 pg ml ™"
in case of the dishes and lesser than or equal to
0.015 wgml™"' (of Ag) concerning the solution. The
concentration of released Ag (in ppm; parts per million)
can then be converted into the release per area (in
[T%es cm_2) considering the volume of the solution
(4ml) and the sample size (9.6 cm?), while the bulk
Ag content can be given in mass per volume (in
g cm™?) regarding the adjusted film thickness (25 nm
for all coatings). This enables a direct comparison
with the density of Ag (10.49 gcm™®) yielding an
estimate for the volume fraction of incorporated Ag.

2.8. Antibacterial assays

Pseudomonas aeruginosa PAO1 (wild-type) and
S. aureus 26AW (clinical isolate obtained from
J. Entenza) were grown in Luria broth (LB (Difco);
10 g peptone, 5 g yeast extract, 10 g NaCl per litre) to
exponential growth phase (about 10 colony forming
units (CFU) per millilitre), centrifuged, washed with
LB and diluted to 1.5 x 10* CFU ml™" in LB agar con-
taining 1 per cent KNO3 and 1.5 per cent agar. One
millilitre of this suspension was poured into 35 mm
diameter TCPS Petri dishes (Falcon), which had
been coated by Ag/a-C:H:N nanocomposites or Ag-
free a-C:H:N. The thin layer of agar allowed close
contact between the bacteria and the surface. The
dishes were incubated at 37°C and the numbers of colo-
nies were counted after 16—18 h. Three replicas were
done for each sample and the experiment was repeated
at least once to ensure reproducibility. The minimum
inhibitory concentration (MIC) of Ag was determined
for strain PAO1 in LB-containing AgNO3 at a final con-
centration ranging from 1 to 100 wM. The inoculum
was 10° CFU and incubation was overnight. The MIC
was also determined on solid LB agar-containing
AgNO; (final concentration of 1-100 wM). About 10°
CFU were spread and the plates were incubated over-
night. The MIC of AgNOj for P. aeruginosa was
12.5 pM. To determine bacterial growth on the surface
not treated with Ag, bacterial suspensions were diluted
100-fold.

2.9. Cell culture conditions

Mouse fibroblast cell line 3T3 was obtained from the
European Collection of Cell Culture (ECACC no.
85022108). Cells were grown in T25 flasks with the sup-
plier’s suggested medium Dulbecco’s modified Eagle’s
medium (Gibco no. 41965) containing 2 mM glutamine,
10 per cent foetal calf serum and 1 per cent PSN (peni-
cillin (5 mg ml ™), streptomycin (5 mg ml™'), neomycin
(10 mgml™')) (Gibco) at 37° C with 5 per cent CO,
over 8—10 passages. When the culture reached near con-
fluence, the cells were trypsinized and seeded in plasma-
coated 35 mm diameter TCPS Petri dishes (Falcon).
All tested plasma coatings were pre-incubated in cell
culture medium for 24 h to discard the first boost of
Ag ions and to allow foetal calf serum proteins to
adsorb to the coatings. The cell seeding density for
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the MTT and DNA assay was 12000 cells per 35 mm
Petri dish and 6000 cells per Petri dish for the triple
staining.

2.10. In vitro cytotoxicity measurements

The in vitro cytotoxicity assay is based on the ISO-
Norm 10993-5: biological evaluation of medical devices.
This assay evaluates if the test materials release toxic
substances that have negative effects for cell culture.
The cytotoxic effect on the cell activity and the cell pro-
liferation is determined by the MTT and DNA
measurements. MTT  (3-(4,5-Dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide) is reduced to a blue,
water-insoluble MTT-formazane product by dehydro-
genase activity in the mitochondria or cytoplasm of
living cells. The amount of the formazane product is
related to the quantity of cells and to their activity.
The MTT assay was carried out after 4 and 6 days of
exposition as described previously [28] with some modi-
fications. Briefly, the culture dishes were once washed
with pure culture medium (DMEM) and 250 pl per
well of the MTT solution (5 mgml™") (Sigma M2128)
was added for 1 h at 37°C. Afterwards the supernatant
was disposed and the blue MTT formazan product was
dissolved in 1 ml solvent solution (90% ethanol, 10%
HEPES-NaCl, pH 8.0) followed by gyratory shaking
on a horizontal shaker for 15 min. The solvent solution
of 100 wl was transferred to a 96-well plate and the
absorbance of the supernatant was measured at
550 nm (Biotec Instruments ELx800, Witec AG,
Littau, Switzerland). Wells without cells were used as
blanks. The total DNA culture content was taken as
an index for effects on cell proliferation. The DNA
assay determines the amount of DNA in the cell culture.
Fluorochrome bisbenzimidazol (Hoechst 33258) binds
specifically to the DNA and its fluorescence can be
detected at 460 nm. The intensity of the fluorescence
is proportional to the amount of DNA and therefore
proportional to the number of cells. The reaction is
specific as fluorochrome bisbenzimidazol cannot bind
to RNA or proteins. DNA was quantified on day 4
and day 6 using the Hoechst 33258 assay (Sigma
861405) as described previously [29] with some modifi-
cations. Briefly, the culture media of the Petri dishes
was discarded and the cells were lysed by adding dis-
tilled water for 30 min. Afterwards, 100 wl of this
solution were transferred to a 96-well plate, mixed
with 100 wl of the Hoechst solution (20 wgml ' in
TNE (10 mM Tris, 2M NaCl and 1mM EDTA)
buffer) and incubated on a horizontal shaker for 1h in
the darkness. The fluorescence intensity was measured
at 460 nm (Biotek Instruments FLx800, Witec AG,
Littau, Switzerland). Before and at the end of the treat-
ment period, all samples were analysed using a Nikon
Diaphot light microscope (Nikon AG, Egg, Switzer-
land) combined with the digital imaging system
Moticam 2300 (Mikroskop Technik Diethelm GmbH,
Wagen, Switzerland). Each experiment was done inde-
pendently three times. Per experiment all treatments
were repeated two times per different type of plasma
coating. Identically treated cultures were taken as repli-
cate measure for statistical tests. Significant effects
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(p < 0.05) were determined using ANOVA two factor-
ial Dunn—Bonferroni test (SPlus software).

2.11. Triple staining actin, vinculin and nucleus

On day 6, the cells were washed two times with phos-
phate-buffered saline (PBS) without glucose and
treated with 4 per cent paraformaldehyde plus 0.2 per
cent Triton-X for 8 min and washed again with PBS.
The actin and vinculin staining were used to analyse
the cell architecture. The actin filaments were stained
with Alexa Fluor 488 phalloidin (1:40, Molecular
Probes, A12379) in PBS for 20 min. Vinculin, a focal
adhesion protein, was stained by the first antibody h-
Vin-1 monoclonal mouse IgG1l anti-vinculin (1 : 300,
Sigma, V9131) in PBS solution with 1.5 per cent skim
milk/PBS for 2h and the second antibody Alexa
Fluor 546-labelled goat anti-mouse IgG (1 :400, Mol-
ecular Probes, A11030) in PBS solution with 1.5 per
cent skim milk/PBS for 2 h. The nuclei of the cells
were stained with the DNA marker BOBO-1 (Mole-
cular Probes, B-3582) according to Kaiser et al. [30].
Triple-stained cells were imaged using the confocal
laser scanning microscope LSM 510 (Carl Zeiss AG,
Feldbach, Switzerland).

3. RESULTS
3.1. Characterizing the plasma coatings

The combination of polymerizable and etchable gases in
a low-pressure RF plasma process leads to the depo-
sition of a polymer-like layer with accessible
functional groups [31,32]. Using gaseous mixtures of
ethylene and ammonia, the plasma polymer consists
of a cross-linked hydrocarbon matrix with nitrogen
functionalities. These include amino groups that are
stable against dissolution [13,32]. The degree of chemi-
cal functionality in the polymer matrix was tuned by
changing the NH3;/C5H, ratio, as monitored by XPS
analysis (table 1). As expected, the nitrogen content
was found to be increased at a higher NHj3/CoH,
ratio, which also resulted in lowered plasma polymer
growth rates [31]. We also observe a higher wettability
for higher N content [33]. The measured N/C ratio
increased from approximately 0.4 for the process
NH;/CoHy at 2:1 to a N/C ratio of approximately
0.6 for the process NH3/CyH, at 4 : 1. The nitrogen con-
tent of the a-C:H:N and Ag/a-C:H:N coatings was
largely independent of the process power in the range
of 8 to 50 W. Thus, an increase in power mainly resulted
in an increase of the plasma polymer growth rate with
higher deposition rates, as also previously reported
[31,32]. Note that for the lower deposition rates as
obtained for the NH3/CyH, ratio of 4:1, small differ-
ences in the ion bombardment might be responsible
for the lowered N/C ratio within the symmetric set-up.

Working in the asymmetric reactor set-up and
adding the sputtering gas Ar, the in situ incorporation
of Ag nanoparticles into the growing functional plasma
polymer matrix was achieved, again depending on the
gas mixture and the power input. A TEM analysis of
a Ag/a-C:H:N coating produced with a NHz/CyHy
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Table 1. Description and parameters of the 25 nm thick a-C:H:N plasma coatings used in this work. In the asymmetric
plasma reactor set-up, a silver (Ag) electrode was mounted on one side. The Ag concentration was measured in the final

coating by XPS (surface) and by ICP-OES (bulk).

reactor set-up  NHz/CoH, NHj (scem)  CoHy (scem)  power input (W) N/C  AgICP-OES (gem™®)  AgXPS (at%)
sym 2:1 8 3.6 8 039 — —
asym 2:1 8 3.6 8 0.39 0.19 0.70
asym 2:1 8 3.6 15 0.35 0.62 2.92
asym 2:1 8 3.6 25 0.36 1.21 4.27
asym 2:1 8 3.6 50 0.47 237 7.36
sym 4:1 8 2.1 8 042 — —
asym 4:1 8 2.1 8 0.61 0.21 2.07
asym 4:1 8 2.1 15 0.60 0.87 4.22
asym 4:1 8 2.1 25 0.49 2.01 6.53
asym 4:1 8 2.1 50 0.56  4.16 10.67

ratio of 4 : 1 and a power input of 50 W was carried out
to exemplify the growth of the Ag nanocomposites and
the distribution of the Ag nanoparticles within the
plasma polymer network (figure 1). A homogeneous
Ag particle distribution was observed in the polymer
matrix with an average particle diameter of 5—10 nm.
The Ag nanoparticles were embedded in the plasma
polymer, while the amount of Ag particles differed for
varying power input [34]. Higher NH3/CoH, ratio as
well as higher power input correlate with a higher Ag
incorporation as evidenced by XPS surface analysis
and ICP-OES measurements for the bulk composition
(table 1). For better comparison, all coatings were
deposited with the same thickness of 25nm. The
lowest Ag surface content of 0.7 at% was achieved in
our series for a NH;/CyH, ratio of 2:1 and the lowest
used power input of 8 W. The Ag content increased
by a factor of 10 by increasing the power input to
50 W (keeping the ratio 2:1). The overall highest Ag
surface concentration of 10.7 at% was obtained for the
NH;/CoH, ratio of 4:1 at the power input of 50 W
(figure 1). The bulk measurements show the same
trends and also correlate with the Ag release measure-
ments presented below. Besides the overall Ag
content, the average particle size was also found to
increase with power input [11]. Coatings obtained at a
power input of 50 W showed a comparable Ag particle
diameter for both NHz/C,H, ratios (2:1 and 4:1),
while the particle number was found to be higher for
higher gas ratios resulting in more Ag incorporation.
A similar dependence of the Ag content and the particle
diameter on the power input has also been observed for
other Ag composite systems [34—38].

3.2. Ag release

Deionized water was used to quantify the kinetics of
Ag™" ion release from different Ag-containing nanocom-
posite plasma coatings. To avoid the possibility of
precipitation of Ag" in water owing to oversaturation,
the volume of water added to the plasma-coated Petri
dishes was set to 4 ml in order to stay well below satur-
ation at 20 ppm at 37°C (corresponding to 8.3 wg cm ™ >
for the used Petri dishes with an area of 9.6 cm®). The
maximum concentration of Ag released from the
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Ag/a-C:H:N coatings in cumulated measurements
over 14 days was thus naturally limited to 5 ppm
(2 pg em™?), while a plain metallic Ag surface (plasma
sputtered) produced the highest concentration of
12 ppm (5 pg cm ™ ?) after two weeks of incubation in
water. Figure 2 shows the Ag release from a plain met-
allic Ag coating deposited at 50 W and of the two
experimental nanocomposite series using the NHj/
C,H, ratios of 2:1 and 4 : 1 with varying power input.
The Ag release has been converted to mass per area
(ng cm?). Both series (figure 2a,b) reveal a similar be-
haviour, showing a fast release (i.e. steep slope) within
the first day, followed by a much slower release after-
wards. Furthermore, a higher overall release occurred
for Ag nanocomposites deposited with higher power
input. As one would expect, more Ag ions were released
from coatings with more Ag nanoparticles. During the
release of Ag" ions, water presumably penetrates the
plasma polymer matrix, facilitating surface oxidation
of the embedded Ag nanoparticles owing to the
oxygen dissolved in the water. Ag™ ions are hydrated
and can thus diffuse through the matrix according to
equation (3.1):

4Ag(s) + 4H3O+ + Og(aq) — 4Agz;q) + 6 HyO. (31)

The over-exponentially falling release rates (figure 3)
can be explained by a diffusion-limited process in which
the Ag nanoparticles nearest to the surface of the nano-
composite coating produce a fast initial release, i.e.
short diffusion paths. The over-exponential first rise of
Ag release is probably owing to Ag nanoparticle sur-
faces that are already in an oxidized state after
plasma deposition [39], which largely facilitates Ag ion
production. After about 1 day of immersion in water,
the release rate was noticeably slower and asymptoti-
cally approached a constant low-residual release rate.
Note that a considerable part (up to 60%) of the total
incorporated Ag was released within those first 24 h.
We recall the small coating thickness of 25nm
(table 1 and figure 2). Along the same lines, different
release kinetics can be observed depending on the Ag
size distribution and polymer matrix density. Figure 3
depicts the Ag release per day in deionized water for
the coating series using 15 and 25 W power. The release
rate of Ag ions clearly peaked during the first day
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Figure 1. TEM cross-section of an Ag nanocomposite produced with a NH3/CoH, ratio of 4 : 1 and power input of 50 W.
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Figure 2. Total Ag release cumulated over time from the
plasma coatings of series (a) NH3/CoHy=2:1. (b) NHj/
CyH,;=4:1. The amount of Ag in solution during the first
day of incubation is indicated with the dashed line. For com-
parison, the total release from a plain metallic Ag layer (Ag
ref.) is shown. Diamonds, 8 W; open squares, 15 W; triangles,
25 W; circles, 50 W; filled squares, Ag ref.

yielding an antibacterial burst. A different Ag release
rate was obtained for the different NH3/CoH, gas
ratios of 2:1 and 4:1. Although the 4:1 series pro-
duced coatings with higher overall Ag contents
(table 1), the Ag release rate was smaller compared
with the 2: 1 series. We conclude that these differences
are mainly owing to the influence of the plasma polymer
matrix. While the coatings deposited with the NHj/
C,H, gas ratio of 2:1 can be considered as polymer-
like coatings (film density of 1.3-1.5gcm %), the
increased NH3/C,H, ratio yields more cross-linked and
denser a-C:N:H coatings (1.6-1.8 gcm ™ ®) owing to
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Figure 3. Total Ag released over time of incubation—compar-
ing plasma coatings of type NH3/CoH,; =2:1 and 4:1 for 15
and 25 W power input. The silver (Ag) release rate of all nano-
composite coatings tested decays roughly an order of
magnitude over the first 24 h. Filled squares, 4:1-15 W;
open squares, 2:1-15W; triangles, 4:1-25 W; open tri-
angles, 2:1-25 W.

a higher energy (ion bombardment) dissipated during
film growth [13]. Therefore, water diffusion is generally
facilitated in matrices produced at 2:1 gas ratios.

3.3. Antibacterial assay

The antibacterial assay was performed on the different
Ag/a-C:H: N coatings as well as on Ag-free coatings as
a control, with a NH3/CoH, flow ratio of 2:1 or 4:1
and power inputs ranging between 8 and 50 W. The
coated Petri dishes were tested for their antibacterial
properties either as deposited or after 1 day of pre-
incubation in H,O, which was afterwards discarded.
A similar pre-incubation step was used in the cyto-
toxicity test described below to capture the situation
after the initial Ag release peak. All Ag-free a-C:H:
N coatings obtained with a NH3/CoH, ratio of 2:1 or
4:1 exhibited full bacterial contamination of the
surface by P. aeruginosa and S. aureus, i.e. these coat-
ings showed no antibacterial activity. The Ag/a-C:H:
N nanocomposites, in contrast, revealed strongly
reduced or absence of bacterial colonization depending
on the power input. The nanocomposite coatings
obtained at 8 W were more effective against P. aerugi-
nosa than against S. aureus. The 2:1 and 4:1 gas
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Table 2. Bacterial growth on Ag/a-C: H: N nanocomposites
generated by a 4:1 or a 2:1 ratio of NH3/CoH, after
inoculation with 1.5 x 10" CFU in 1ml LB agar-containing
KNOj. The plasma coatings were tested (a) as deposited for
their antibacterial properties or (b) after a 1 day exposure to
1ml of H,O to induce Ag" leaching. Bacterial growth is
expressed as the percentage of colonies growing relative to
those found in the uninhibited control.

coating parameter bacterial growth (%)

NH;/C,H, power (W) P. aeruginosa S. aureus
(a)

4:1 8 0 75+5
4:1 15 0 0

4:1 25 0 0

4:1 50 0 0

2:1 8 0 33+10
2:1 15 0 0

2:1 25 0 0

2:1 50 0 0

(b)

4:1 8 100 100
4:1 15 50+ 1 100
4:1 25 20+ 2 100
4:1 50 0 10+1
2:1 8 100 100
2:1 15 50+ 1 100
2:1 25 10+1 100
2:1 50 0 0

ratios were effective against both pathogens for power
inputs equal or greater than 15 W (table 2). In these
experiments, bacteria were embedded in 1 ml of agar.
Increasing the volume of the embedded bacterial
suspension to 2 or 4 ml reduced the effective Ag™ ion
concentrations and no distinct antibacterial effect was
observed for the power input of 8 W (data not
shown). The samples pre-incubated with H,O for 1
day showed a significant decrease of their antibacterial
effectiveness (table 2). Only the coatings with the high-
est Ag content for both NH3/CoH, ratios of 2: 1 and 4 :
1 exhibited an antibacterial activity against S. aureus
and P. aeruginosa. The coatings with smaller amounts
of Ag were not effective against S. aureus and less effec-
tive against P. aeruginosa (table 2). These findings
demonstrate that the coatings provide a good short-
term antimicrobial effect by releasing most of the incor-
porated Ag in the first 24 h. More long-term effects can
be achieved at higher Ag incorporation. Thus, by
adjusting the nanocomposite coatings, the antibacterial
properties of the surface can be varied, depending on
the application and the desired timescale of action.

3.4. Cytotoxicity assay

The cytotoxicity assay was performed with different
Ag/a-C:H:N and Ag-free nanocomposite coatings
using a NH3/CoH, flow ratio of 2:1 or 4:1 operated
between 8 and 50 W. The nanocomposite coatings
were produced 1 day before the cytotoxicity assay and
pre-incubated with complete cell culture medium for
24 h. During this incubation time, a first boost of Ag™
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ions was released and foetal calf serum proteins
adsorbed onto the coatings. Thereafter, the cell culture
medium was discarded and the cells with fresh medium
were seeded for the subsequent experiments. This incu-
bation step allowed the analysis of the effect of the small
and continuous Ag release to the 3T3 cells depending
on the Ag amount in the coatings. This procedure was
chosen to approximate conditions of an implant surface
exposed to a moderate exchange with adjacent fluids
within 1-2 days after implantation. Other than in the
human body, the cells under in wvitro conditions are
directly seeded onto the coating surface and the cells
interact immediately with the nanocomposites. Owing
to the absence of a fluid flow in the polystyrene dish,
the released Ag is accumulated and has a huge effect
on the cells.

To evaluate the effects of the plasma coatings on 3T3
cell culture, cell density and morphology were observed
by light and fluorescence microscopy. Figure 4 displays
representative microscopic pictures of 3T3 cells on pre-
incubated Ag-free, Ag/a-C: H: N nanocomposites using
a NH3/CoH, ratio of 2:1 at 8, 15, 25 and 50 W power
and on the polystyrene control on day 6. Figure 4 suggests
that the a-C: H : N coating, per se, is a good cell-culture
surface as similar cell densities were reproducibly
recorded (figure 4a,b). The 3T3 cells also showed a high
cell density on Ag/a-C: H: N nanocomposites operated
by 8 W (figure 4¢). With the increase of power input, a
decrease in the cell density was observed (figure 4d,e)
up to dead cells on coatings with 50 W (figure 4f). In
addition to the light microscopy pictures, fluorescence
images visualizing the cell architecture of 3T3 cells rep-
resented by the triple staining actin, vinculin and the
nucleus were performed. For this staining only half of
the cell number was seeded to analyse and monitor
single cells. Figure 5 shows that cells nicely spread
on the coatings determined by the actin (green) and vin-
culin, a member of the focal adhesion complex (red),
indicating the strong cell adherence to the surface.
This underlines that the Ag-free a-C:H:N matrix is
intrinsically cytocompatible (figure 5b). It is also
shown that the cells that attach on the Ag/a-C:H:N
coatings operated at 8 and 15 W are nicely spread
(figure 5¢,d). Although only the 2: 1 Ag/a~-C : H: N coat-
ing was tested here, the same behaviour can be expected
for higher power inputs and gas ratios owing to their
comparable surface chemistries.

The quantitative analysis of cell functionality on the
Ag/a-C:H:N and Ag-free nanocomposites was per-
formed by the total DNA measurement and MTT
assay on day 4 and 6. The values of the polystyrene
control on day 4 were set to 100 per cent. The values
on day 6 (related to the 100%) thereby show an increase
in the cell population from day 4 to day 6. The total
DNA content of the 3T3 cell culture was similar on
the Ag-free a-C:H :N nanocomposites and the poly-
styrene control, here shown for the NH3/C.H, gas
ratio of 4: 1 and 2: 1 at 8 W power (figure 6), as demon-
strated by the statistical tests. The Ag/a-C:H:N
nanocomposites permitted good cell proliferation on
the plasma coatings that were operated with 8 W inde-
pendently of the gas flow ratio. Ag/a-C:H:N
nanocomposites that were produced at a power input
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Figure 4. Representative light microscopy pictures of 3T3 cells on pre-incubated (a) a-C: H: N at 8 W, (b) polystyrene, (¢) Ag/a-
C:H:Nat8W, (d) Ag/a-C:H:N at 15 W, (e) Ag/a-C:H: N at 25 W and (f) Ag/a-C:H: N at 50 W at day 6. The nanocom-
posites were deposited using a 2: 1 ratio of NH3/CoH,. Scale bar, 100 wm.

higher than 8 W had a decreased cell functionality,
which indicates a negative effect of the released Ag for
the cell functionality.

The MTT assay as an indicator of cell activity
(figure 7) was performed in parallel and showed similar
results. The pre-incubated Ag/a-C:H:N and Ag-free
nanocomposites (NH3/CoHy ratio of 4:1 and 2:1)
operated at a power input of 8 W promoted a high
cell activity. The increase of the power input up to
50 W corresponding to an increased amount of Ag
incorporation induced a decrease of the cell activity
independently of the gas flow ratio. These results
agree with the observation that the amount and par-
ticle size of Ag increases with power input, thereby
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increasing the overall Ag load in the nanocomposite
coating [11].

The 3T3-tolerated Ag content for the pre-incubated
Ag/a-C:H: N series with a NH3/CoH, ratio of 4 : 1 was
in the range of 2.1-4.2 at%, while the corresponding
range for the 2:1 series fell into 0.7-2.9 at% owing to
the relatively higher Ag release from the latter coatings
(figure 3).

4. DISCUSSION

This study reports the production of plasma nanocom-
posite coatings that allow controlled Ag release. The
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Figure 5. Representative microscopy pictures of 3T3 cells on day 6 on pre-incubated (a) polystyrene, (b) a-C: H:N at 8 W, (¢)
Ag/a-C:H:N at 8 Wand (d) Ag/a-C: H: N at 15 W. The nanocomposites were prepared using a 2 : 1 ratio of NH3/CoH,. Scale

bar, 20 pm.

total DNA content (% of control)

TCPS 8Ww/oAg 8W+Ag 15W+Ag 25W+Ag 50W+Ag

OF

TCPS 8Ww/oAg 8W+Ag 15W+Ag 25W+Ag 50W+Ag

Figure 6. (¢) DNA assay to determine the DNA content of 3T3 cells on pre-incubated Ag/a-C: H : N nanocomposites using a 4 : 1
ratio of NH3/CyH, at day 4 and 6. 3T3 cells were cultivated on tissue culture polystyrene (TCPS), on Ag-free a-C : H: N coatings
(w/o Ag) and on Ag/a-C:H:N nanocomposites produced at 8, 15, 25 and 50 W. The data are expressed as mean + s.e.m. of
three independent experiments. (b) DNA assay to determine the DNA content of 3T3 cells on pre-incubated Ag/a-C : H: N nano-
composites using a 2 : 1 ratio of NH3/CyH, at day 4 and 6. 3T3 cells were cultivated on TCPS, on Ag-free a-C: H: N coatings (w/
0 Ag) and on Ag/a-C: H: N nanocomposites deposited at 8, 15, 25 and 50 W. The data are expressed as mean =+ s.e.m. of three
independent experiments. (a, b) Asterisk (*) indicates significantly different from control culture d4 p < 0.05, hash (#) indicates
significantly different from control culture d6 p < 0.05. (a,b) Open bars, d4; filled bars, d6.

obtained antibacterial activity followed by cytocompat-
ibility conditions after 1 day is a prerequisite for a
comprehensive assessment of future medical appli-
cations. The plasma-coating technology is well
established [17,38,40] and can be used to produce
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customized coatings on different support materials
such as implants or catheters. Implants having antibac-
terial coatings could offer distinct advantages. For
instance, despite numerous prophylactic measures,
infections after total hip arthroplasties still occur in
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Figure 7. (a) MTT assay to determine the cell activity of 3T3 cells on pre-incubated Ag/a-C : H: N nanocomposites using a 4 : 1
ratio of NH3/CoH, at day 4 and 6. 3T3 cells were cultivated on TCPS, on Ag-free a-C: H: N coatings (w/o Ag) and on Ag/a-C:
H : N nanocomposites prepared at 8, 15, 25 and 50 W. The data are expressed as mean + s.e.m. of three independent experiments.
(b) MTT assay to determine the cell activity of 3T3 cells on pre-incubated Ag/a-C: H : N nanocomposites using a 2 : 1 ratio of
NH;/C,H, at day 4 and 6. 3T3 cells were cultivated on TCPS, on Ag-free a-C : H: N coatings (w/o Ag) and on Ag/a-C:H:N
nanocomposites deposited at 8, 15, 25 and 50 W. The data are expressed as mean + s.e.m. of three independent experiments. (a,
b) Asterisk (*) indicates significantly different from control culture d4 p < 0.05, hash (#) indicates significantly different from

control culture d6 p < 0.05. (a,b) Open bars, d4; filled bars, d6.

1-2% of the cases, and this rate may increase after revi-
sion surgery [41,42]. This means that between 1000 and
2500 patients annually undergo this type of compli-
cation in Germany alone [43]. Implant surfaces should
not only enhance cell growth, but also show initial anti-
microbial properties, to prevent bacterial infections that
may occur after surgery and could lead to dramatic con-
sequences for the patient resulting in unnecessary
medical costs [20]. During the critical period following
surgery, it is desirable to have an initial high release
of antimicrobial agents [44]. The release of antimicro-
bial agents is especially more effective for rough
surfaces or implants with niches than an ingested anti-
biotic treatment. The Ag-free polymer coating was not
cytotoxic and residual Ag release observed after the
initial peak release did not affect the cell functionality
and spreading. These data are in agreement with
recent studies, which have shown that primary amine
groups on the plasma-treated surface promote cell attach-
ment [17,45,46]. Our model study still does not address the
fate or excretion of released Ag ions and therefore a more
detailed assessment including in wvivo tests will be
necessary. The in vivo studies will provide more realistic
conditions for the Ag/a-C:H:N coatings used, for
example, for implants. In the body, the cells will not be
directly in contact with the coated implants because it
will take a while until the cells start to colonize the implant
surface. However, it is important to have Ag release during
this period in order to avoid bacterial infection.

The functionality of the a-C:H : N nanocomposites
can mainly be influenced by the gas ratio of NHy/
CsH, in the plasma reactor, while the nitrogen incorpor-
ation is independent of the power input in the range of
8—50 W [11,33]. With the asymmetric reactor set-up it
is possible to incorporate Ag nanoparticles into the
growing functional plasma polymer matrix. The power
input as well as the gas ratio of NH3/C,H, determine
the amount of Ag and the matrix properties of the
nanocomposites and thereby controls the Ag release of
the plasma coatings. The understanding and control
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of each process parameter of the nanocomposite coat-
ings allow rapid development of surfaces with
adjustable Ag release properties, which adds smart
antibacterial functionality to current implant technol-
ogy. The stability of such surface coatings on implants
is paramount. NH3/C,H, plasma polymer coatings
without Ag have been found to produce a permanent
surface modification on textiles [33]. Denser and
harder coatings, however, are prone to film failure
(e.g. on implants) and tend to produce a lower Ag
release [13,26,47]. In this study, the thickness of the
functional plasma coatings was set to 25 nm to insure
total coverage of the substrate surface in view of a
reported interface of several nanometre [48]. Comparing
the series with a NH3/C,Hy ratio of 2:1 and 4:1,
the former shows a higher Ag release. We think that
this is due to better penetration of water into the
less-dense plasma polymer matrix, where the Ag
nanoparticles are embedded.

Ag release properties were assessed in water and the
results are given in units of Ag mass per surface area.
Therefore, a good comparison of the release properties
between the different Ag nanocomposite samples is
ensured; the same release unit also serves as a base
for further application-oriented adjustments. In wvivo
released Ag™ ions may react with constituents present
in the environment (host cells and bacteria), resulting
in binding of Ag". Our Ag release measurements,
which were performed in water, can be regarded as a
model system. It is worth mentioning that there was
an excellent agreement between the Ag release kinetics
and the biological assays. After pre-incubation, the Ag
release from coatings deposited with a power input of
8 W was drastically reduced. Such coatings had antimi-
crobial activity limited to the first hours of incubation,
immediately followed by excellent cytocompatibility.
The Ag/a-C: H: N coatings deposited at 15 W, yielding
Ag™ ion concentrations of approximately 0.1 ppm after
pre-incubation, still enabled cell attachment and
spreading. In contrast higher power inputs, resulted in
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sustained Ag® ion concentrations of approximately
1 ppm, which also suppressed cell activity. By adjusting
the coating parameters, such as the NH3/CoH, ratio
and the power input, we expect to be able to produce
biomaterial surfaces that exhibit initial antibacterial
properties as well as long-term biocompatibility. Thin
uniform coatings are expected to be beneficial in view
of possible film failure compared with thicker or
harder coatings (or multi-layers) on implants. For this
purpose, gradient Ag nanocomposite layers can also
be regarded by changing the external plasma par-
ameters during deposition. In conclusion, this work
establishes the basic settings to produce such tailored
functional plasma nanocomposite coatings that can be
used to produce customized surfaces.

Part of the work was performed within the EU-funded project
EMBEK1 'Development and analysis of polymer based multi-
functional bactericidal materials’, grant no. 211436 (7th
framework programme). D.S. was supported by the VELUX
Foundation. The work comprises four equally important
parts: plasma coating (Balazs, Koérner, Hegemann), Ag
release kinetics (Korner, Grieder, Heuberger and Hegemann),
antibacterial testing (Shen, Haas) and cytocompatible testing
(Lischer, Wick); for this reason, several authors contributed
equally.
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