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Abstract

The microbiological contamination on board of spacecraft and orbital stations is a relevant
problem in prolonged space exploration. For this purpose, an antibacterial silver nanocluster silica
composite coating was deposited on a commercial polymer Combitherm®, suitable for aerospace
application, using the radio frequency (RF) co-sputtering technique. The presence of metallic silver
nanocluster and silica were confirmed by energy dispersion spectrometry (EDS), X-ray
photoelectron spectroscopy (XPS) and localized surface plasmon resonance (LSPR) detected
through UV-visible absorption spectrophotometry (UV-Vis). The atomic force microscope (AFM)
evidenced the coating morphology. The slight hydrophobicity of both coated and uncoated samples
was revealed through the contact angle measurement. The antimicrobial behavior was verified
through evaluation of the inhibition halo against several bacterial and fungal species. The coating
enhanced the Combitherm® nano-hardness and its resistance to tensile and perforation tests; the
coating wear resistance was measured by abrasion test against Kevlar. A folding procedure on the
coated Combitherm® and storage in air for three months was also carried out without deterioration
of the measured properties. The coating deposition did not influence the air permeability of

Combitherm®.
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1. Introduction

The problem of microbiological contamination on board of spacecraft and orbital stations arises
from the necessity to prolong space explorations ensuring crewmembers' health, safety and well-
being, together with the integrity of the spatial structures for the whole duration of the mission [1,
2]. The interior of a space structure can be easily colonized by microorganisms due to the presence
of humans and conditions such as humidity and temperature create a suitable environment for the
growth of bacteria and fungi [3, 4], able to induce adverse effects as infections, allergies,
degradation of air and water [1, 2]. It was observed that the largest quantity of bacteria and fungi is
concentrated on the surfaces of the space structure, in potable water and air [5, 6].

In addition, the increased application of polymers in space and aviations focused the attention of
the researchers towards the materials deterioration and degradation. Recently, an inflatable habitat
structure was developed and introduced by United States National Aeronautics and Space
Administration (NASA, Johnson Space Center) with the function of a high volume module [7]. The
inflatable module is composed mainly by a series of polymeric layers, packaged around a central
metallic core. This peculiar structure allows the reduction of the initial volume during the launch
and the increment of it on orbit, and it must be characterized by several performing functions as the
gas retention, structural restraint, material and orbital debris protection, thermal and radiation
protection [7, 8]. It is well known that polymers and metals are susceptible to the colonization of
microbes and fungi spores, able to quickly develop a microbial biofilm, thanks to the suitable
environmental conditions of incubation. The presence of bacteria and the formation of microbial
biofilm lead not only to pathogenic effects on humans, but also to the damage and deteriorations of
the materials [4, 9]. The regular cleaning and a controlled inspection and monitoring of the hygiene
of the internal structure seem to be not sufficient for avoiding the contamination.

For this purpose, the idea developed in this paper was the deposition of an antibacterial coating
on a commercial polymer called Combitherm®, commonly used for the food packaging industry,
but introduced in space applications, for the realization of the inner part of the inflatable module in
contact with crewmembers [8]. The coating has a composite microstructure made of silver
nanocluster embedded in a silica matrix. Silver as antimicrobial agent is currently exploited in a
wide range of applications where the risk of a bacterial contamination is an issue as in biomedical
applications or in crowded places [9, 10]. The antibacterial property of silver could be expressed
from different forms (metallic, nanoparticles and ions) as a coating or incorporated element [14].
Several techniques as sputtering, ions-exchange, sol-gel method, are well studied in literature and
available in order to find the suitable method to provide and tailor an antibacterial activity to
glasses, ceramics, metals and polymers, considering the requests of the application field [14-23].
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The authors research group is active in preparation and characterization of materials for
antibacterial applications. Silver ions have been introduced, by means of a patented ion exchange
technique [24], onto the surface of bioactive glasses and glass ceramics in bulk form [25, 26], as
coatings [27,28]and also in the form of 3D macroporous scaffolds [29, 30].

A detailed characterization of antibacterial silver nanocluster silica composites coatings,
prepared by RF co-sputtering deposition technique on silica substrates has been published in [31,
32]. In this paper, silver nanocluster silica composite coating was deposited through the same
procedure of RF co-sputtering deposition as in [31-33] on the Combitherm® polymeric substrate,
i.e. a multilayer symmetrical film composed of polyethylene, nylon and ethylene vinyl alcohol.

The chemical properties and composition of the antibacterial coating and polymeric substrate
were investigated through electron energy dispersion spectrometry (EDS), x-ray photoelectron
spectroscopy (XPS) and UV-visible absorption spectrophotometry (UV-Vis). The surface
morphology and wettability of the coated sample surface were also reported. The antimicrobial
behavior was analyzed through the evaluation of the inhibition halo against several bacterial and
fungal species, discovered into the space station of long term missions as Mir Station and
International Space Station (11S) [4, 5]. A series of mechanical tests were performed in order to
check the effect of the antibacterial coating on the mechanical properties of the polymeric substrate.
The permeability of the film was investigated using air as gas. Finally, the effect of time on the
coating properties (antibacterial behavior, adhesion, wettability, hardness and permeability) was

investigated on samples stocked in air for three months.

2. Materials and methods

2.1 Coating deposition

Silver nanocluster silica composite coating was deposited on a commercial polymer
(Combitherm® TC XX, Wipak Walsrode GmbH) by RF co-sputtering (Microcoat MS450). The as-
received polymer (AR-Combi, in the text) was a coextruded symmetrical film (140 pum of thickness)
made of polyamide with EVOH barrier plus exterior and interior polyethylene layer. Moreover, the
surface was treated to provide anti — sticking properties.

The targets used for the deposition were silver (Sigma-Aldrich 99.99% purity) and silica
(Franco Corradi S.r.l. 99.9% purity). The co-deposition process consisted of applying 200 W (RF)
to a 6 inches silica target, and 1W (in pulsed DC mode) to a 1 inch silver target for 15 minutes. The

pressure before deposition was 70 Pa, while the operating pressure was 5.5 dPa.
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This procedure was set after a series of tests in order to avoid the substrate deterioration due to
the temperature reached in the sputtering chamber. The coating deposited on the polymer (Combi-
COAT, in the text) with the optimized parameters had a thickness of about 60 nm.

2.2 Coating characterization

The composition of the coating was detected by means of EDS (SEM-FEI, Quanta Inspect 200,
EDS - EDAX PV 9900), performed on three different areas of the sample under a voltage of 15kV,
and by means of XPS using a VSW TAL10 non-monochromatic Al Ko (1486.6 e¢V) x-ray source
equipped with a class 100 concentric hemispherical analyzer.

Furthermore, the Ag nanoclusters embedded in the coating were characterized by means of UV-Vis
(\Varian Cary 300 Bio) in order to measure their localized surface plasmon resonance (LSPR), an
important feature to verify the metallic nature and nano-dimension of silver .

The surfaces of the samples, before and after deposition, were investigated in terms of
roughness and wettability. The roughness was estimated through a non-contact atomic force
microscopy (AFM, XE-100 with XEI 1.8.0 software) on several sample areas (1x1, 2x2 and 4x4
um?). The surface wettability was analyzed through the contact angle measurement, depositing a
distilled water drop on the sample surface and elaborating the results using the Expert System

HSM
33

Solutions instrument with the assistance of two softwares, Misura® and ImageJ . The test was

performed three times for each sample.

2.3 Antibacterial behavior

The antibacterial behavior of the silver nano-cluster silica composite coating was verified
through the inhibition zone evaluation towards several bacteria, Gram positive (Staphylococcus
aureus, Bacillus cereus) and Gram negative (Morganella, Klebsiella pneumonite, Escherichia coli)
and fungal species (Candida parapsilosis, Candida albicans, Candida glabrata) in accordance to
standards of the National Committee for Clinical Laboratory (NCCLS) [34], as described in
previous work [31]. Some of these species were identified on board of International Space Station
and Mir station [4, 5].

2.4 Mechanical tests

A series of mechanical tests were carried out in order to control the effect of the co-sputtering
deposition on the properties of the polymeric film.

The adhesion of the coating to the substrate was evaluated through a tape test according to the
ASTM D3359 — 97 standard [35]. A grid of parallel lines was made by a cutter on the sample
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surface, and then, cleaned by a brush. Afterwards the tape was attached to the grid, then removing ,
the surface was finally observed with a lens for detecting coating damage.

The nano-hardness of the samples was determined through a nano-indentation test using a
suitable platform instrument (NanoTest™). The test was performed with several indentations on
each sample, using a Berkovic tip, under different applied loads (1, 0.5 and 0.1 mN) and an
indentation rate of 0.002 pum/s. The nano-indentation measurement is an important and suitable
method for analyzing the mechanical response of thin coating and films towards an applied load
[36]. The data obtained from the instrument are the indentation depth, the hardness and the reduced
modulus which is directly correlated to the Young’s modulus of the tested material, considering the
contribution of the indenter material properties (elastic modulus and Poisson’s ratio).

The resistance to tensile, tear, perforation and abrasion was evaluated following the respective
UNI 8279-4:1984, UNI 9073-4:1999, UNI 5421:1983 and UNI 12947-2:2000 standards referred to
fabric and woven [37-40]. The AR-Combi samples were cut and then subjected to the deposition of
the silver nano-cluster silica composite coating. A coated sample subjected to a folding procedure
(Combi-COAT-F, in the text) was also tested. This folding procedure was carried out creasing the
coated film by hand, five times, obtaining random pleats. The folded material was useful to simulate
the final condition of polymer which has to be packaged for realizing the inflatable modulus. The
dimensions and the number of samples for each test are summarized in Table 1.

In the case of the tensile test, the standard dimensions were too large with respect to the dimensions
of the sputtering chamber (a sample with a maximum size of 10x10 cm? can be sputtered). Hence
the polymer was evaluated with the standard size AR-Combi and with a smaller size (AR-Combi-
small, in the text) suitable for the sputtering chamber size and having the same size of the coated
polymers Combi-COAT for comparison purposes. The ultimate strength (N) was reported for the
tensile, tear and perforation tests. In addition, the tensile percentage elongation was measured.

The abrasion test was performed for 50000 cycles and it was stopped after a defined number of
cycles in order to control the conditions of the deposited coating. Kevlar was used as abrasive
counterpart material (instead of the standard wool) because in the real application of the inflatable
modulus the inner part is a sequence composed of three Combitherm® films separated by Kevlar

layers.

2.5 Gas permeability

The permeability to the air of the AR-Combi, to Combi-COAT and the Combi-COAT-F was
obtained using a semi-quantitative method by means a permeometer (Lyssy L100-5000). The
instrument measures the pressure difference between the chambers above and below the sample and
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the obtained value is converted to transmission rate (TR, ml/(m? *day)). The test was performed
three times for each sample at 23°C. The permeability, expressed by ml*mm/(m? *day*atm), could
be obtained by means of the equation below:

1)

TR*T

Permeability =
vy AP

where T is the thickness of the film (mm) , AP is the pressure difference between the chambers

(about 1 atm).

2.6 Air-ageing

The Combi-COAT samples were stocked in a laboratory environment in air at room temperature
for 7, 14, 28, 84 days. The aged samples were labeled adding the suffix “-number of days-d” to the
name Combi-COAT (e.g. Comb-COAT-7d). Properties of the aged samples, i.e. the composition,
wettability and adhesion of the coating, nano-hardness, permeability and antibacterial behavior

were analyzed and compared with the pristine coated sample.

3. Results and discussions

3.1 Coating deposition through co-sputtering

A co-sputtering time (15 minutes) was chosen for the deposition of the silver nano-cluster silica
composite layer with a thickness of 60 nm on the Combitherm® polymer substrate. It was observed

in preliminary tests that a longer sputtering time deteriorates the polymer substrate.

3.2 Coating characterization

The EDS analysis of the silver nanocluster-silica composite layer, shown in Fig. 1, confirms the
presence of elemental Si and Ag, belonging to the deposited layer. The two peaks of the Si and Ag
are visible on the EDS spectrum. The carbon and oxygen derive from the polymer substrate.

A more detailed surface analysis has been carried out by XPS as shown in Fig. 2 for the AR-
Combi and the Combi-COAT. Only the principal core lines of the O and C (polymer hydrocarbon
chains) and the corresponding Auger series are detected into the spectrum of the substrate ( Fig. 2a).
The spectrum of the Combi-COAT (Fig. 2b) reveals the presence of Ag at around 368 eV as
evaluated with respect to the C 1s peak at 285 eV: the spectral resolution does not allow a clear

discrimination between metallic and ionic Ag species; the Ag/Si ratio is around 25% . The Si 2p and
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O 1s peaks are located at binding energies of 104 eV and 533 eV, respectively; these values are
compatible with pure silica, as confirmed by the O/Si ratio which is (2.0 £ 0.1).

The UV-Vis absorption spectrum of the silver nanocluster silica composite coating (Combi-
COAT ) is shown in Fig. 3, as obtained by subtracting the contribution of the polymer substrate. A
large absorption feature between 325 and 700 nm with a maximum at 439 nm is clearly visible, due
to the LSPR of silver metal nanoclusters [41]. The maximum results slightly shifted with respect to
the LSPR peak (414 nm) measured for the silver nanoclusters silica composite layer deposited on
the silica substrate, analyzed in the previous work [31]. However, it is worth noticing that the
deposition process in this work has been carried out with different parameters optimized for the
polymeric substrate; this influences both the dimensions of the silver nanoclusters (estimated below
20 nm) and their mutual interaction, responsible for the broad tail up to 700 nm.

The morphology of the AR-Combi and Combi-COAT surfaces were evaluated through AFM as
shown in Fig. 4. The AFM maps of the uncoated polymer revealed a slight increase of the root
mean squared roughness (Rq) as function of the analyzed map area (not reported). At the smallest
area (1x1 pm?), the map shows a honeycomb structure typical of polymers (Fig. 4a) and a Rq of
about 10 nm. Similarly, the Combi-COAT samples show an increase of the Rq as function of the
map area. At the largest scale the high value of Rg (about 30 nm) can be due to an enhanced
wrinkling of the surface induced by the sputtering process. At the smallest scale, although the RMS
value is very close to the uncoated one, the honeycomb structure of the substrate disappears and the
nano-structured nature of the deposited silver doped silica thin film is clearly evident, as shown in
Fig. 4b.

The slight hydrophobicity of the AR-Combi formed a contact angle of about 74° which
remained unvaried also on all the coated samples (Combi-COAT) before and after ageing .

3.3 Antibacterial activity

The antibacterial activity of the Combi-COAT and the aged Combi-COAT samples towards
several bacterial species, both Gram positive (S. aureus, Bacillus cereus) and Gram negative
(Morganella, K. pneumoniae ed E. coli), was evaluated through the inhibition halo test and the
results are reported in the Fig. 5. The Combi-COAT samples are able to develop an inhibition zone
whose dimensions and morphology depend to the sensitivity of the bacterial strain. In particular, the
silver affects significantly the Escherichia coli and the Bacillus cereus species, forming a 2-3 mm
halo on the agar. A smaller halo of about 1 mm was observed for S. aureus and Morganella species,
this behavior can be attributed to the different structure of cell wall as reported in literature [42].
Some samples did not completely adhere to the agar surface, thus giving the formation of non
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uniform halo. Finally, the gradual and not well-defined halo in the case of the Klebsiella indicates
that the release of silver stops the bacteria growth and proliferation only very close to the samples.
The antibacterial behavior of the samples remains almost unchanged after 28 days of air-ageing:
just a slightly decrease of antimicrobial effect for the Combi-COAT84d was observed, in particular
towards the E. coli and Bacillus cereus strains.

Fig. 6 reports the results of contact test against several Candida species. All the samples
developed a relevant antimicrobial effect with the formation of a halo with dimensions of about 2-
3mm also after 28 days of ageing in air. On the contrary, the fungi proliferation was stopped under

the Combi-COAT84d samples, but the material was not able to produce a visible halo around it.

3.4 Mechanical tests

A series of tests were performed in order to study the mechanical behavior of the AR-Combi
substrate before and after the silver nanocluster silica composite coating.

The as deposited coating resulted well adherent to the polymer, as reported in Fig. 7: the tape
test (ASTM D3359 — 97 standard [35]) did not induce any detectable damage on the coated sample
(Fig. 7a) and no sign of the coating detachment was visible on the tape (not reported). The effect of
ageing did not influence the adhesion coating-substrate (Fig. 7b-e). Hence, the samples could be
classified as 5B with 0% of damage according to the corresponding standard [35].

The nano-hardness of all the samples was tested through several nano-indentations at different
maximum loads in order to investigate the nano-mechanical behavior of the substrate and the
coating-substrate system. The graphic comparison of the depth-load curves between AR-Combi and
Combi-COAT for each applied load is reported in Fig. 8. As it could be observed, the curves of the
Combi-COAT samples are significantly shifted with respect to the untreated substrates for all the
applied loads (Fig. 8b-d), indicating an increment of the hardness and stiffness of the coated
material. The indenter overlapped the coating and it penetrated into the polymeric film, but it
reached a lower depth in the coated samples than in the substrate. The analysis of the curves and the
average values in terms of the indentation depth, nano-hardness and reduced modulus reported in
Table 2, confirm the improvement of the nano-mechanical properties of the coated samples. The
increment of load determined an increment of the indentation depth and a decrement in the
registered hardness and reduced modulus. The hardness and the reduced modulus of the Combi-
COAT varied from 171 until 47 MPa and 1.2 until 0.6 GPa, respectively, in contrast with the
hardness and the modulus of the AR-Combi which are only 49 until 28 MPa and 0.6 until 0.4 GPa,
respectively.
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The air ageing did not affect the nano-mechanical behaviour of the samples and the depth-load
curves (not reported) remained unchanged with respect to the Comb-COAT for all the evaluated
samples.

The tensile, tear and perforation properties were evaluated through the tests according to the
UNI 8279-4:1984, UNI 9073-4:1999 and UNI 5421:1983 standards for woven and fabric materials
[35-37] and the results are summarized in Table 3.

The tensile and perforation resistance seem to be positively influenced by the presence of the
silver nanocluster silica composite coating. The AR-Combi with the standard dimensions
(100x150mm) has a tensile strength of about 172 N reaching an elongation of about 26% and the
reduction of the dimensions of the sample (AR-Combi-small) resulted in a decrement of the
maximum strength (149 N) with a negligible increment of the elongation, within the standard
deviation. The coated materials demonstrated a very good behavior with a significant increment of
the tensile resistance and an higher elongation with respect to the corresponding uncoated small
material, probably due to a structural modification of the polymer chains after sputtering. The
perforation resistance increased with the presence of the coating and this result confirms the
improvement of the polymer surface mechanical properties , after coating. The tear resistance is
unaffected by the coating deposition.

In the abrasion test (UNI 12947-2:2000 standard [38]), all the samples resisted until 50000
cycles in contact with the Kevlar fabric without the fracture of the polymeric substrates. It is
possible to define three steps during the whole test, related to the coating behavior. Initially (100-
500 cycles), the coating was removed at the edge of the sample. Then, the deposited layer was
partially removed between 500 and 3000 cycles and the surface appeared with dark and light spot.
Finally, the coating was completely removed from the polymeric substrate between 3000 and 5000

cycles.

3.5 Permeability tests

The permeability tests were performed on pure substrate and on the coated polymer before and
after folding and air ageing. Results on transmission rate (TR) and the permeability (P) for 140 pum
thick samples were obtained as average values of three measurements per sample as in Fig. 9.
No relevant differences were measured between coated and uncoated polymer and the transmission

rate and the permeability were about 14 ml/m**day and 2 mI*mm/m?*day*atm, respectively.
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The presence of pleats on the polymeric film due to the folding procedure increases the values of
transmission rate and permeability probably because the sample was not completely flat, with
several air gaps on the surface which influence the measure.

After ageing, the transmission rate and permeability to air of the samples increased but they
reached values which could be considered in the impermeability range. Hence, it is possible to

affirm that the coating did not significantly change the air impermeability of the starting polymer.

4. Conclusions

In conclusion, a silver nanocluster silica composite coating was deposited on a commercial
polymeric film, called Combitherm®, currently proposed as a new material in the aerospace field,
thanks to its peculiar characteristic of air impermeability. The coating had a thickness of about 60
nm and it was deposited on the substrate by means of magnetron RF-DC pulsed co-sputtering of
silica and silver targets, with an optimized process time of 15 minutes. The optimized sputtering
parameters avoided the damage and deterioration of the polymeric substrate.

The composition of the coating was confirmed by EDS and XPS analysis and the silver
nanoclusters presence of the silica matrix was also evidenced by measuring the SPR peak.

The morphological analysis carried out by AFM on scales of 1 um? evidences the nanostructure
of the silver doped silica thin film.

The slight hydrophobicity of the substrate was maintained after the coating deposition.

The antibacterial effect of the silver nanocluster silica composite coating was demonstrated
against different bacteria and fungi strains by the formation of an inhibition halo or by the absence
of micro-organisms growth under the samples also after 84 days of air-ageing .

The coating resulted well adherent to the substrate and it is completely removed only after 3000
— 5000 cycles of abrasion against a Kevlar fabric. In addition, the coating improved the nano-
mechanical behavior and the resistance to tensile and perforation tests but it did not significantly
influence the tear resistance. The folding procedure and the air ageing did not significantly
influence the properties of the substrate and of the silver nanoclusters silica composite coating.

The presence of coating did not influence the air permeability of the polymer which remained
very low (about 2 ml*mm/m?**day*atm). Even if the ageing increased the permeability of the

sample, the values obtained could be considered very low.
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Figure captions
Fig. 1. EDS analysis of the AR-Combi-COAT sample

Fig. 2. XPS survey spectra of (a) AR-Combi and (b) Combi-COAT

Fig. 3. UV-Vis spectra of the coating deposited on the polymer (The contribution of the polymer
substrate was directly subtracted from the curve because the material was used as background

spectrum)

Fig. 4. AFM maps (1x1 um?) of the surface of (a) the substrate AR-Combi and (b) the coating

Combi-COAT. The Rq values are reported in the vertical axis.

Fig. 5. Inhibition halo test against different bacteria: Combi-COAT and aged Combi-COAT

samples

Fig. 6. Inhibition halo tests against different fungi species: Combi-COAT and aged Combi-COAT

samples

Fig. 7.Samples surfaces before and after the tape test: Combi-COAT, Combi-COAT-7d, Combi-
COAT-14d, Combi-COAT-28d, Combi-COAT-84d

Fig. 8. Comparison of the nanoindentation depth-load curves between AR-Combi and Combi-
COAT samples, at the maximum load of (a) 0.03mN, (b) 0.1mN, (c) 0.5mN and (d) ImN

Fig. 9. Permeability test: (a) trasmission rate; (b) permeability

Fig. 10. Inhibition halo test against different bacteria: Combi-COAT and aged Combi-COAT
samples

Fig. 11. Inhibition halo tests against different fungi species: Combi-COAT and aged Combi-COAT

samples



Table(s)

Table 1: Number and dimensions (mm) of the samples mechanically tested

Test AR-Combi AR-Combi-small Combi-COAT Combi-COAT-F
Tensile 3 3 3 3

(UNI 8279-4:1984) (100x150) (100x80) (100x80) (100x80)
Tear 3 / 3 3

(UNI 9073-4:1999) (100x45) (100x45) (100x45)
Perforation 5 / 5 5

(UNI 5421:1983) (diameter 50) (diameter 50) (diameter 50)
Abrasion 10 10 10

(UNI 12947-2:2000) (diameter 40)

/

(diameter 40)

(diameter 40)




Table(s)

Table 2: Data from nanoindentation test

Load (mN) Parameters Samples
AR-Combi Combi-COAT
Max depth (nm) 388 £ 15 234 £ 6
0.1 Hardness (MPa) 49+5 171+ 14
Reduced modulus (GPa) 0.6+0.1 1.2+0.1
Max depth (nm) 948 £ 54 754 £ 11
0.5 Hardness (MPa) 374 50+2
Reduced modulus (GPa) 0.5%0.1 0.7 £0.02
Max depth (nm) 1498 £ 72 1185+ 10
1 Hardness (MPa) 28 +2 47+ 1
Reduced modulus (GPa) 0.4 +0.05 0.6 £0.03




Table(s)

Table 3: Mechanical properties of the samples

Sample Tensile Tear Perforation
UNI 8279-4:1984 UNI 9073-4:1999 UNI 5421:1983
Ultimate Strength Elongation  Ultimate strength  Ultimate strength
(N) (%) (N) (N)
AR-Combi 172 £5 26 +2 376 205+ 15
AR-Combi small 149+ 3 30+7 - -
Combi-COAT 179+ 6 42 +7 32+2 246 + 14

Combi-COAT-F 180 +4 46+ 1 33+5 245+9
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