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Plasma deposition of antimicrobial coatings based on silver

and copper on polypropylene

Ewa Woskowicz" ®, Monika Lozynska”, Anna Kowalik-Klimczak?, Joanna Kacprzynska-Gotacka®,
Edyta Osuch-Stomka?, Artur Piasek”, Leon Gradon?

DOQI: dx.doi.org/10.14314/polimery.2020.1.5

Abstract: This paper addresses the issue of plasma treatment of the surface of polypropylene (PP) using
sputtering of silver (Ag) and copper (Cu) and their oxides with MS-PVD in order to impart antimicrobial
activity. It was found that plasma treatment of PP with Cu and Ag based layers allows to provide excel-
lent antimicrobial properties due to a constant release of metal ions. The samples of PP treated with Cu
and CuO were characterized by highest antimicrobial properties and stability of the coatings. The most
stable and least effective coating against bacteria was Ag-PP sample. In turn, AgO-PP was character-
ized by the lowest stability in aqueous conditions and strong antimicrobial activity. It was found that
leaching of metal ions from the surface of treated PP even in exceptional levels plays a crucial role in
bactericidal activity.
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Plazmowa depozycja antybakteryjnych powlok srebra i miedzi na
powierzchni polipropylenu

Streszczenie: Niniejsza praca dotyczy plazmowej obrobki powierzchni polipropylenu (PP) przy uzyciu
miedzi (Cu) i srebra (Ag) oraz ich tlenkéw. Powloki Cu, CuO, Ag i AgO, wytworzone na powierzchni
PP metoda rozpylania magnetronowego MS-PVD, zbadano pod wzgledem morfologii, sktadu, stabilno-
Sci 1 wlasciwosci antybakteryjnych. Materiaty powierzchniowo zmodyfikowane przy uzyciu Cu i CuO
charakteryzowaty sie¢ najsilniejszymi wlasciwosciami przeciwbakteryjnymi i najmniejsza stabilnoscia
i trwatosciag w srodowisku wodnym. Powtoka AgO wykazywata najmniejszq stabilnos¢ w warunkach
wodnych i silng aktywnos¢ przeciwbakteryjna, natomiast powtoka Ag wykazywata najwigksza sta-
bilnos¢, a zarazem najstabsze dziatanie przeciwbakteryjne. Uzyskane wyniki wskazuja, ze uwalniane

z naniesionych powlok jony, nawet w niewielkim stezeniu, wykazuja silne dziatanie antybakteryjne.

Stowa kluczowe: polipropylen, obrobka plazmowa, srebro, miedz, wlasciwosci antybakteryjne.

In the industry synthetic polymers pose the crucial pro-
duction components of many materials, which are versa-
tile in the manufacturing of all kinds of goods in packag-
ing, medicine, filtration materials, construction elements,
piping systems, etc. [1-3]. Although, the detrimental im-
pact of polymers on environment is well-known and con-
firmed, they have been found to expand the area of ap-
plication for almost all fields of human activity due to the
low cost, ease of processing and good mechanical prop-
erties [3]. Since materials made of polymers are generally
non-toxic and chemically passive, in many cases they can
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be easily exposed to biofouling resulting in biofilm forma-
tion on their surfaces. Some polymer materials used for
the manufacturing of a wide range of products available
in the industry, e.g. textiles, food packaging, biomedical
devices or piping systems, can be particularly suscepti-
ble for microbial growth on their surfaces. To survive in
fluctuating conditions, microbes have evolved the mecha-
nisms of the surface attachment and living in a commu-
nity. Microbial biofilms are dense, structured aggregates,
where microbes are strongly bound to the colonized sur-
face of materials and other microbial cells in surround-
ing environment [4, 5]. They may form on both living or
non-living surfaces and are prevalent in natural, indus-
trial and hospital settings [6]. Biofilm appearance greatly
affects industrial processes, deteriorates materials quality,
limits the hygiene maintenance, causes malfunctions of
devices or the increase in material and energy consump-
tion. These lead to the reduction in the efficiency of the
technology, causes the need to clean the installation com-
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ponents with strong chemical biocides [7]. Due to the high
intensity of microbial pollutants on surfaces of elements
during operation, the lifetime of material is significant-
ly shortened and impaired. Therefore, the ability to re-
sist biofouling and contributing factors are of a great sig-
nificance. The common application of polymers involves
manufacturing of fibrous filtration materials and mem-
branes as well as filtration plant construction elements.
The phenomenon of biofouling formation is particularly
unnecessary during filtration processes as it decreases fil-
tration and separation performance and greatly increases
operating costs [8-10]. Thus, there is an increasing need
to search for an appropriate method of reducing biofoul-
ing by modifications of materials coming into contact
with pathogens. Recently, various methods of modifica-
tion of applied materials have been extensively studied to
overcome the problem of microbes forming biofilms on
the surfaces of polymer materials [10, 11]. This was espe-
cially examined for materials made of polymers such as
wound dressings, cotton fibres, artificial anti-inflamma-
tory blood vessels, and many others [12-14]. Strategies
used to functionalize polymer materials involve either
embedding antimicrobial agents in the form of metals
or their oxides into the polymer matrix or incorporation
on polymer surfaces [11-16]. The functionalization of the
surface is more accessible and likely to improve surface
properties of final completed products made of polymers.
The main aims of surface modifications are to alter sev-
eral properties such as wettability, chemical inertness,
cross-linking of the surface, boundary layers and impuri-
ties, surface morphology, electrical conductivity [17]. The
modifications routes for imparting antimicrobial proper-
ties mainly involve incorporation of metals or their oxi-
des especially in the form of nanoparticles. Antibacterial
agents widely described in the literature are compounds
containing silver and copper [15, 18]. They have already
found numerous applications in water treatment, health-
care, and the industry in general since they can be toxic
to wide range of microorganisms such as bacteria, algae
or fungi at very exceptional levels. Compounds of copper
belong to the relatively small groups of biocides that are
safe to human health [19]. By testing a set of metal surfa-
ces, it was shown that those containing copper and silver
are the most effective in reducing bacterial viability [20,
21]. Today these metal based additives are found in the
form of particles, ions absorbed/exchanged in different
carriers, polymer matrix, etc. One recent and novel direc-
tion to further extend antimicrobial applications of these
compounds and create new functional properties to mate-
rials is plasma deposition of thin layers of metals or their
oxides on the surface of polymers [11, 22, 23]. Especially,
the use of low temperature plasma seems the most uni-
versal method of surface modification of polymers, and
its rapid development has been observed in the last years.
This is particularly because plasma techniques are fast,
clean and ecological [24-27]. Plasma is partially ionized
gas (or a mixture of gases) consisting of equal number

of electrons, ions and atoms, inert molecules and electro-
magnetic radiation resulted from a discharges occurred
in vacuum chamber. Materials subjected to plasma treat-
ment show changes in the properties of the surface and
in the chemical structure of the surface layer resulting in
higher durability of an adhesive metallic coating due to
its strong anchoring on the surface [17]. From a practical
point of view, the stability of the functional metallic coat-
ings deposited on the surface of polymers is an important
aspects, particularly when the materials come into contact
with liquids, as high levels of metal ions leached from the
surface can be undesirable effect in some cases leading to
serious consequences which are manifested by the pig-
mentation of the skin, breathing problems, allergic reac-
tions in human body when exposed to excessive absorp-
tion of silver compounds (most commonly in the form of
silver or colloidal dust) [28].

The aim of the work was to deposit thin layers of coat-
ings based on silver (Ag, AgO) and copper (Cu, CuO) onto
the surface of polypropylene using magnetron sputtering-
physical vapour deposition method (MS-PVD) and exam-
ining their stability in aqueous solution and antibacterial
efficiency against both Gram-positive (Staphylococcus au-
reus) and Gram-negative bacteria (Escherichia coli) in static
and dynamic contact conditions. Furthermore, the other
properties were investigated such as wettability, morphol-
ogy and chemical composition of plasma treated polypro-
pylene materials.

EXPERIMENTAL PART
Materials

Polymer materials selected to plasma treatment with
MS-PVD method were raw polypropylene (PP) sam-
ples outsourced and prepared as a discs of a diameter
of 2.54 cm cut with a plotter from the 5 mm thick panel.
The geometry of the samples were dictated by the holders
in a plasma vaccum reactor built by the LUKASIEWICZ
Research Network-Institute for Sustainable Technologies
(LUKASIEWICZ-ITEE). All reagents were analytical
grade. Millipore-quality water was used for all solution
preparations. Microbiological reagents such as Luria-
-Bertani broth (LB), Luria-Bertani Miller Agar (LBA) were
supplied by VWR Chemicals. Chemical reagents to pre-
pare saline buffers were purchased from Chempur.

Plasma coating deposition

Prior to plasma treatment, the polypropylene discs
were washed with 96% ethanol in an ultrasonic bath for
10 min and dried. The surface of prepared PP samples
were coated with metallic (Ag, Cu) layers with MS-PVD.
The coatings consisting of AgO and CuO were obtained
with both metallic and gaseous low temperature plasma
in vaccum chamber constructed by LUKASIEWICZ-ITEE.
This device is equipped with three circular magnetrons
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Table 1. Parameters of MS-PVD process used to treat poly-

propylene
Coating
Parameters
Cu CuO Ag AgO
Target Cu Cu Ag Ag
Sputtering o 90%Ar o 90%Ar
gas 100%Ar 10%0, 100%Ar 10%0,
Time, min 30 20 10 6.5

Table 2. Operating parameters of ICP-MS

Parameters Values
Forward power, W 1548.6
Cool gas flow, dm?*/min 13.956
Auxiliary gas flow, dm*/min 0.8021
Nebulizer gas flow, dm?*min 1.02464
Dwell time, s 0.005
Number of replicates 3

located on three opposite sides of the chamber. The mag-
netrons were equipped with disc targets with a diameter
of & =140 mm and a thickness of g =7 mm. The intensity
of magnetron and the pressure in the vaccum chamber
were constant and equal to 0.8 A and 0.5 Pa, respectively.
An appropriate time was selected to obtain thickness of
layers equal to 650 nm. The parameters of MS-PVD pro-
cess used to treat PP samples were presented in Table 1.
The thickness of obtained coatings were measured with
scanning electron microscope (SEM) Hitachi TM 3000.

Methods of testing
Contact angle

Wettability of plasma treated surface of solid PP (be-
fore and after treatment) was examined through the
changes of the contact angle for demineralized water
(dH,0) using the static sessile drop method. The drop of
dH,O in a constant volume of 2 mm?® was poured on the
surface of PP using Hamilton microsyringe. The static
contact angle values were automatically measured by
goniometer constructed by LUKASIEWICZ-ITEE. For
each polymer sample, 10 measurements of contact angles
were taken. For each series of measurements, a Dixon’s Q
test was performed to reject outliers. The mean value was
calculated from 8 measurements and variability of the re-
sults characterized by the standard deviation.

Stability of PVD-coatings

The stability of coatings deposited on the polypropyl-
ene surface with MS-PVD was examined through the
measurements of leached metals (ions) into dH,O from
the treated PP samples. For this purpose each plasma
treated PP solid sample (PP-Cu, PP-CuO, PP-Ag, PP-AgO)
were shaken in dH,O. The samples of solid PP were put
into tubes with 45 cm® dH,O and agitated on the labo-
ratory orbital shaker at 3,33 Hz for 1 h. After this time,
the PP samples were transferred to new tubes containing
45 cm® dH,O and agitated again for 1 h. The process was
conducted for 18 h. Three subsamples were tested simul-
taneously for each type of PP. The concentrations of Cu
ions were determined for Cu- and CuO-coated PP sam-
ples while the levels of Ag were measured for the samples
containing Ag- and AgO-coated PP samples after each
hour of agitation in dH,O. Prior to mineralization for

40 min at 160°C in DigiPrep Mini device (SCP Science), all
of the samples containing solutions were acidified with
65% HNO, (POCH). After mineralization the concentra-
tions were analysed with Inductively Coupled Plasma
Mass Spectrometer (ICP-MS), iCAP Q, ThermoFisher
Scientific. The detailed operating parameters for ICP-MS
measurements were summarized in Table 2. The total Ag
and Cu concentrations in solutions after leaching process
were calculated for the polymer blank correction (1 = 12),
mean 0.34 pg/dm? for Cu and 1.0 pg/dm? for Ag.

Morphology and the composition of the coatings on PP

The microstructure of the plasma treated polypropyl-
ene surface was characterized via images recorded with
scanning electron microscope (SEM) Hitachi electron
back-scatter detector with field emission and thermal
emmitter SU-70 Schottky. The analyses were carried out
in vacuum conditions (1 - 10-® Pa) at an accelerating volt-
age of 15 kV and a secondary electron reception angle
of 30.4° using the secondary electron detector (SE). The
composition of elements occurred within deposited lay-
ers on solid PP were identified with EDS microanalysis.
The tests were carried out in three sites of each polymer.

Tests of antibacterial properties
Culture and growth conditions

The antimicrobial properties of the plasma-coated PP
samples were examined against two model bacterial spe-
cies from the groups of Gram-negative (G-) — Escherichia
coli (ATCC 25922) Gram-positive (G+) — Staphylococcus
aureus (ATCC 25923) and derived from American Type
Culture Collection. Prior to microbiological tests, the
samples of solid polymers were disinfected with 96%
ethanol and additionally sterilized under UV-C light for
30 min. Cultures of bacteria were prepared by inoculat-
ing 20 cm?® of LB containing flasks with 0.01 cm?® of a lig-
uid culture at stationary phase of growth. The cultures
were agitated at 37 °C in the incubator overnight.

Static contact
Overnight cultures of E.coli and S. aureus in the volume

of 0.1 cm’were transferred with a pipette and loop-spread
onto the surfaces of the plasma treated polypropylene. As



36

POLIMERY 2020, 65, nr 1

a reference sample the untreated PP was used. All sam-
ples were placed on sterile Petri dishes in a wet chamber
containing 5 cm?® of phosphate buffered saline (PBS) to
maintain appropriate humidity. The samples of PP were
cultured overnight without agitation and then trans-
ferred to the separate sterile flasks containing 9.9 cm®of
PBS (pH 7.0). In such conditions they were agitated in the
orbital shaker for 5 min to remove attached bacteria. The
serial dilutions from the agitated buffer solutions were
plated on LB Miller agar. After 18 h of incubation at 37 °C
the number of viable bacteria (colonies) was counted and
the results were expressed as reduction in cell viability
(%). Each test was performed three times (1 = 3).

Dynamic contact

The antibacterial tests under dynamic conditions were
conducted according to the procedure of ASTM E2149
(Standard Test Method for Determining the Antimicrobial
Agents Under Dynamic Contact Conditions) involving
slight changes of the method [29]. For the tests the pot-
tasium diphosphate (KH,PO,) buffer was prepared in the
ratio 1:800 (v) from 0.25 M KH,PO, stock solution (pH 7.0)
and sterilized. In order to establish the concentration (1.5—
3.0) - 10° CFU/cm?® (CFU - colony forming unit) of bacte-
rial working solutions in KH,PO, the overnight cultures
of E.coli and S.aureus were suspended in the separate buf-
fer containing tube and the absorbance was measured
0.28 + 0.02 at the wavelength of 475 nm using spectro-
photometer Hach DR 6000. The suspensions of bacteria
were appropriately dilluted in saline buffer to obtain the
final concentration of (1.5-3.0) - 10° CFU/cm?®. The volume
of 25 cm® of bacterial suspensions were transferred to the
flasks with plasma-treated and untreated samples of PP
before and after 18 h process of leaching in dH,O. Then,
they were shaken at 3.33 Hz at room temperature for 3 h.
The samples of bacterial suspensions after each 1 h of dy-
namic contact were transferred onto LB Miller agar plates
and left overnight for incubation at 37 °C for CFU counts.
Each test was performed three times (1 = 3).

RESULTS AND DISCUSSION

The influence of plasma treatment on contact angle
changes

Plasma treatment of PP samples with Cu, CuO, Ag and
AgO enables smooth and uniform covering of their sur-
face. The measurements of contact angle were taken from
8 points of the untreated and treated PP samples and the
standard deviation was calculated. The contact angle de-
termined the level of wettability of a solid by a liquid [30].
All of the tested coatings increased the contact angle va-
lues for dH,O compared to the native PP (Fig. 1).

The highest contact angle values were observed for
AgO-coated PP sample which was over 20° higher than
untreated PP samples. This indicates that the wettability
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Fig. 1. Contact angle values of the solid PP samples (1 = 8): un-
treated (PP) and plasma-treated with Cu, CuO, Ag and AgO

of the surface of AgO-coated PP significantly decreased,
which was not visible for metallic Ag coating. Plasma de-
position of Cu and CuO also resulted in slight and similar
increase of contact angle values for dH,O. The obtained
results suggest that PP materials coated with AgO, Cu as
well as CuO may reveal self-cleaning properties, which
can be particularly important for the polypropylene ele-
ments exposed to pollutions including biological ones [31].
Depending on the specific final application, this change
may be either positive or negative. It was found that hy-
drophobic character of the coating may affect biofilm for-
mation. According to Faille et al. [32] there is a direct link
between hydrophobicity and adherence of E. coli to a ran-
ge of different substrates. Although this was a promising
result, it was not in agreement with the study that has
shown that hydrophilicity may have little effect on bio-
film formation [33]. Antifouling coatings do not kill the
microbes directly but instead prevent the attachment of
bacteria on the surfaces that allow the formation of bio-
films. Newly emerged trend to design antibacterial stra-
tegy involve creating superhydrophobic surfaces that give
promising capability of reducing bacterial adhesion to-
gether with an easy removal of bacteria cells. Therefore,
the selection of appropriate bactericidal compounds to be
deposited via PVD techniques on the surface of polymer
material may greatly contribute to both reduction of mi-
crobial attachment and release of biocides.

Leaching of metals from PP-coatings

The effects of Cu and Ag leaching from the surface of
plasma-treated PP samples were examined after contact
of the samples with dH,O under dynamic conditions
(Fig. 2, Fig. 3).

In Fig. 2. it was illustrated how the stability of Cu-
plasma deposited PP was affected by agitation of the sam-
ples for 18 hin dH,O. It was noticed that the concentration
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Fig. 2. The concentrations of Cu after specific time of Cu- and CuO-plasma treated PP samples contact with dH,O
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Fig. 3. The concentrations of Ag after specific time of Ag- and AgO-plasma treated PP samples contact with dH,O

of Cu leached from both Cu and CuO coatings was similar
after each hour of the contact of PP with dH,O. The to-
tal concentration of Cu after 18 h of agitation was similar
3.61 mg/dm?+0.25 mg/dm? and 3.43 mg/dm?+ 0.15 mg/dm?
for both Cu and CuO coatings, respectively. Also the
average increase in Cu amount for both coatings after
subsequent hours of leaching was similar and equal to
0.20 mg/dm? and 0.19 mg/dm?, respectively.

In Fig. 3 the change in the concentration of Ag leached
out from PP samples treated with Agand AgOindH,O was
represented. Large differences in the leaching of Ag from

both coatings were observed. The total concentration of
Ag after 18 h of agitation was 0.365 mg/dm?®+0.042 mg/dm?
and 30.93 mg/dm?® = 0.63 mg/dm?® for Ag and AgO co-
ating, respectively. The obtained results showed that the
Ag concentration was increasing over time in both ca-
ses, yet the initial concentration in dH,O after 1 h con-
tact with PP treated with Ag was about 85 times lower
than the sample of PP treated with AgO. It was obse-
rved that the coating based on AgO showed low stabi-
lity particularly in the first hours of the process, while
the concentration of Ag in solutions after leaching was
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high —29.2 mg/dm? + 3.6 mg/dm? for 5 h, which constitu-
tes 94% of the total concentration of Ag leached out after
18 h of the process. In the last 6 h of the leaching pro-
cess, increase in Ag level was smaller and stabilized at
50 pg/(dm?*h). However, for the coating based on Ag, it
was observed that the increase in concentration of Ag is
linear, on average about 20 pg/dm? for each hour of the
leaching process.

High leaching of Ag from AgO-treated PP and its low
stability in water likely relates to the state of stresses oc-
curing in the coating [34]. The level of stresses and thus
stability in the coatings is influenced by the rate of co-
ating deposition and kinetic energy of ions in the cham-
ber, which are dependent on the chosen method and the
parameters of the deposition process [35]. Research gro-
ups so far have only been studying mechanical proper-
ties of the deposited coatings on various materials inclu-
ding polymers [36-39]. There is a lack of literature data
on the stability and durability of plasma coatings on po-
lymers in terms of using with aqueous conditions as well
as both their antibacterial properties in conditions simu-
lating surface attachment and biofilm formation (static

| eE-SIE 15, Uk 185

Fig. 4. SEM images of plasma coated polypropylene samples:
a—d) before leaching process: Cu, CuO, Ag, AgO, respectively;
e-h) after leaching process: Cu, CuO, Ag, AgO, respectively

contact) and flow of biologically contaminated waters
(dynamic contact). Presented results are novel approach
to examine stability of metallic-based coatings on poly-
propylene materials.

The influence of leaching on the morphology and
microstructure of the PP-coating

Analyses with SEM allowed to image the morphology
of polypropylene after plasma deposited coatings conta-
ining Cu, CuO, Ag and AgO (Fig. 4).

The obtained results showed that deposited layers are
smooth and only several cracks were observed. After le-
aching process the morphology of treated PP was sligh-
tly changed. For all of the samples more discontinuities
in the deposited layers were observed. Particularly, the
polymer treated with Cu and CuO revealed abruptions
which may be associated with the observed constant re-
lease of the metal ions from the coating.

EDS analysis showed the alterations in the composition
of elements on particular PP samples expressed as atomic
concentration before leaching process and after contact
with dH,O (Fig. 5). The presented results are average va-
lues obtained from three sites of each polymer.

The composition of samples coated with Cu were prac-
tically unchanged after contact with dH,O, as the atomic
concentrations of Cu were similar and equal to 98.1% Cu
before and 97.4% Cu after leaching. In the case of coating
based on CuO, no significant changes were observed
in the atomic concentration before and after leaching
process, which was 92.5% and 91.2% Cu, respectively.
Ag-coated PP results showed that atomic concentration
of Ag on the surface of polymer was the same for both
samples before and after leaching process (98.6%). The
interesting results were obtained for AgO treated po-
lymer. The atomic concentration of particular elements
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Fig. 5. Elements composition (at. %) of plasma treated PP samples
before and after leaching process
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in this coating before the leaching process was different
compared to the atomic composition after the leaching
process. It was observed that after leaching process, the
oxygen was completely removed from the coating, whi-
le the atomic percentage of silver increased (from 94.4%
Ag before to 98.5% after the leaching process). This may
indicate that the parameters of the AgO plasma deposi-
tion process resulted in a non-uniform structure of the
coating and thus a varying degree of leached ions over
time. This finding was confirmed by the results obtained
for AgO treated sample during the analysis of Ag concen-
tration in the solutions after the process of leaching (Fig.
3), while the concentration of Ag in the first hours of the
process was very high. The stabilization of silver from the
AgO coating during the final hours of the process may
indicate that the obtained coating was loosely attached
within the surface layer, yet its cohesion increased with
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Fig. 6. Reduction in E. coli viability after 18 h static contact with
the plasma treated PP samples before and after leaching (n = 3)

100

the depth of the coating. Similar results of atomic concen-
trations of elements obtained for Ag and AgO coatings
after the leaching process (98.6% and 98.5%, respectively)
may indicate that the produced AgO coating might have
a “layered” structure — the internal layer of the coating
deposited on the PP polymer was a solid layer of Ag, and
the external layer was composed of AgO characterized by
loose bindings leading to higher leaching effect.

Antibacterial properties of PVD-coated samples

The antimicrobial performance of plasma treated poly-
propylene samples was assessed against two represen-
tative bacteria E. coli and S. aureus in static (non-stirred)
conditions simulating biofouling formation on the sur-
face of the samples and to avoid potentially forced re-
leasement of metal ions. A dynamic test was performed
for the same microbial species to assess the bactericidal
effectiveness of treated PP samples imitating their appli-
cation in aqueous conditions. Both tests were performed
for the originally plasma treated samples (before leach-
ing process) and for the samples after 18 h contact (agita-
tion) with dH,O.

Figure 6 represents the percentage reduction in cell
viability of E. coli in static conditions before and after
leaching process. It was found that Cu and CuO as well
as Ag and AgO treated PP samples tested before leach-
ing process completely eliminated E. coli. However, af-
ter leaching process only Ag-treated PP was significantly
less effective, as it only resulted in 6% reduction of cell
viability, which was probably associated with the releas-
ing of less amount of Ag ions to the surrounding environ-
ment due to non-stirred conditions.

Figure 7 shows the performance of plasma treated sam-
ples against E. coli under dynamic conditions revealing
that all of the samples are as same highly efficient in kil-
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ling all of the bacteria regardless the samples were before
or after leaching process (after contact with dH,O).

Similar results were obtained for S. aureus (Fig. 8 and
Fig. 9). It was noted that in static conditions all of the
plasma treated samples before leaching process resulted
in almost total reduction of S. aureus cell viability. Copper
and copper oxide coated PP-samples after 18 h leaching
process (agitation in dH,0) were as same efficient against
S. aureus as before. However, Ag and AgO coated PP sam-
ples after prior contact with dH,O resulted in less visible
bactericidal effect.

Under dynamic conditions conducted for 3 h, only
Ag-treated sample did not result in strong bactericidal
activity in 1 h of dynamic contact, which was similar for
both types of samples: before and after leaching process
(Fig. 9). It was also found that antibacterial effect of Ag-PP
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Fig. 8. Reduction in S. aureus viability after 18 h static contact
with the plasma treated PP samples before and after leaching
(n=3)

was increasing over time which was associated with the
increasing concentration of Ag ions in the solution. This
phenomena can be explained by results obtained for
leaching test of Ag-PP samples, while it was confirmed
that the Ag-coating is undoubtedly the most stable one,
as the metal ions release in small amounts and slowest
from the polypropylene surface.

These results suggest that antibacterial properties of
treated samples are strongly related to the release of ions
from the coatings in bacterial environment and it was
more visible when the samples were agitated under dy-
namic conditions forcing leaching of the ions. Despite the
fact that the Ag-treated PP was the most stable one, the
levels of ions leaching out from the polymer samples was
sufficient to kill bacteria. There are various theories on
the action of silver on microbes to cause the microbici-
dal effect. One of them is that ions can interact with the
thiol groups of many vital enzymes of bacteria and inac-
tivate them. The bacterial cells in contact with silver take
in silver ions, which inhibit several functions in the cells.
It was also proposed that generation of reactive oxygen
species, which are produced possibly through the inhi-
bition of a respiratory enzyme by silver ions may attack
the cell themselves [40]. This clearly confirms that releas-
ing of ions and their concentration plays a major role in
eliciting bactericidal properties of surface-modified ma-
terials. However, S. aureus (G+) was less prone to the Ag
ions compared to E. coli (G-) as it was reported that it cre-
ated a defense system against the inhibitory effects of Ag
ions [41, 42]. Antibacterial assay conducted in the study
revealed that copper ions released from Cu and CuO coat-
ings turned out to be highly efficient against both G+ and
G- bacteria independently the tested samples were before
or after leaching process. This might be associated with
the constant release of the same bactericidal concentration
of ions in time as it was shown in previous section. In the
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case of copper-based surfaces it was found that particular-
ly Cu* play a key role in creating defects in microbial cells
by changing conformational structure of nucleic acids and
proteins, besides reactive oxidative stress generation [43].
Various laboratory and clinical studies have confirmed
that solid copper surfaces promote rapid killing of both
G- and G+ bacteria. In antibacterial activity performance
of antibacterial compounds the crucial issue involves the
differences in the thickness of bacterial cell wall between
species. It has been already concluded that biofilms of
G- species with a thinner cell wall are inactivated more
rapidly with several microbicidal agents than biofilms of
G+ bacteria with a thicker cell wall [42, 44]. Generally, the
mechanism underlying antibacterial behavior of metals
includes the attachment of metal particles to the surface
of cell membrane, catalyzed radical formation and release
of metal ions [15]. Metal-based coatings deposited on the
surface of polymers provide a versatile path to take ad-
vantages of their antibacterial properties manufacturing
new generation biocide materials and allowing the exten-
sion of potential applications. Surface treatment of poly-
mer involving slow and constant release of metal ions
greatly contributes to antimicrobial behavior.

CONCLUSIONS

In the study a novel approach combining interdiscipli-
nary science such as materials, physics, chemistry and
biotechnology was presented to give an insight into new
trends toward development of polymer-based materials.
Surface engineering technologies including MS-PVD
technique enables imparting novel functional properties
to a range of polymeric materials. In the present work,
polypropylene samples were coated using MS-PVD with
silver- and copper-based layers so as to provide antimi-
crobial properties to the polymeric material. The samples
of polypropylene functionalized with plasma deposited
silver and copper compounds were examined in terms
of wettability, morphology, composition and stability of
the coatings in aqueous solution. It was found that the
hydrophobicity for all of the samples treated with me-
tals and their oxides increased as compared to unmodi-
fied PP sample, except Ag-PP which resulted in contact
angle similar to that of original PP. The obtained Cu-PP
and CuO-PP coatings did not vary to each other signifi-
cantly in terms of wettability, morphology, composition
and stability. The exposure of Cu and CuO plasma treat-
ed samples to dH,O showed that ions of metals were li-
nearly released in time, and their concentrations in aque-
ous solution were sufficient to completely eliminate both
G+ and G- bacteria using static and dynamic contact
method. However, the properties of Ag-PP and AgO-PP
were significantly different. The leaching of silver ions
from Ag-PP during contact with dH,O was relatively low
and was about 20 pg/(dm?*h). Nevertheless, the dynamic
contact of inoculum with Ag-treated PP showed that
the concentration of leached ions was sufficient to com-

pletely remove E. coli before contact of Ag-PP with dH,O,
but insufficient to kill S. aureus for both before and af-
ter contact of Ag-PP sample with dH,O (leaching). It was
demonstrated that antimicrobial activity of the material
was maintained at similar level after the leaching pro-
cess. Antibacterial activity against S. aureus was higher
as the contact time of the Ag-PP sample with bacterial
inoculum was longer, which was due to the linear depen-
dence of silver ions release (constant increase in ions con-
centration over time). Although the Ag-PP samples were
characterized by high antibacterial performance against
two bacterial strains before leaching, this activity signifi-
cantly decreased after leaching process in static contact.
It resulted from avoiding mechanically forced leaching
of ions (static contact method) from the polymer surface.
The sample of AgO-PP due to its low stability under wa-
ter conditions resulted in complete removal of both E. coli
and S. aureus bacterial cells in static and dynamic condi-
tions. The ion leaching in dH,O over time was changing
and in the final hours of the leaching process reaching
about 50 pg/(dm*h) and it was sufficient to completely
remove E. coli in both static and dynamic contact, but too
low to remove S. aureus in static conditions. The morphol-
ogy and composition of AgO-PP sample after the leach-
ing process and the study on its bactericidal properties
revealed that selected parameters of MS-PVD treatment
were not appropriate to obtain AgO over the entire depth
of the coating. It is likely due to the mixture of Ag and
AgO occurring within the coating, which was confirmed
by the similar atomic concentrations of the elements on
the surface of PP obtained for both Ag (before and after
the leaching process) and AgO coating (after the leaching
process). This was also confirmed by bactericidal tests us-
ing static contact method resulting in lower concentration
of silver ions available for bacteria to elicit appropriate
toxicity compared to dynamic contact method.

The reason of the differences in the results on anti-
microbial activity between the same samples are due to
the methodological variations within static and dyna-
mic conditions, which used together complement un-
derstanding the mechanism underlying antimicrobial
activity of material produced via surface treatment with
plasma. It was found that the key aspects of bactericidal
properties of plasma treated polypropylene are the leach-
ing of metal ions from the surface of the material, their
amount released into the environment of bacterial cells,
operating conditions of plasma deposition as well as the
type of bacterial strain. Due to some differences in their
cell structures and developed defense mechanisms, they
may have different sensitivity to certain metal ions.

To sum up, plasma treatment of polymers showed bac-
tericidal properties and may be potentially used in many
sectors. Further research is necessary to support the devel-
opment of innovative biocide-based materials to be used
in medicine, pharmacy and food industry, preventing at-
tachment of variety of microorganisms, biofilm formation
and potentially associated diseases. Future area of inves-
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tigations should include scaling up the process for a par-
ticular application, optimization, control of ion leaching
along with safety and potential toxicity to human health.

This work was financially supported by National Science
Center in the Project No. 2016/23/N/ST5/01088.
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