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Antibacterial coating is an important strategy preventing bacterial colonization and biofilm formation. One-step
synthesis of nanocapsule-containing antibacterial coatings with controlled release of Ag+ ions was achieved in
the current work by aerosol-assisted atmospheric pressure plasma deposition. The experimental parameters of
deposition including the discharge power, silver nitrate concentration, aerosol flow rate, continuous and pulsed
mode of operation were studied in order to analyze their effects on surface morphology and chemical compo
sition of the coating. Formation of nanocapsules embedded in the polymeric coating was observed. A core-shell
structure was found for nanocapsule with silver in the core and polymer in the shell. Antibacterial coatings on
polyethylene terephthalate film were studied in terms of Ag+ ion release, antibacterial properties against
Escherichia coli and Staphylococcus aureus, and cytotoxicity with murine fibroblasts. Two-phase release kinetics of
Ag+ ions was observed as initially a short-term burst release followed by a long-term slow release. It was
revealed that high antibacterial efficiency of the coatings deposited on polyethylene terephthalate films can be
coupled with low cytotoxicity. These biocompatible antibacterial coatings are very promising in different fields
including biological applications.

1. Introduction
Nowadays antibacterial coatings are rapidly emerging as the main
mitigation strategy against pathogenic bacteria [1,2]. The nosocomial
infections from the hospital and the original condition of patients bring
global challenges to the hospitals and healthcare services [1,3]. Noso
comial infections are primarily induced from bacterial colonization of
biomedical surfaces, to form a biofilm as a reservoir of pathogens. Al
though antibiotics have been utilized worldwide, increasing antibiotic
resistance presents a global threat to public health [4]. Antibacterial
coatings arise as an important approach to restrict the nosocomial in
fection rate without side effects and the development of antibiotic re
sistance. Ag-containing coatings are by far the most prevailing anti
bacterial nanomaterials [1,5], due to the advantages of broad
antibacterial spectrum efficacy, low systemic absorption of Ag+ ions

⁎

with tissue cells, satisfactory stability [1]. However, Ag-containing
coatings and released Ag+ may also affect the tissue cells, which re
quires the control and regulation of dosage to avoid cytotoxicity side
effects. Therefore, release-controllable biocompatible antibacterial
coatings are desired for medical applications. A combination of initial
burst-release and followed slow release can be advantageous for many
medical applications since the bust release is beneficial for the anti
bacterial protection in the early stage and long-term slow release is
needed to prolong the lifetime of antibacterial coatings. However,
simple embedding Ag into layer structured coating is often unable to
achieve such combined two-phase release kinetics.
Traditional “wet” chemistry methods are used for producing Agcontaining coatings while exhibiting the drawbacks including tedious
multi-step synthesis, hazardous solvents and reactants, and high process
costs [6]. Plasma-based methods are attractive to produce Ag-
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containing coatings, due to the advantages including relatively simple
engineering, extraordinary versatility, solvent-free deposition, and the
possibility of large scale production [7]. Aerosol-assisted atmospheric
pressure plasma deposition (AAPPD) stands out to be a novel method to
produce nano-/biocomposite coatings with core-shell structured nano
capsules [8–10]. Recently, Lo Porto et al. succeeded in the synthesis of
vancomycin-containing nanocapsules for drug delivery applications
using AAPPD [11,12]. Palumbo et al. synthesized lysozyme-embedded
bio-composite thin films and gentamicin-containing nanocapsules
through AAPPD [8,13]. With the possibility to produce core-shell
structured nanocapsules, AAPPD brings a new perspective to deposit
Ag-containing antibacterial coatings. To the best of our knowledge, this
approach for engineering Ag-containing coatings has not been reported
yet.
In this work, AAPPD was applied to produce release-controllable
Ag-containing antibacterial coatings in a single-step synthesis. It has to
be emphasized that Ag-containing nanocomposite was directly pro
duced during the deposition step from the pristine AgNO3 solution,
which brings unique advantages to this method compared with other
techniques. The whole deposition is a one-step sustainable process with
very limited use of nontoxic chemicals as it does not require preformed
expensive and toxic nanoparticle dispersions, which has a potential of
large scale environmentally friendly production with very limited use of
chemicals. First, Ag-containing coatings were deposited on silicon wa
fers and investigated in terms of surface morphology and chemistry.
Based on the analyses of the coating, a hypothesis of the deposition
mechanism of AAPPD was proposed. Since PET films are used as ma
terials in many medical applications, the working conditions were op
timized for PET films and tuned to control the Ag+ ion release by
changing the aerosol gas flow ratio. Finally, the release rate of Ag+
ions, antibacterial tests with Gram-negative bacteria (Escherichia coli)
and Gram-positive bacteria (Staphylococcus aureus), cytotoxicity assay
with murine fibroblasts were carried out to explore biological appli
cations of the novel biocompatible antibacterial coatings.

100 mmol/L (high concentration, HC). The aerosol droplets had dia
meters in the range of sub-micrometers, which was reported by others
at similar conditions [8,11].
The feeding gas/aerosol flew from an inlet on one side of the DBD
plasma source, through the plasma zone and was afterward pumped out
by an aspirator on the opposite side of the reactor. The discharge was
sustained in continuous mode (CM) and pulsed mode (PM) by using a
power supply at 24 kHz (PVM500, Information Unlimited) and pulse
generator. The pulsed mode corresponded to a duty cycle of 33%, with
ON time of 40 ms and OFF time of 80 ms. The discharge current and
voltage waveforms were acquired by an oscilloscope (TDS 2014C,
Tektronix) connected with a resistance-type current probe and a highvoltage (P6015A, Tektronix) probe. Experiments were performed at two
power levels: high power density (HP) of 0.76 W/cm2 and low power
density (LP) of 0.38 W/cm2. The substrates were placed on the bottom
electrode, at a distance of 3 cm from the inlet. Before each deposition, a
purging process of the chamber was performed with pure helium with a
flow rate of 4 SLM for 3 min. After deposition of 10 min, the samples
were taken out for further analysis.
The AAPPD treatment was applied in experiments in the following
way as presented in Fig. 2. First, the deposition was done on silicon
wafers at various experimental conditions to study surface morphology
and chemistry as shown in Table 1. After the optimization of the ex
perimental parameters, the deposition was performed on PET films to
investigate antibacterial activity for biomedical applications. The
treatment process was further optimized to achieve the desired per
formance, as shown in Table 2.
2.3. Surface characterization
Surface profilometry was carried out to obtain the coating thickness
by an α-step profilometer D120 (Tencor-Instruments). Surface wett
ability was evaluated by static water contact angle (WCA) measuring
with 5 μL double-distilled water droplets (ramé-hart Inc., 100 goni
ometer).
Fourier transform infrared spectroscopy (FTIR) was conducted to
characterize the functional groups of the coatings. FTIR spectra were
obtained with a Vertex 70 V Bruker spectrometer at 4 cm−1 resolution
and 32 scans per analysis. Before each acquisition, the spectrometer
was evacuated to < 150 Pa for 10 min.
Scanning electron microscopy (SEM) was implemented to in
vestigate the surface morphology of the coatings with a Zeiss Supra 40
SEM with a Gemini field-effect emission gun. SEM was carried out at an
accelerating voltage of 3 kV and samples were sputter-coated with a
20 nm thick Cr layer. Energy dispersive X-ray spectroscopy (EDX) de
tector was integrated with SEM and used to check the spatial dis
tribution of elements in the coating.
X-ray photoelectron spectroscopy (XPS) was performed to study
chemical composition with a PHI-5600 VersaProbe-spectrometer, using
a monochromatic Al Kα X-ray source operating at 150 W. Survey scans
were recorded at 115 eV pass energy. Charge compensation of the
samples was performed with a flood gun (18 mA emission current;
40 eV electron energy). The hydrocarbon component of the C1s spec
trum was set at 284.8 ± 0.2 eV to calibrate the binding energy scale.
XPS spectra were analyzed with MultiPack software.

2. Experimental methods
2.1. Materials
Helium 99.999% (Air Liquide) was used as the carrier gas in the
plasma processes. Liquid hexamethyldisiloxane (HMDSO, SigmaAldrich) and silver nitrate (AgNO3, Sigma-Aldrich) solution in water of
Milli-Q quality (Millipore, Bedford, MA) were applied to produce
aerosols. During the deposition, two kinds of substrate were used:
shards (1 × 1 cm2) of 710 μm thick double-side polished silicon wafers
(MicroChemicals GmbH) and non-woven polyethylene terephthalate
(PET) films (DuPont, 1.5 × 6 cm2) with a thickness of 0.2 mm.
Polycarbonate (PC, Goodfellow, 1 × 1 cm2) films with a thickness of
0.25 mm were used as substrates in the deposition for energy dispersive
X-ray spectroscopy.
2.2. Aerosol-assisted atmospheric pressure plasma treatment
The aerosol-assisted atmospheric pressure plasma treatment system
consists of a dielectric barrier discharge (DBD) plasma source, aerosol
generation system, gas flow control unit, and power generator. This
DBD plasma source has been reported elsewhere [11–13]. As shown in
Fig. 1, it had two planar metal electrodes (5 × 8 cm2), both covered by
0.63 mm thick alumina sheets. The gap between the two sheets was set
at 3 mm. The DBD plasma source was placed in a sealed Plexiglas
chamber to confine the gas flow and avoid ambient air impurities. The
gas flow rate was controlled with a mass flow controller (MSK instru
ments). HMDSO (Monomer), and AgNO3 solution were injected into the
plasma reactor through two separated pneumatic atomizers (model
3076, TSI) fed with helium gas flow. AgNO3 aqueous solution was di
luted to concentration of 10 mmol/L (low concentration, LC) or

2.4. Ion release tests
Inductively coupled plasma mass spectroscopy (ICP-MS) was em
ployed to investigate the cumulative release of Ag+ ions. Agilent
Technologies 7700 Series was used with a liquid sample introduction by
a PFA micro-nebulizer. Indium and rhenium for internal standardiza
tion were chosen to calibrate the aqueous multi-element solutions. Each
sample was cut into an area of 9 cm2 and weighted, then immersed in
air-saturated 200 mL deionized water in an Erlenmeyer flask.
Afterward, the Erlenmeyer flask was shaken at 100 rpm. The Ag+ ion
2
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Fig. 1. Scheme of the experimental setup for aerosol-assisted atmospheric pressure plasma deposition.

release rate was measured by taking out 15 mL solution from the flask
to a vial at room temperature. Isotope 107Ag was used as a re
commended mass for the octopole detection system.

Table 1
Deposition conditions for engineering samples on silicon wafers. Samples F and
G are both used as controls with no AgNO3 addition. AgNO3 solution of
100 mmol/L was used in this work except when explicitly indicated (sample D).
100% and 33% duty cycle correspond to the continuous mode and pulsed mode,
respectively.

2.5. Antibacterial tests

Sample

Antibacterial testing was performed with a modified ISO 207432005 standard to determine the antibacterial activity of PET films. PET
films were cut in squares of 1 × 1 cm2 size. 3 samples, including
control, were placed in 24-well cell culture plates. Samples were in
oculated with 50 μL of bacterial solution with the 105 CFU/mL. Tests
were performed with two different bacterial strains: Escherichia coli
ATCC25922 and Staphylococcus aureus ATCC25923. After the incuba
tion period of 24 h, samples were aseptically transferred to a Falcon
tube containing 5 mL of sterile TSB medium and bacteria were removed
from the samples using VibraMix shaker at 2000 rpm. This suspension
was used to prepare 10-fold serial dilutions, which were plated out for
the determination of viable counts. After incubation for 24 h at 37 °C,
the number of colony-forming units was counted. The antibacterial
activity of PET films was calculated compared to the control samples,
where no coating was deposited. A macrodilution method was adopted
to test the antibacterial performances. The reduction of bacteria R was
defined as R = (B − A) / B to indicate the biostatic efficacy originating
from the contact with treated samples, where A, B are treated sample
and control sample after incubation, respectively.
The XTT assay (Merck KGaA, Darmstadt, Germany) was conducted
according to the protocol described in the reference [14, 15]. 50 μL

A
B
C
D
E
F
G

Aerosol flow rate/SLM
HMDSO

AgNO3

3
1
1
1
1
1
1

3
5
5
5 (10 mmol/L)
5
5 (100% H2O)
5 (No aerosol)

Power (W/cm2)

Duty cycle

0.76
0.76
0.38
0.76
0.76
0.76
0.76

100%
100%
100%
100%
33%
33%
33%

samples of each bacterial solution that was prepared as described above
were transferred to the wells of a 96-well plate containing 20 μL of XTT
stock solution and 50 μL of TSB solution. The metabolic activity of
bacteria was measured using a microplate reader (Spark 10 M, Tecan,
Männedorf, CH) and was presented as absorbance at 450 nm.
2.6. Cytotoxicity assay
Murine fibroblasts L929 (American Type Culture Collection, USA)
were cultured in advanced minimum essential medium (AMEM, Life

Fig. 2. Diagram for deposition on flat substrates from Si wafers to PET films.
3
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Table 2
Aerosol flow rates used for deposition on PET film samples. The samples are
treated for 10 min with a duty cycle of 33% at HP mode. The samples are
labeled according to the samples on Si wafer (e.g. deposition condition of
sample F-FL4 is identical to sample F in Table 4 except the substrate).
Sample

E-FL1
E-FL2
E-FL3
F-FL4
G-FL5

Flow rate/SLM
HMDSO

AgNO3

1
2
3
1
1

5
4
3
5 (100% H2O)
5 (No aerosol)

Technologies, USA) supplemented with 10 mM/L L-glutamine, 5% FBS,
50 mg/mL gentamicin, and 100 U/mL penicillin. The cells were cul
tured at 37 °C in a 5% CO2 humidified incubator and were maintained
in monolayers until they reached 80–90% confluence.
Cytotoxicity test was performed according to ISO 10993-5 standard
(biological evaluation of medical devices; tests for in vitro cytotoxicity).
Samples with an area of 3 cm2 were incubated in cell medium for 24 h.
Uncoated PET films were used as controls. Extracts were used for in
cubation with cells for an additional 24, 48, and 72 h. The cytotoxicity
of PET film samples was quantified using PrestoBlue Cell Viability
Reagent. Cells were incubated in a 5% CO2 humidified incubator at
37 °C for 24 h. After incubation, the media was removed and replaced
with PrestoBlue Viability Reagent (Life Technologies, USA), and diluted
in cell media. After further incubation for 30 min, the fluorescent in
tensity was recorded with a microplate reader (Infinite 200, Tecan, CH).
The survival of cells was normalized to the control group of cells, that
were incubated with the non-exposed medium.
Cells for microscopy images were incubated with medium extracts
for 24 h at 37 °C as described above. After incubation, the media was
replaced and cells were stained using LIVE/DEAD Cell Viability Kit
(ThermoFisher Scientific, Waltham, MA, USA) according to the manu
facturer's protocol. Images were captured with a fluorescent microscope
(IX-70 Olympus, Germany) under 10× magnification.

Fig. 3. Coating thickness of samples prepared at different deposition condi
tions. The right axis label shows the corresponding deposition condition in the
form of [HMDSO flow rate/AgNO3 flow rate, working mode, power, AgNO3
concentration].

[16], and directly related to the physical properties of biomaterials. In
this part of the work, the thickness of the coating deposited on a silicon
wafer was measured and shown in Fig. 3.
A large variation of the thickness can be observed depending on the
experimental conditions. It can be deduced that coatings under pulsed
mode (sample E) have a lower thickness likely because of a scarce de
position during the OFF time. At low power for sample C coatings are
more deposited at a high growth rate. This could be ascribed to a lower
substrate heating likely leading to enhanced species adsorption.
Due to the complex surface morphology of the coatings which is
described in Section 3.1.4, the coating thickness control is a complex
task for aerosol-assisted plasma deposition which depends on varieties
of experimental parameters. In addition to the experimental parameters
(dissipated power, monomer flow rate, molecular weight) incorporated
in the classical Yasuda formula [17], the coating growth can also be
affected by aerosol droplet number density and their sizes.
Surface wettability can affect bacteria and cell adhesivity and con
ditions of cell proliferation [19]. The static water contact angle was
measured as an indicator of the coating's wettability. Coatings de
posited with silver nitrate aerosols shows the water contact angle in the
range of 10° to 57°, as shown in Table 3, where sample C treated under
LP has the most hydrophilic surfaces with WCA of 10°. Sample A de
posited under HP exhibits the largest WCA of 57°. All deposited coating
can be considered as hydrophilic, which is highly beneficial for bio
medical applications as shown in Section 3.2.3. However, it should be
noted that wettability depends on not only the chemical composition
but also the surface morphology of the coatings [20]. Similar hydro
philic surfaces can be found for aerosol-assisted deposited deposition
with ethylene and vancomycin/gentamicin, where surfaces are char
acterized with hydrophobic hydrocarbon groups and complicated
morphology due to formation of nanocapsules [11,13]. In the following
sections, complex surface morphology is observed for coatings de
posited with AgNO3 aerosols, which is studied by SEM techniques.
Hydrocarbon functionalities are found for coating deposited with
HMDSO by FTIR/XPS methods. Therefore, the measured WCA is a
complex function of the chemical composition and surface morphology
for the coatings deposited in this work.

2.7. Statistical analysis
Statistical analyses of the results were performed with GraphPad
Prism 8.1.2 software (GraphPad Software Inc., USA). Statistical sig
nificance was evaluated using a one-way analysis of variance (ANOVA)
test. Dunnett post-test was performed comparing control samples versus
all other samples for both bacteria separately. For cytotoxic effects, the
viability of cells was normalized according to the control group (Ctr1),
where cells were incubated under the standard protocol, with original
medium, not exposed to any film material. Statistical analysis was
performed as described above. A p-value of < 0.05 was considered
statistically significant.
3. Results and discussion
In the first step, Si wafer was used as a flat substrate to deposit
coatings and investigate the surface morphology and chemical com
position under different working conditions. Then the optimized de
position conditions were applied for engineering coatings on PET films.
The Ag+ ion release, antibacterial tests, and cytotoxicity assay were
further performed to get an insight into properties and functionality of
novel antibacterial coatings for medical applications.

3.1.2. FTIR spectroscopy
The surface chemical structure in the deposited coatings was studied
by FTIR spectroscopy in the range of 4000 cm−1 to 400 cm−1 and
shown in Fig. 4. FTIR spectra were normalized to the peak intensity of
Si-O-Si band in the range of 1010–1090 cm−1. A broad OH stretching
band is also found centering at 3380 cm−1 [21]. Absorption bands are

3.1. Surface morphology and chemistry
3.1.1. Coatings thickness and water contact angle
Coatings thickness is an important factor in the deposition process
4
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Table 3
Water contact angle for samples deposited under different conditions.
Sample

A

B

C

D

E

F

G

WCA/°

57 ± 2

16 ± 3

10 ± 3

40 ± 5

44 ± 5

36 ± 9

54 ± 3

because of deposition from aerosol with a low AgNO3 concentration.
The main atomic elements found in samples F and G are C, O, Si, since
HMDSO works as the precursor. However, a very small amount of Ag
and N are also found on sample G, which can be negligible. This is
possibly due to some remaining AgNO3 solution in the atomizer
channel.
As observed from the XPS results, the carbon, silicon, and oxygen
atomic ratios of the considered samples are far from those of HDMSO
deposition. In particular, the C/Si and O/Si ratio are, respectively,
much lower and higher. Considering that carbon originates from the
HMDSO and that the contribution of oxygen from possible silver oxide
or nitrate can be supposed limited, the composition analysis indicates
important oxidation of the HMDSO, due to the presence of water in the
feed. This oxidation is likely responsible for the hydrophilic character of
the coating. Concerning the silver content, as expected the Ag/Si atomic
concentration ratio is higher for the coatings deposited at low power or
in pulsed mode. This is due to the reduced activation of the HMDSO in
the low power mode, leading to incomplete coverage of AgNO3 droplets
during the deposition. As for the pulsed mode case, that is because of
important condensation of AgNO3 aerosols on the substrate during the
OFF time. Finally, considering that XPS cannot analyze depth higher
than a few nanometers, it should be supposed that silver is not homo
geneously covered by the silicone-like shell. Sample G shows a similar
chemical composition as sample F deposited with water aerosols. This is
probably due to the remaining water adsorbed in the gas channel and
further transported to the discharge during the deposition for sample G.
The reactive oxygen species formed from water can lead to an etching
effect of sample surface, which explains the low carbon content in XPS
measurement for sample G surface and, at the same time, high content
of CHx groups in coating's bulk detected by FTIR. However, such
etching effect is subtle and difficult to be observed by SEM as shown in
Section 3.1.4.

Fig. 4. FTIR spectra for samples at different deposition conditions. Samples A,
C, D share similar FTIR spectra as sample B and are presented in Fig. S1 in the
Supporting Information.

observed at 2970 cm−1 for CeH asymmetric stretching vibrations in SiCH3 groups [21,22], 1270 cm−1 for CH3 deformation vibrations and
symmetric bending in Si-CH3 groups [21,23], 850 cm−1 for SieC
stretching vibrations in Si-(CH3)3 and 800 cm−1 for CH3 stretching
vibrations and rocking vibrations in Si-(CH3)2 groups [21,24]. These
bands indicate retention of –CH3 groups from HMDSO in the coating.
1038 cm−1 and 1068 cm−1 are assigned for SieOeSi asymmetric
stretching vibrations in Sample G and other samples, respectively.
Compared with SieOeSi band position for Sample G, where only
HMDSO is introduced in the deposition, the SieOeSi bands shifting to a
higher wavenumber for other samples can be attributed to the higher
amount of oxygen in the coatings [22]. The H2O and AgNO3 from so
lution can be the sources of oxygen, which promotes the formation of
SieOeSi via oxidation reactions in the plasma deposition. Since the
peak integral of Si-CH3 at 1270 cm−1 can serve as an index of bonds
with carbon-containing groups [23,25], the organic content of the
coating can be described by the ratio of the area between bands Si-CH3
(1270 cm−1) and SieOeSi (1038 or 1068 cm−1), as also used in the
literature [22,23]. The peak of SieOeSi can also be noticed in the FTIR
spectra for sample E-FL1 and E-FL3 (see Fig. S5) which isalso an in
dication of similarity between PM and CM deposition mode.
Comparing with the sample obtained with only HMDSO precursor
(sample G), other samples show even higher inorganic properties with
larger SieOeSi peak integral, relative to Si-CH3 peak integral. The re
latively fewer methyl groups can also increase the surface wettability
[20], which is related to the water contact angle measurements shown
in the previous section. A broad NO3− nitrate band is well detected in
the range of 1280–1520 cm−1 [21] for samples E and B, suggesting
retention of AgNO3 in the nanocapsules. It should be noted that sample
G exhibits OH bands possibly because there is remaining water in the
gas channel where aerosols can condense involved in the plasma
polymerization, when no additional water is intentionally fed into
discharge indicated in the experimental condition.

3.1.4. SEM and EDX spectroscopy
The surface morphology of samples was checked by SEM as illu
strated in Fig. 5. Fig. 5(G1, G2) shows that a flat coating on sample G is
obtained by deposition only with the precursor of HMDSO and in the
absence of aerosol. Injection of the H2O aerosol (sample F) also leads to
an almost flat coating with only some defects as shown in Fig. 5(F1, F2).
Palumbo and Lo Porto et al. [11,13] also reported the flat coating with
H2O aerosol and emphasized the importance of solid solute to form the
nanocapsules. When μm water aerosol droplets travel to the discharge
zone, the discharge is slightly affected to form filaments to produce
local strong fragmentation of HMDSO; thus some small particles or nonuniform deposited areas were observed on the coating. Both Fig. 5(A1,
A2) of sample A and Fig. 5(B1, B2) of sample B show spherical features
but with different surface morphology and particle density. In the latter
case, more and bigger nanocapsules are present on the substrate, with
regular spherical shapes. Obtained coating features are similar to the
ones found in reference [12] and likely HMDSO polymerizes on the
surface of the AgNO3 solution droplets, freezing their shape. On the
other hand, in Fig. 5(A1, A2) fewer and smaller nanocapsules are ob
served with irregular surfaces. This is due to the high HMDSO/AgNO3
ratio: the lower aerosol solution flow rate causes easier evaporation of
droplets from one side, whereas the high HMDSO flow rate leads to a
higher polymer precursor density and in turn to the formation of irre
gular aggregates. Similarly, in the case of the PM deposition, SEM
imaging of the samples E-FL1 and E-FL3 in Fig. S6 also shows that
larger particles were formed in the coating on sample E-FL1.

3.1.3. XPS
In order to get better insights into coating chemistry, XPS was used
to quantitatively characterize the chemical constituents at the top layer
of the coatings. Atomic contents determined from XPS survey spectra
are presented in Table 4. A very low Ag content is found in sample D,
5
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Table 4
Results of XPS measurements of atomic composition for samples A–G.
Sample

C1s/at.%

N1s/at.%

O1s/at.%

Si2p/at.%

Ag3d/at.%

Ag/Si

A
B
C
D
E
F
G

21.8 ± 1.3
14.4 ± 1.6
20.8 ± 1.6
4.6 ± 0.6
46.8 ± 2.2
7.7 ± 0.8
6.6 ± 0.4

1.8
1.3
0.7
0.3
0.3
0.7
0.2

50.3
57.4
52.9
66.9
35.1
63.5
64.0

23.2
24.3
21.3
28.1
13.0
28.0
28.2

2.9
2.5
4.3
0.1
5.0
0.1
0

0.13
0.10
0.38
0.00
0.38
0.00
0.00

±
±
±
±
±
±
±

0.9
0.5
0.7
0
0.2
0
0.2

±
±
±
±
±
±
±

In samples where low polymerization is expected due to the use of
low power and pulsed mode, i.e. Fig. 5(C1, C2) of sample C and
Fig. 5(E1, E2) of sample E, due to the use of low power and pulsed mode
respectively, a more complex and irregular morphology can be ob
served. In sample C the polymerization of the monomer is probably not
high enough to always allow good coverage of the droplets before their
evaporation. Sample E was deposited in pulsed mode discharge: during
the OFF time the polymerization slows down substantially, while the
flow of the two aerosol remains unaltered, leading to more irregular
deposition. In Fig. 5(D1, D2) of sample D, where a low concentration of
AgNO3 was used, a similar surface morphology to Fig. 5(B1, B2) can be
observed but with smaller and fewer nanocapsules.
The coating formation was further examined by SEM at the crosssections of samples. We present the cross-sections of samples A and B in
Fig. 6. Both cross-section SEM images show that coatings consist of a
layer of a polymeric matrix with nanocapsules embedded inside and
grafted on the surface.
To further validate the compositional distribution and nanos
tructure of the coating, EDX was employed for the surfaces of sample B
at continuous mode and sample E deposited in pulsed mode. In order to
avoid the interference from the silicon substrate when trying to detect
the Si spatial distribution from the coating, a polycarbonate substrate
was used, instead, during the sample deposition for EDX analysis. Fig.
S2 illustrates the Si and Ag EDX maps and global spectrum and che
mical analysis, together with the corresponding SEM image of the
coating B. Si was introduced due to fragmentation of HMDSO and in
volved the matrix formation [24]. A uniform distribution can be ob
served at the EDX Si map in Fig. S2(b), revealing that the organosilicon
matrix forms on the substrate and also covers the aerosol droplets. Very
interestingly, the EDX map of Ag in Fig. S2(c) highlights the scattered
distribution of Ag element, which situates mostly in the position of the
spherical structures (compare with Fig. S2(a)). This core-shell structure
has also been witnessed and confirmed in the work of Lo Porto et al. for
the deposition of vancomycin [11].
As also presented in the supporting information, Fig. S3(a) reveals
the surface morphology of sample E obtained under pulsed mode. From
the chemical composition analysis, we can observe that the silver
content in the coating is higher for the pulsed mode deposited one. The
relatively high Ag content in sample E is attributed to the continuous
condensation of AgNO3 aerosols in the OFF time when HMDSO poly
merization does not occur. Similar to Fig. S2(b), Fig. S3(b) also presents
a quasi-uniform Si element distribution. Nonetheless, the Ag element
distribution in Fig. S3(c) exhibits a diffuse distribution in the volume,
when compared to the size of nanocapsules in Fig. S3(a), which is
different from that of continuous mode.
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coating (see Fig. 5(G1, G2)). Strong gas heating is noticed in atmo
spheric pressure discharge due to the high-frequency collisions, which
can lead to a gradual decrease in the droplet size due to the evaporation
of the aerosol. The gas heating is confirmed by the observation of PET
film deformation under continuous discharge mode with an estimated
sample temperature slightly below the glass transition temperature of
350 K. In the second stage (b), HMDSO and H2O vapor are efficiently
fragmented and polymerization processes start on the substrate as well
as on the surface of AgNO3-containing droplets. Meanwhile, AgNO3
aerosol droplets are continuously evaporated and transported to the
substrate due to sedimentation and diffusion. This results in the for
mation of the nanocapsules (Fig. 5, samples A–E) covered by the
polymeric matrix. The processes are also confirmed by EDX results
where a core-shell structure with Ag in the core and polymer shell was
observed. In the third stage (c), the polymerization continues on the
substrate and AgNO3 aerosol droplets surface, to embed the nano
capsules inside the coating, which has been proven by the cross-section
images of samples B and E (Fig. 6). As the polymerization proceeds,
neighboring nanocapsules grow in size and start to connect and inter
sect. The intersection of nanocapsules can be confirmed with the de
tection of surface morphology in Fig. 5 for samples A–E, especially in
Fig. 5(B1–B2). As for the pulsed mode deposition, in the ON time, the
deposition continues similar to the above-described process. In the OFF
time, the AgNO3 aerosol droplets condensate on the substrate and form
a layer; then they spread on the surface and lose their spherical shapes
without the confinement by HMDSO polymerization. These two pro
cesses alternate and contribute to forming the more complex mor
phology and smaller nanocapsules than CM mode deposition, where
smaller-sized nanocapsules can be attributed to low HMDSO poly
merization. Indeed, such an effect is confirmed by the comparison of
the surface morphology for the samples treated in continuous mode
(Fig. 5(B1, B2)) versus pulsed mode (Fig. 5(E1, E2)).
3.2. Antibacterial properties
To explore the potential application of the aerosol assisted-plasma
deposition for antibacterial coating, PET films were employed as sub
strates due to the excellent mechanical strength and good chemical
stability [26,27]. Owing to the mild gas temperature for the treatment
of PET films and high Ag content for antibacterial efficiency, pulsed
mode was chosen to study the deposition on PET films. High power and
AgNO3 concentration were also favored because of strong polymeriza
tion and high Ag content. In order to control the Ag+ ions released from
the coating, the HMDSO/AgNO3 aerosol gas flow ratio was adjusted as
shown in Table 2. It is expected that pulsed mode of the deposition on
PET film follows the same trends as continuous mode of the deposition
on Si wafer, though there may be a difference in deposition between
PET film and Si wafer mainly due to the thickness of the substrate and
its dielectric constant. The WCA results of sample E-FL1 and E-FL3 are
shown in Table S1. As expected, lower aerosol flow ratio of HMDSO/
AgNO3 used to preparesample E-FL1 exhibits higher Ag content than EFL3, seeXPS results in Table S2. The ratio of Ag/Si for both coatings can
represent the relative content of Ag despite of possible contamination of
the sample's surface by carbon. Therefore, we can conclude that Ag

3.1.5. The hypothesis of deposition mechanisms
The hypothesis of the mechanism behind deposition Ag-containing
coating by AAPPD can be proposed based on the above-mentioned re
sults. Fig. S4 presents the three stages (a-c) of Ag-containing coating
deposition. In the first stage (a), aerosol droplets containing AgNO3 are
transported by helium gas flow into the chamber, while HMDSO
aerosols evaporate completely before entering the plasma zone, due to
its high volatility and resulting in no nanocapsules formation in the
6
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content in the coating can be adjusted for both CM and PM deposition
by varying the aerosol flow ratio of HMDSO/AgNO3. SEM imaging of
the samples prepared in PM deposition (see Fig. S6) shares the same
trend as in CM deposition (see Fig. 5) and the morphology of the
samples surface can be strongly modified by varying the aerosol flow
ratio. AFM imaging was also performed for sample E-FL1 and E-FL3.
The results (see Fig. S7) demonstrate that the surface of sample E-FL1
has larger roughness than E-FL3. Higher surface area (higher rough
ness) of the coatings on sample E-FL1 should promote the release of
silver. In the following sections, ion release measurements, anti
bacterial tests, and cytotoxicity assay were performed to investigate the
antibacterial performance of the coatings.
3.2.1. Ag+ ion release
The biocidal effects of Ag-embedded coatings directly depend on the
release of Ag+ ions. The Ag+ ion release rate was measured by ICP-MS.
Fig. 7 shows the cumulatively released Ag+ from deposited PET films.
When comparing different samples, E-FL1 shows a higher amount of
Ag+ release than E-FL2 and E-FL3. It is related to the higher content of
Ag in the E-FL1 coating, see Supporting Materials Table S2, as well as to
more developed surface with large surface area as shown by AFM
imaging, Fig. S7. The controlled sample (G-FL5) rarely demonstrate ion
release because AgNO3 aerosol was excluded in the deposition. The
higher the amount of AgNO3 aerosol, the higher amount of Ag is de
posited in the coating and further can be released. This release can take
place through the small localized pores and cracks in the barrier layer
formed by polymerized HMDSO [28]. The hydrophilic surface of the
coatings was also beneficial for the water penetration through the
coating resulting in more effective Ag+ release. Meanwhile, as the
amount of HMDSO increases from E-FL1 to E-FL3, an increasingly
thicker barrier is created against release. The increase of barrier layer
thickness can suppress the release of Ag+ ions. It is necessary to men
tion that there is two-phase release kinetics for all deposited samples. A
fast release of Ag+ ion is observed on the first day for E-FL1, E-FL2, and
E-FL3, afterward followed by a slower Ag+ ion release. The initial fast
release ensures antibacterial protection for an early post-operation
period which is the most essential stage for infection risk [1]. The initial
burst release of Ag+ can be attributed to the Ag nearest to the surface in
the coating. Especially for the pulsed mode deposition, many nano
capsules with a thinner shell cannot effectively block the Ag+ diffusion
into an aqueous environment. Whereas the Ag embedded deeply in the
coating and in the nanocapsules with a thicker shell can be the reason
for the long-term slow release.
The release kinetics can be further investigated by using KorsmeyerPeppas model expressed in Eq. (1) [29,30]:

Mt
= kt n
M

(1)

where Mt is the released antibacterial agent at time t; M∞ is the total
amount of released antibacterial agent; k is the release rate constant
depending on the structural and geometric feature of polymeric matrix;
n is the release exponent related to the release mechanism of anti
bacterial agent. n < 0.5 denotes a quasi-Fickian diffusion; n = 0.5
corresponds Fickian diffusion; 0.5 < n < 0.1 is anomalous diffusion;
n > 0.1 means a Case II diffusion [31]. The Korsmeyer-Peppas equa
tion can be applied to fit the release curve to determine the type of
release mechanism. This equation has been reported to describe drug
release from plasma polymers in literature [32,33]. In our case, the
release curve for sample E-FL1 is fitted to get n = 0.12 with a corre
lation coefficient of 0.999. This confirms that Korsmeyer-Peppas model
is suitable to describe release of Ag+ ions from the coating and shows
that the release mechanism of this core-shell structured Ag-containing
coating can be explained by the quasi-Fickian diffusion [34]. The low
value of release exponent n is possibly due to the morphology of na
nocapsules, since the release exponent n is around 0.5 for layer-struc
ture antibacterial coating with plasma polymers [32,33]. Considering

Fig. 5. SEM images under 10k× magnification (A1, B1, C1, D1, E1, F1, G1) and
50k× magnification (A2, B2, C2, D2, E2, F2, G2) of samples A–G deposited
with AAPPD for 10 min.
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Fig. 6. SEM images of the cross-sections for samples A and B at a magnification of 20k×.

different bacterial strains: E. coli and S. aureus. E. coli and S. aureus are
representative of Gram-negative and Gram-positive bacteria [39,40],
respectively. The viability of bacteria exposed to samples was evaluated
by two methods: standard plate count method and through the changes
of metabolic activity (XTT assay). XTT assay shows high sensitivity and
dynamic ranges, which has been applied to study the vitality of bacteria
[42,43].
Fig. 8(a) shows the reduction of colonies for both tested bacteria
after exposure to coated samples. F-FL4 and G-FL5 manifest almost no
reduction of bacteria colonies. While starting from E-FL3 to E-FL1, the
bacteria colonies after incubation are drastically decreased, which can
be attributed to more released Ag+ ions. Sample E-FL3 shows an ef
fective antibacterial activity by witnessing a log reduction of colonyforming unit 2.55 and 0.44 for E. coli and S. aureus, respectively.
Compared with samples culturing with S. aureus, stronger bactericidal
effects are found for E. coli, which was also observed by other re
searchers [28,44]. This phenomenon is caused by the thicker cell walls
in Gram-positive bacteria than those in Gram-negative bacteria, which
prevent cells from penetration of Ag+ ions into the cytoplasm and cell
lysis [44,45]. Fig. 8(b) illustrates the metabolic activity of E. coli and S.
aureus during the tests. The control in the XTT assay was conducted
with the addition of uncoated PET films. Control samples show high
metabolic activity as expected. After culturing films with E. coli and S.
aureus, E-FL1 shows the strongest suppression of bacteria activity, fol
lowed by E-FL2 and E-FL3. While F-FL4 and G-FL5, deposited without
AgNO3, aerosol present no suppression of bacteria activity. It, hence,
confirms the antibacterial activity of the composite coating, depending
on the amount of Ag+ ion released from films. The sample E-FL3 al
ready shows the reduction in bacteria after immersion for 1 day with
15 ppb Ag+ release. A higher amount of Ag+ released from E-FL1 of
151 ppb and E-FL2 of 80 ppb (Fig. 7) results in a stronger antibacterial
effect, as confirmed by the reduction of bacteria colonies and metabolic
activity in Fig. 8. Swathy et al. have reported a similar level of around
50 ppb of Ag+ released from AgNPs to cause antibacterial activity [46].
Many possible mechanisms are leading to the bactericidal effects of
Ag+, including binding to the cell membrane to induce cell lysis,
binding to DNA to prevent replication, binding to proteins/enzymes to
suppress bacterial metabolism [47]. The bacterial cell membrane also
has a negative charge promoting the electrostatic interaction with po
sitively charged Ag+ to enhance the antibacterial effects [48]. The
exact mechanism realized in studied samples and leading to bacteriakilling was not yet investigated and needs to be clarified in the future,
but this is out of the scope of this work. Although Ag loaded samples
have proven their antibacterial efficacy, in order to use these coatings
for biomedical applications, the biocompatibility needs to be examined
by cell viability assay especially for the samples with a higher amount
of Ag+ release which can be lethal to the cells.

Fig. 7. Ag+ ion cumulatively released from deposited coatings on PET films at
different experimental conditions.

the constraint of Mt/M∞ < 0.6 in the Korsmeyer-Peppas model [31],
for the samples E-FL2 and E-FL3, release curves can be fitted with
n < 0.3 and lower correlation coefficients. Similar release mechanisms
by quasi-Fickian diffusion are also expected due to similar coating
structures to the sample E-FL1.
For different samples, the release rate can be adjusted by controlling
the HMDSO/AgNO3 flow ratio. Ag-containing coatings show release
time longer than 21 days, showing the potential for long-term Ag+
agent release. The long-term release is also needed for maintaining
antibacterial properties in revision or second surgery where infections
are often already found, and for near-patient environmental surfaces
[35,36]. In literature, there is a well-defined minimum Ag+ con
centration of 0.1 ppb that exhibits inhibition of bacteria growth [37].
An excessive amount of Ag+ release in an aqueous physiological en
vironment often associated with side effects and cytotoxicity. Hardes
et al. reported Ag+ concentration in human blood lower than 56.4 ppb
to be non-cytotoxic [38]. It is important to emphasize that the released
Ag+ from optimized sample E-FL3 is 25 ppb after 21 days, which seems
to have the potential to be biocompatible. Both antibacterial tests and
cytotoxicity assay were further performed in the following sections to
examine the bactericidal effects and cell viability of the coatings.
3.2.2. Antibacterial tests
Antibacterial properties of coating surfaces were tested on two
8
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Fig. 8. Antibacterial activity of sample FL1–FL5, expressed as (a) CFU/ml log reduction; (b) metabolic activity, measured with XTT assay. Data are shown as the
mean value ± standard deviation. One-way ANOVA followed by Dunnett's test is applied for determination of statistical significance with *p < 0.1, *p < 0.01,
****p < 0.0001. The control denotes the bacteria cultured with the untreated film. The metabolic activities for both bacteria are normalized to their controlled
groups.

3.2.3. Cytotoxicity assay
Cytotoxicity was studied through confocal microscopy analysis and
cell viability of murine fibroblasts incubated with sample. Murine fi
broblasts have been used to study the in vitro cytotoxicity in many
experiments [49–51]. When considering these coatings for medical
applications, the cytocompatibility or low cytotoxicity is required for
antibacterial coatings in contact with cells. There are two control
samples: cells incubated under standard protocol, using unexposed
medium in order to follow the growth of cells (ctrl 2) and cells in
cubated with untreated PET films at the same condition (ctrl 1).
Fig. 9(a) shows the cells cultured with the unexposed medium. Cell
proliferation PET films without treatment (see Fig. 9(b)), revealing that
PET films itself do not influence the viability of cells.
When using sample G-FL5 treated only with HMDSO, and F-FL4
deposited with a mixture of HMDSO and H2O aerosol, the confocal
microscopy analyses manifest a normal living state of cells, which are

presented in Fig. 9(g, f). This indicates the non-cytotoxicity of coating
made from HMDSO precursor and mixture with H2O aerosol. However,
comparing with the above-mentioned results, a strong contrast is found
in Fig. 9(c, d). where cells were incubated with samples E-FL1 and EFL2. Both samples were prepared at high AgNO3 aerosol flow injection
into the reactor, leading to the excessive Ag+ ion release from the
coatings, resulting in high cytotoxicity to fibroblast cells. The proposed
method provides precise and simple control over Ag+ release from the
coatings and so in cytotoxicity by reducing the AgNO3 aerosol flow rate.
Indeed, sample E-FL3 prepared in an optimized condition was char
acterized by the very low cytotoxicity to cells as shown in Fig. 9(e).
Cell viability was further investigated by quantitative analysis,
shown in Fig. 10. After 2 h, high cytotoxicity is already detected for
cells in contact with E-FL1, while E-FL2 showed lower cytotoxic effects.
After 1 day of incubation, cells are almost completely killed after ex
posure to E-FL1 and E-FL2. After 2 days, cell viability reaches a stable

Fig. 9. Confocal microscopy analysis of (a) ctrl 1: cells only; (b) ctrl 2: cells incubated with untreated PET film; (c) cells incubated with E-FL1; (d) cells incubated with
E-FL2; (e) cells incubated with E-FL3; (f) cells incubated with F-FL4; (g) cells incubated with G-FL5; Cells dyed as green and red are alive and dead, respectively. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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were capable to provide a log reduction of CFU 2.55 and 0.44 for E. coli
and S. aureus, respectively with low cytotoxicity. The antibacterial
coatings prepared by aerosol-assisted plasma deposition shed light on
possible medical applications such as wound dressings, catheters, and
near-patient environmental surfaces, where antibacterial properties are
required with controlled release and low cytotoxicity.
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state for these 7 samples. Sample E-FL3 has shown the viability higher
than 70% associated with antibacterial activity with a CFU log reduc
tion of 2.55 and 0.44 for E. coli and S. aureus, respectively. This can be
considered as biocompatible antibacterial coating according to ISO
10993-5 standard. The mechanism of Ag+ cytotoxicity on cells is be
lieved to be the interaction of Ag+ with cell respiratory enzyme system
that induces the generation of reactive oxygen species, further cause
protein denaturation, DNA damage, and cell apoptosis [52]. Sample EFL1 releases 110 ppb Ag+ after 2 h causing strong cytotoxicity to fi
broblast cells, while sample E-FL2 releases 34 ppb Ag+ after 2 h and
can be regarded as biocompatible due to the remaining cell viability of
70%. At long exposure E-FL2 becomes cytotoxic by releasing more Ag+
ions. Therefore, 34 ppb Ag+ can be regarded as the maximum allowed
Ag+ concentration for this kind of biocompatible coating. This con
centration level can also be supported by the 25 ppb of Ag+ released
from biocompatible coating E-FL3 after 3 days. Similar cytotoxicity
level was also found for 39.4 ppb Ag+ released from carbon-en
capsulated Ag (Ag@C) nanoparticles by Yan et al. [53].
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