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A B S T R A C T

Zirconium–Copper-based metallic glass thin films represent promising coatings in the biomedical sector for their
combination of antibacterial property and wear resistance. However, finding a Zr–Cu metallic glass composition
with desirable cytocompatibility and antibacterial property is extremely challenging. In this work, we have
created a cytocompatible and (super-)hydrophobic Zr–Cu–Ag metallic glass coating with �95% antifouling
properties. First, a range of different chemical compositions were prepared via Physical Vapor Deposition
magnetron by co-sputtering Zr, Cu, and Ag onto a Polybutylene terephthalate (PBT) substrate among which
Zr93⋅5Cu6⋅2Ag0.2, Zr76⋅7Cu22⋅7Ag0.5, and Zr69⋅3Cu30⋅1Ag0.6 were selected to be further investigate for their surface
properties, antibacterial activity, and cytocompatibility. Scanning electron microscopy (SEM) images revealed a
micro-roughness fibrous structure holding superhydrophobic properties demonstrated by specimens' static and
dynamic contact angle measurements ranging from 130� to 150�. The dynamic contact angle measurements have
shown hysteresis below 10� for all coated samples which indicated the superhydrophobicity of the samples. To
distinguish between antifouling and bactericidal effect of the coating, ions release from coatings into Luria Bertani
Broth (LB), and Dulbecco's Modified Eagle Medium (DMEM) solutions were evaluated by inductively coupled
plasma mass spectrometry (ICP-MS) measurements after 24 h and 5 days. Antifouling properties were evaluated
by infecting the specimens' surface with the Gram-positive Staphylococcus aureus and the Gram-negative Escher-
ichia coli strain reporting a �95% reduction of bacteria adhesion as visually confirmed by FESEM and fluorescent
live/dead staining. Human mesenchymal stem cells (hMSC) were used for direct cytocompatibility evaluation of
coated samples and their metabolic activity was evaluated via relative fluorescence unit after 24 h and 5 days
confirming that it was comparable to the controls (>97% viable cells). The results were further visualized by
FESEM, fluorescent staining by Live/Dead Viability/Cytotoxicity Kit and confirmed the cytocompatibility of all
coated samples. Finally, hMSC0 cytoplasm was stained by May Grunwald and Giemsa after 5days to detect and
visualize the released ions which have diffused through the cells' membrane.
1. Introduction

Healthcare-associated infections (HCAI), also referred to nosocomial
infections are major cause of health-care complications leading to pro-
longed hospitalization, long-term disabilities, and unnecessary deaths
[1]. A recent survey from European Center for Disease Prevention and
Control estimated a total of 8.9 million healthcare-associated infections
to occur each year in European hospitals and long-term care facilities.
The fiber-based textile materials are popular choices and are widely used
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in health-care sector because of the variety of advantages they offer such
as their light weight, low cost, flexibility in shape, and washing without
corrosion, and therefore, they are indispensable. Surgical gowns, nurse
aprons, bedding, mask, curtains are only some examples of instances
which avoid the spread of hazardous viruses and bacteria for both
medical teams and patients. Textiles in the medical or health-care sectors
are often contaminated by pathogenic microorganisms mainly by smear
contamination (in particular by contact with the hands) or by droplets
and aerosols (droplet nuclei) released when coughing, sneezing or
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speaking. Pathogens can remain active on textile surfaces for days to
months, consequently, they could be an additional source of
cross-transmission from person to person [2]. In this context, develop-
ment of textile surfaces that inhibit the adhesion and as a consequence
the proliferation and spread of pathogenic germs is crucial to minimize
the spread of multidrug-resistant germs in hospital and high-risk
environments.

Bacteria vary in size, shape, surface characteristics, morphology,
metabolism, development, and adaptation to changes in their sur-
rounding environments. Bacteria with various physicochemical charac-
teristics show diverse responses against the different antimicrobial
materials; in fact, for a given materials surface, each bacterium adhere
differently [3]. In other words, depending on the bacteria's surface
characteristics which are defined by its genome, adhering bacteria might
have a preference to adhere on hydrophobic or hydrophilic surfaces. It is
demonstrated that germs with hydrophobic surface would adhere better
on hydrophobic surfaces while germs with hydrophilic properties adhere
better on polar surfaces. Therefore, many scientists have focused on the
development of various antimicrobial textile materials following the
modification of their surface properties such as chemistry, energy,
wettability, roughness and charge. Ellinas et al. [4] has shown that
bacteria adhesion to superhydrophobic surfaces remains low and stable
over time and even without further treatments could reduce the bacterial
biofilm formation. Imani et al. [5]. has developed a flexible plastic wrap
with hierarchical structures which was the outcome of combining micro-
and nano-structuring including a fluorosilane treatment for enhancing
their hydrophobicity and oleophobicity. The processed surfaces have
demonstrated the omniphobic properties repelling liquids with various
surface tensions by reducing biofilm formation with the efficiency of 87%
and 84% for methicillin-resistant Staphylococcus aureus and Pseudomonas
aeruginosa, respectively. In another work by Ma et al. [6]. a novel zeolitic
imidazolate framework 8@thiolated graphene composites-based poly-
imide (PI) nanofibrous membrane (ZIF 8@GSH/PI) was developed and
fabricated via a facile electrospinning and in situ hydrothermal synthesis
approaches. The synergetic properties of ZIF 8, GSH, nanoscale rough-
ness, and hierarchical structure have led to the antibacterial activity of
the membranes against Bacillus subtilis and Escherichia coli. These results
emphasize on the role of surface topography (roughness) as a funda-
mental parameter to control the hydrophilicity/hydrophobicity of the
materials which eventually determines the surface wettability, germ
repellency, and germ adhesion. Development of hydrophobic and
superhydrophobic surfaces is of interest for other applications as well
(e.g. water purification) and therefore, the state of the art for the
development of superhydrophobic polymeric textiles could be utilized
for generation of antifouling textiles as well [7–10].

Another suitable approach is the functionalization of the surface by
exploiting antibacterial agents such as silver (Ag) and copper (Cu) [11].
Ag has broad-spectrum antibacterial activities and good inhibitory effects
on both Gram-positive and Gram-negative bacteria [12,13]. Ferraris et al.
[14] has also used this approach to generate Ag-nanocluster coatings
with excellent antibacterial properties. Cu is also frequently used based
on its antibacterial contact-killing due to release of ions. Contact with
copper surface has been shown to damage the integrity of bacterial
membrane through different mechanisms: it can directly damage bacte-
rial proteins as well as induce the formation of hydroxyl radicals, leading
to cell damage through interaction with the cell DNA, enzyme and other
proteins [15].

Metallic glasses are a revolutionary class of materials where crystal-
lization upon solidification is suppressed, keeping them in the disordered
state. The absence of a crystalline structure is the reason for their
extraordinary properties over traditional crystalline alloys [16]. In the
biomedical industry, Zr-based BMG are popular choices for their good
(bio-)corrosion resistance. To enhance their antibacterial properties,
some researchers have focused on surface energy and surface micro-
structure modification of Zr-based BMG mechanically or via electro-
chemical or chemical etching processes to prepare superhydrophobic
2

surfaces which acts as antifouling surfaces [17] [–] [19]. Similarly,
employing a nanostructured geometry of the surface such as nanospike,
nanoblade, or nanodart is another strategy to develop bactericidal
properties on the surface [20]. In this phenomenon, the nanospike or
nanostructure penetrates and damages the bacteria membrane. This
mechanism is known as “mechano-bactericidal”. However, it has been
recently found that if efficient number of antibacterial elements such as
Ag or Cu are present in the chemical composition of the material, they
can show antibacterial properties with no further treatment of surface
modifications. This is a very different scenario in comparison to the use of
Ag or Cu in the form of nanoparticles because Ag and Cu in metallic
glasses appear in the form of randomly distributed atoms within the
matrix. However, the difficulty associated with fabrication of bulk
metallic glasses has pushed their application in the form of thin film. In
particular, zirconium (Zr)-based metallic glass thin films has been re-
ported for their promising antibacterial properties and cytocompatibility
combined with their corrosion resistance in body fluids. For example,
antibacterial properties are reported by Y. Lui et al. [21], and by G.I.
Nkou Bouala et al. [22] for Zr38Cu36Al18Ag8, and Zr73Cu16Ag11 metallic
glasses, respectively. The other advantage of metallic glass coatings (thin
films) for antibacterial properties is their better mechanical properties in
comparison with other popular coating choices such as diamondlike
carbon (DLC). In fact, DLC is of interest due to its chemically inertness
and compatibility with human cells but it is quite brittle, and it requires
expensive high-temperature processing. Metallic glass coating, on the
other hand, is compatible with human cells, has better ductility and can
be processed by inexpensive low-temperature processes such as sput-
tering techniques [23].

Metallic glass formation is extremely sensitive to chemical composi-
tion. Therefore, in the current study, metallic glass coatings based on Zr
and Cu with small addition of Ag is prepared via Physical Vapor Depo-
sition (PVD) magnetron co-sputtering on Polybutylene terephthalate
(PBT) substrate, using a physical mask to create discrete areas with
different compositions due to the fact that each discrete unmasked area
has a different distance with respect to each sputtering target (Zr, Cu,
Ag). To develop the antibacterial (antifouling) properties, in the current
work, we are relying on the one-step sputtering process of Zr–Cu–Ag
metallic glass on PBT without the further need to mechanically or
chemically modifying the surface structure. Our choice of textile is PBT
which is a member of polyester family of polymers and therefore is well
investigated. In fact, it has very similar chemical composition as well as
properties to those of Polyetylene terephthalate (PET) which has been
previously approved as a cytocompatible polymer and has wide range of
biomedical applications including sutures, heart valves, surgical meshes,
scaffolds, urinary and bloodstream catheters [24,25]. Compared to PET,
PBT has strength and stiffness but has higher impact strength and similar
chemical resistance. Regarding its mechanical properties, PBT can reach
up to 15% elongation and its tensile strength is in the order of 38 MPa.
Since it crystallizes more rapidly than PET, PBT is a preferred choice for
injection molding in the industry [26,27]. In this work, metallic glass
coated PBTs were firstly characterized for their surface morphology by
SEM, and their chemical composition was confirmed by EDS. Samples
were investigated for their surface characteristics measuring the contact
angles of deionized water, Luria Bertani Broth (LB), and Dulbecco's
Modified Eagle Medium (DMEM) on the samples ‘surfaces via
sessile-drop method and Ellipse-fitting. Samples were then infected with
the pathogen Staphylococcus aureus to test their antifouling properties.
Finally, specimens cytocompatibility was verified by cultivating human
mesenchymal stem cells (BhMSC) directly onto their surface.

2. Materials and methods

2.1. Materials preparation

As-prepared melt-blown Polybutylene terephthalate (PBT, provided
by DITF, Denkendorf, Germany) was co-sputtered (RF and DC power
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supply) to deposit Zr–Cu–Ag coatings. Silver (Sigma-Aldrich 99.999%),
Zr (NanoVision s.r.l. 99.99%) and Copper (NanoVision s.r.l. 99.99%)
targets were used to deposit the coatings. The three cathodes are confocal
and point the extraction cone on the center of the sample holder. The
distance between each cathode and the substrate surface is 24.5 cm,
while the centers of the circular targets are 14 cm apart from each other,
and they are placed on a hypothetical 9 cm radius circumference. Each
area of the substrate receives difference part of the extracted atom flux
from each target, leading to different final composition. The pressure
before deposition was 10�5 Pa, in the deposition chamber. The working
pressure/atmosphere was pure argon at 10�2/10�1 Pa, dynamically
maintained. The power over target were 35 W in RF for copper (Cu);
15 W in RF for silver (Ag); 300 W in DC for zirconium (Zr) to form a
coating of 1 μm thickness. The choice of using RF for conducting mate-
rials like copper and silver is to reduce the deposition rate of these metals
and having hence better control on the amount of the deposited mate-
rials, being their deposition rate higher with respect to the zirconium
one. The deposition time was 1 h. To be able to simultaneously deposit
number of different chemical compositions, a physical mask was placed
on top of the substrate (PBT) with discrete hole areas. Each hole had a
different distance to the targets (Zr, Cu, Ag), leading to the generation of
a range of compositions on PBT substrate. Each discrete area was further
cut and investigated for its properties. Out of all prepared samples, three
compositions were selected for further investigation of their antifouling
properties and cytocompatibility.
2.2. Physical-chemical characterization

2.2.1. SEM-EDS, and XRD analysis
Surface morphology and chemical composition of as-prepared melt

blown PBT substrate and sputtered samples were investigated by scan-
ning electron microscopy (SEM) equipped with energy dispersive spec-
troscopy (EDS, JCM - 6000Plus Versatile Benchtop JEOL, for
compositional assessment). Small angle X-Ray scattering was conducted
using a Panalytical Empyrean X-ray diffractometer with Cu Kα radiation
(λ ¼ 1.54 Å) with a step size of 0.001�. Field emission scanning electron
microcopy (FESEM) was used to investigate the samples after antibac-
terial and cytotoxicity tests (FESEM, ZEISS SUPRA TM 40).

2.2.2. Static and dynamic contact angle measurement
The static contact angle between the samples surfaces and the liquids

were measured by sessile-drop method and Ellipse-fitting using the drop
contour analysis system (OCA 200, Dataphysics, Germany). Deionized
water, Luria Bertani Broth (LB, Sigma-Aldrich), and Dulbecco's Modified
Eagle Medium (DMEM, Sigma-Aldrich) were utilized as liquid mediums.
Liquid drop of a known volume (2–3 μl) was generated at the tip of the
needle (needle outer diameter ¼ 0.4 mm) and then was gently seeded
onto the surface. The static contact angle was measured when the drop
was standing on the surface and the three-phase boundary was not
moving. Dynamic contact angle measurements were performed by
adjusting the needle near the surface of the sample. Deionized water
droplet (2–3 μl) was dosed in order to moistens the sample. While the
needle was still in the middle of droplet, its volume was started to expand
with a dosing rate of 1 μl s�1. A steady state value of the contact angle at
the growing state was defined as the advancing contact angle. Subse-
quently, the receding contact angle was measured by reducing the drop
volume at the same rate. In our Experiments, the temperature, density,
and dynamic viscosity of water during the measurement have been
recorded as follow: T ¼ 22.5 �C, ρw ¼ 998 kg m�3, and μw ¼ 0.9 mPas,
respectively. The contact angles have been measured at the three
different positions on each prepared sample in order to confirm the ho-
mogeneity of their surface.
3

2.2.3. Ions release evaluation
Specimens (4 � 4 mm2 square) were submerged with 7 ml/specimen

of Luria Bertani (LB, Sigma-Aldrich) or Dulbecco's Modified Eagle Me-
dium (DMEM, Sigma-Aldrich) solutions and were placed inside a shaker
(120 rpm, T ¼ 37 �C) for 1, and 5 consequent days. At each time points
the supernatants were collected and used to investigate the functionali-
zation ion-release (Zr, Cu, Ag) from the surface using inductively coupled
plasma mass spectrometry (ICP-MS, iCAP Q, ThermoFischer).
2.3. Antibacterial evaluation

2.3.1. Strain growth condition
Bacteria were purchased from the American Type Culture Collection

(ATCC, Manassas, USA). Specimens’ antibacterial properties were
assayed towards the methicillin/oxacillin (MRSA) resistant Staphylo-
coccus aureus strain (Gram-positive, ATCC 43300) and Escherichia coli
(Gram-negative, ATCC 25922). Bacteria were cultivated in Trypticase
Soy agar plates (TSA, Sigma-Aldrich) and incubated at 37 �C until round
single colonies were formed; then, few colonies were collected and
spotted into 15 ml of LB broth (Sigma-Aldrich) and incubated overnight
at 37 �C under agitation (120 rpm). The day after a fresh broth culture
was prepared prior to the experiment by diluting bacteria into fresh
medium till a final concentration of 1� 105 bacteria/ml corresponding to
an optical density of 0.001 at 600 nm wavelength using a spectropho-
tometer [28] (Spark, from Tecan, Switzerland).

2.3.2. Direct antibacterial activity evaluation
Antibacterial properties were assayed after 90 min (early time point)

and 24 h (late time point) of direct infection. Accordingly, 50 μl of LB
medium containing a known 1� 105 bacteria number were directly drop-
seeded onto specimens' surface (4 � 4 mm2 square) and incubated at
37 �C; at each timepoint the supernatants were gently collected from
each specimen to evaluate the number of viable floating bacteria whereas
adhered bacteria were detached from specimens’ surface by vortex (30 s
each, 3 times). and sonication (5 min each, 3 times). The number of
viable bacteria was determined by the colony forming unit count (CFU)
as previously detailed [29], the metabolic activity of the adhered bacteria
was further evaluated by the colorimetric metabolic assay alamar blue
(alamarBlue™, ready-to-use solution from Life Technologies) by directly
adding the dye solution (0.0015% in phosphate buffer saline) onto the
infected specimens; after 4 h incubation in the dark the fluorescent sig-
nals (expressed as relative fluorescent units – RFU) were detected at
590 nm by spectrophotometer (Spark, from Tecan, Switzerland). More-
over, the fluorescent Live/Dead assay (BacLight™, Bacterial Viability Kit
for microscopy, Invitrogen) was applied to visually detect viable colonies
adhered to the fibers; images were collected by confocal microscopy
(Leica TCS SP8 confocal laser scanning microscope, Leica Microsystems).
Finally, Field emission electron microscopy (FESEM, SUPRATM 40,
Zeiss) imaging was used to detect biofilm-like colonies aggregates;
briefly, specimens were dehydrated by the alcohol scale (70-80-90-100%
ethanol, 1 h each), swelled with hexamethyldisilazane, mounted onto
stubs with conductive carbon tape and covered with a chromium layer.

2.3.3. Not direct antibacterial evaluation
In order to evaluate a possible antibacterial effect of the released ions,

specimens (4� 4mm2 square) were submerged with 7ml of LB broth and
maintained at 37 �C inside a shaker (120 rpm) for 1, 5 days, following the
same procedure exploited for the ions release evaluation (section 2.2.3).
At each time point the supernatants were collected and used to cultivate
bacteria at a defined concentration (1� 105 cells/ml); bacteria cultivated
with supernatants obtained from ions-free PBT were considered as con-
trol. The released ions killing activity was evaluated in terms of metabolic



Table 1
Chemical composition of deposited coatings onto PBT substrate.
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activity that was measured by the alamar blue assay as previously
detailed.
Sample Zr (at%) Cu (at%) Ag (at%)

MG1 93.57 (�1.02) 6.22 (�1.02) 0.20 (�0.12)
MG2 76.73 (�0.47) 22.71 (�0.32) 0.56 (�0.15)
MG3 69.30 (�0.41) 30.10 (�0.20) 0.60 (�0.19)
2.4. In vitro cytocompatibility evaluation

2.4.1. Cells cultivation
Human bone marrow-derived mesenchymal stem cells (BhMSC) were

purchased from PromoCell (C-12974) and cultivated in low-glucose
DMEM (Sigma-Aldrich) supplemented with 15% fetal bovine serum
(FBS, Sigma-Aldrich) and 1% antibiotics at 37

�
C, 5% CO2 atmosphere.

Cells were cultivated until 80%–90% confluence, detached by a trypsin-
EDTA solution (0.25% in PBS), harvested and used for Experiments.

2.4.2. Direct contact evaluation
Cells were directly seeded onto specimens' surface (4 � 4 mm2

square) at a defined density (2 � 104 cells/sample) and cultivated for
24 h allowing adhesion and spread. Then, the cells viability was evalu-
ated by means of metabolic activity using the metabolic colorimetric
alamar blue assay as prior described; then, to estimate the exact number
of viable adhered cells, they were detached from specimens’ surface by
trypsin, counted by the trypan blue using a Burker chamber and seeded
into a new polystyrene plate. After 6 h adhesion into the new plate, the
fluorescent Live/Dead assay was applied to visually check for viable cells
(Live/Dead, Viability/Cytotoxicity Kit for mammalian cells, Invitrogen);
images were collected with a digital EVOS FLoid microscope (from Life
Technologies). Finally, the morphology of cells aligned following fibers
orientation was visually investigated by FESEM imaging as prior
detailed.

2.4.3. Not direct contact evaluation
In order to evaluate a possible toxic effect of the released ions,

specimens (4 � 4 mm2 square) were submerged with 7 ml of DMEM
medium and maintained at 37 �C inside a shaker (120 rpm) for 1, and 5
days. At each time point the supernatants were collected and used to
cultivate cells seeded at a defined concentration (2� 104 cells/well) into
multiwell plates; cells cultivated with supernatants obtained from ions-
free PBT were considered as control. The released ions potential toxic
effect was evaluated in terms of metabolic activity by means of the ala-
mar blue assay as previously detailed. Moreover, ions internalization and
accumulation were histologically evaluated by using the May-Grünwald-
Giemsa staining as described in previous literature [30].
2.5. Statistical analysis of data

Experiments were performed in triplicate. Results were statistically
analyzed using the SPSS software (v.20.0, IBM, USA). First, data normal
distribution and homogeneity of variance were confirmed by the Sha-
piro-Wilk's and the Levene's test, respectively; then, groups were
compared by the one-way ANOVA using the Tukey's test as post-hoc
analysis. Significant differences were established at p < 0.05.

3. Results and discussion

3.1. Physical-chemical properties evaluation

Sputtered samples with a range of different chemical compositions
were prepared through co-sputtering Zr–Cu–Ag on PBT substrate, using a
physical mask to divide each sample. This approach enables us to prepare
samples with slightly different chemical compositions which is an
important aspect when it comes to Zr–Cu based metallic glass thin film
properties. The relative chemical composition of each sample (the sur-
face not covered by the physical mask) is controlled by the respective
4

distance of the sample area from each of the targets (Zr, Cu, Ag). EDS
analysis was conducted on the samples to confirm their exact chemical
composition. The chemical composition of the selected samples (MG1,
MG2, MG3) is presented in Table 1.

Fig. 1A shows the schematic representation of this process, and how
the sample appears to naked eyes. Fig. 1B shows the SEM image of the
PBT structure. (Since PBT is sputtered by Zr, Cu, Ag, to avoid repetition,
the SEM images of samples after sputtering are presented in Fig. S1 in
supplementary materials). The SEM picture shows a highly porous
fibrous structure in which some fibers perturbed into the surface and
have created a micro-rough surface. All prepared samples were investi-
gated for static water contact angle measurements via sessile drop
method, presented in Fig. 1C. Samples show contact angles ranging
approximately between 130� to 150�, indicating hydrophobic to super-
hydrophobic surface properties. Previous contact angle measurements
from Zr–Cu based metallic glasses have been reported values between
90� to 110�, indicating hydrophobic surfaces [31,32]. The excessive
hydrophobicity of our samples could be explained based on the observed
highly porous fibrous structure in SEM because of the presence of
entrapped air bubbles inside porous structure [33]. This assumption is
even further reinforced due to the observation of free-standing water
droplets on sample surfaces held upside down (see Fig. S2 in supple-
mentary materials). Furthermore, the micro-roughness introduced by the
randomly distributed fibers on the surface, could be another contributor
to the hydrophobicity of the samples. Among the prepared samples, three
samples from three different regions of the chemical composition range
with different contact angles were selected to be further investigated for
their antifouling properties (Fig. 1C, indicated by the green box).

Selected samples were further investigated for the confirmation of
amorphous structure via low angle X-ray scattering, shown in Fig. 2. The
lack of sharp peaks and the broad hump in their x-ray spectra confirms
the formation of amorphous structure for the generated thin films. After
confirming for the successful formation of Zr–Cu based metallic glass
coatings, selected samples were investigated further for their wetting
behavior in contact with other mediums. Since the antibacterial tests
were conducted in Luria Bertani broth (LB) medium, and cytocompati-
bility test were conducted in Dulbecco's Modified Eagle Medium
(DMEM), the sessile drop contact angle measurement was repeated for
each sample using LB and DMEM. Fig. 3 shows the static contact angle
(CA) measurements of these mediums on PBT and coated samples (MG1,
MG2, MG3). Going first to the water contact angles, it can be concluded
that both non-sputtered sample (PBT), and sputtered samples are all
hydrophobic. It should be noted that during contact angle measurements,
the first generated volume of water (when water droplets are still held by
the needle due to their surface tension) on the surface could not be
measured because of the liquids' minimal tendency to wet the surface.
Based on the results, the hydrophobicity of samples has generally
increased after sputtering. In particular, hydrophobicity of non-sputtered
PBT (CA ¼ 124.5(�0.3)�) surface increases to form superhydrophobic
surface in MG3 (CA ¼ 150.8(�0.1)�). Similar trend of increasing contact
angle is observed when LB and DMEM were used as a medium. Even
though, there are small differences among these values, they are all
indicating hydrophobic to superhydrophobic properties for all samples.
Therefore, one can conclude that the samples are all hydrophobic
regardless of the type of liquid medium.



Fig. 2. Small angle X-Ray scattering conducted on the sputtered samples MG1,
MG2, and MG3. The broad peak confirms the formation of Zr–Cu based metallic
glass coatings.

Fig. 1. (A) Schematic representation of the co-sputtering process: the physical mask with discrete holes is placed on top of PBT substrate. The color gradient represents
the chemical composition gradient (B) SEM image of PBT (C) Sessile drop static contact angle measurement of deionized water on PBT surface after sputtering Zr, Cu,
Ag. The selected samples for further antifouling properties investigation are marked by the green box. The complete list of measured values is presented in Table S1 is
supplementary materials.
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To investigate the contact angle hysteresis, dynamic contact angle
measurements were performed on samples’ surface. Table 2 reports the
values for advancing and receding angles of water droplets on samples
surfaces and their hysteresis values (the difference between advancing
and receding angle) and it is compared with their static contact angle
values. The full videos of dynamic contact angle measurements could be
found in supplementary materials. According to this table, all sputtered
5

samples show hysteresis lower than 10�. This would mean that in fact, all
sputtered samples have superhydrophobic surfaces. Among sputtered
samples, MG3 has the lowest hysteresis value (3.5). The hysteresis value
for non-sputtered sample, PBT is about 15�.

To distinguish between antifouling and bactericidal effect of the
coating, samples were immersed inside LB and DMEM (7 ml/each) for a
period of 1 day and 5 days at 37 �C and under agitation (100 rpm) to
fasten the ion-release process. The concentration of released ions was
measured by Inductively coupled plasma mass spectrometry (ICP-MS).
ICP-MS measurements are shown in Fig. 4. Results demonstrates that
even though the major component of the coating is Zr (above 69 atom%),
it is the Cu ions that has the maximum release from all samples. These
results were predictable considering the wear resistance of Zr in contrast
to Cu. The highest Zr ion release after 5 days in DMEM belongs to MG1,
with the highest Zr at% of 93.57 � 1.02 among all samples whereas the
highest Cu ion release after 5 days belongs to MG3 with the highest Cu at
% in its composition (30.10 � 0.20). Since Ag concentration in all three
samples is below 0.6 at%, it was expected to have minimal Ag ion release
into mediums. Therefore, it is no surprise to detect almost no Ag ions in
the medium.
3.2. Antibacterial activity

3.2.1. Direct evaluation
In this study, besides of Escherichia coli, Staphylococcus aureus was

selected as a suitable candidate for the investigation of antibacterial
properties since it is one of the major causes of hospital acquired



Fig. 3. Sessile drop contact angle measurement on samples using water, LB, and DMEM.

Table 2
Static vs dynamic contact angle measurements of water droplets on non-
sputtered sample (PBT) and sputtered samples (MG1, MG2, MG3). Dynamic
angles are reported as Advancing and Receding angles.

Samples Contact Angle [�]

Static Advancing Receding Hysteresis

PBT 124.5(�0.3) 135.4(�0.2) 120.1(�1.1) 15.3
MG1 130.8(�0.3) 135.1(�0.9) 127.4(�1.0) 7.7
MG2 143.5(�0.3) 146.1(�1.3) 138.9(�2.5) 7.2
MG3 150.7(�0.1) 153.9(�0.2) 150.4(�1.5) 3.5
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infection and has high ability of resistance to commonly used antibiotics
[34]. The main aim of this part was to assess whether the specimens hold
antifouling properties due to their superhydrophobic surface highlighted
by the contact angles or an antibacterial killing activity thanks to the
released ions as prior showed in the ICP assay. Therefore, bacteria
number and metabolism were checked not only onto specimens’ surface
(direct assay) but also within the supernatants (not direct assay). More-
over, an early (90min) time point representative for the adhesion process
[35] was planned, as well as a second late time point (24 h) was
considered to monitor bacteria proliferation over time. The results rela-
tive to the direct evaluation are reported in Fig. 5.

Fig. 5A shows Live/Dead images of S.aureus and E.coli after 90 min of
direct contact with the specimens’ surfaces. This figure confirms that
only few colonies were adhered to the sputtered surfaces in comparison
to the PBT control but that such colonies were mostly alive (stained in
Fig. 4. Ions release profile of specimens submerged with (A) LB and (B) DMEM after
prevalent ion released in the supernatant by reaching >100 ppb after 5 days in both
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green) (Live/Dead pictures after 24 h are presented in Fig. S3 in sup-
plementary materials). Fig. 5B depicts the metabolic activity of S.aureus
and E.coli in the same test (90 min-direct contact) where non-sputtered
sample (PBT) was considered as control (viability ¼ 100%). The differ-
ences between bacterial viability after 90 min are very minimal for all
three samples. The metabolic activity of E.coli after 90 min is significantly
reduced for all three samples (p < 0.05 indicated by *) while the meta-
bolic activity of S. aureus after 90 min is higher than that of E.coli but is
still significantly reduced for MG2 and MG3 (p < 0.05 indicated by *).
For each type of bacteria, the difference in metabolic activity among all
three samples is very minimal. These results suggest the efficacy of the
coating in the reduction of bacteria metabolic activity.

Fig. 5C shows the metabolic activity of S.aureus and E.coli after 24 h.
The metabolic activity of S.aureus after 24 h is approximately 15%
increased compared to 90 min time point for all sputtered samples and
their value is almost the same for all three samples. However, the
metabolic activity of E.coli after 24 h is almost identical to the 90 min
time point for MG3 while its value is significantly increased for MG1 and
MG2. The increases in bacteria metabolic activity suggests an antifouling
activity rather than bactericidal properties.

FESEM images were obtained from these samples after 90 min and
24 h of direct contact with S.aureus and E.coli. Fig. 6. Shows the FESEM
images of S.aureus on samples surfaces after 90 min and 24 h it demon-
strates low infections for all samples. However, MG3 appears to have the
lowest amount of infection. The difference among PBT and coated sam-
ples is more significantly visible when looking at the FESEM images after
1day (left panels) or 5 days (right panels) immersion at 37 �C. Cu resulted as the
LB and DMEM media.



Fig. 5. Direct antibacterial test to assess antiadhesion and anti-bacterial properties of PBT coated by Zr–Cu–Ag metallic glass: A) Live/Dead assay of S.aureus and
E.coli on the surface after 90 min incubation time B) Metabolic activity of S. aureus and E.coli on samples' surface after 90 min. Uncoated PBT is used as a control and
was considered to have 100% viability C) Metabolic activity of S. aureus and E.coli on samples' surface after 24 h. Uncoated PBT is used as a control and was considered
to have 100% viability.
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24 h. It is clear that only PBT specimens were colonized by biofilm-like
aggregates even though MG1-MG2-MG3 sputtered surfaces presented
some random single colonies with an apparently living morphology
(round and intact).

Similarly, FESEM images of E.coli on samples surfaces after 90 min
and 24 h are shown in Fig. 7. The infections for all samples after 90 min
are very minimal. After 24 h, the difference among samples is much more
significant. As expected, the non-sputtered sample, PBT has biofilm-like
aggregates. MG1 appears to have significant number of colonized bac-
teria as well. This was already expected based on metabolic activity of
E.coli reported in Fig. 5C. MG3 appears to have the minimum number of
colonized E.coli on its surface. This could be justified based on its
superhydrophobic surface with the static contact angle of 150.7�(�1)
and the dynamic contact angle hysteresis of 3.5.

As a significant confirmation of the antifouling hypothesis, the CFU
count was performed by detaching adhered colonies after both 90 min
and 24 h. Results are summarized in Table 3. Considering that specimens
were infected with the known bacterial concentration of 1 � 105 cells/
specimen, after 90 min, > 95% of the applied colonies were prevented to
adhere (highest value reported is 1 � 103 for MG1). However, after 24 h
all the specimens reached an infection rate in the 105 power, thus dis-
playing a remarkable increase of the viable adhered colonies. So, the CFU
count gave a confirmation of the hypothesized antifouling activity as-
cribable to the sputtered specimens due to their superhydrophobic
properties.

In fact, from both static and dynamic contact angle measurement, it
was shown that MG3 surface shows superhydrophobic properties (static
CA ¼ 150.7�(�0.1), and hysteresis ¼ 3.5�). Considering the S. aureus
hydrophilic surface, it is no surprising that its attachment on our
7

superhydrophobic surfaces face significant difficulty. The reduced bac-
terial adhesion on superhydrophobic surfaces was found to result from
the reduced protein adsorption and the entrapped air layer between the
LB droplet (containing bacteria cells) and the surface [33,36]. The
presence of entrapped air layer was also observed when holding bacterial
droplet upside down on the samples. Bacterial adhesion is mediated by
different types of interactions which can be nonspecific or specific. It is
generally considered that proteins tend to adsorb more favorably onto
surfaces with contact angles of 60�–95� [37]. However, super-
hydrophobic surfaces have been found to have low protein adsorption
and easy protein detachment thus resulting in a low bacterial adhesion.
The later was called as Lotus effect introduced in 1997 to explain the
self-cleaning property of the Lotus leaf [38]. On superhydrophobic sur-
face, air is entrapped in most of the surface area, hence significantly
reducing the contact area between water and sample surface as well as
between the bacteria cells and the sample surface. Therefore, the adhe-
sion of bacteria cells to sample surface is much weak and when the water
droplet rolls off from sample surfaces, bacteria cells are taken away [36].
Furthermore, the bacterial suspension medium is LB which we have
previously shown that its contact angles with the sputtered samples are
between 140� and 144�, meaning for the bacteria to have low chance of
attaching due to the minimum surface contact available. However, as we
have observed from the results, the sputtered surfaces are not capable of
total prohibition of bacterial attachment. The reason for such attachment
might be related to the surface morphology of samples. Considering the
high surface roughness and the varying porosity of fibrous structure on
samples surfaces, there is a chance that bacteria start adhering to the
more porous area of the surface and proliferate from those seeds.
Furthermore, the CFU analysis of S. aureus and E. coli after 90 min and



Fig. 6. FESEM images of non-sputtered (PBT) sample and sputtered PBT by Zr–Cu–Ag metallic glass coatings(MG1, MG2, MG3) after 90 min and 24 h of direct contact
to S. aureus.
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24 h presented in Table 3 shows that the number of living bacteria
attached to samples' surfaces for S. aureus were about 4.44x (in serial
dilution of 102) and 2.1x (in serial dilution of 105) less than that of the
non-sputtered sample (PBT) after 90 min and 24 h respectively. The same
trend was observed for E.coli. The number of living E. coli attached to the
samples’ surfaces after 90 min and 24 h indicated the reduction of 54.6x
(in serial dilution of 102) and 9x (in serial dilution of 105) in adherence
respectively, in comparison with the non-sputtered sample (PBT). These
results were further visually confirmed by Live/Dead staining after
90 min of incubation time. These pictures show the same trend for the
number of alive bacteria for the samples. The untreated PBT appears to
8

have the maximum number of live bacteria, while MG3, among sputtered
samples, has the lowest number of live bacteria (the Live/Dead images
after 24 h incubation time are presented in Fig. S3. the supplementary
materials) which could be related to its chemical composition (highest Cu
at% among all samples). Higher resolution pictures of samples surface
after antibacterial test were obtained using FESEM where images after
24 h incubation (Figs. 6 and 7), clearly show the significant reduction in
the number of bacteria attached to the samples surface. While
biofilm-like colonies aggregates are formed on non-sputtered sample
(PBT), all three coated samples show reduced numbers and scattered
bacteria on the surface. This is an important aspect in prevention of



Fig. 7. FESEM images of non-sputtered (PBT) sample and sputtered PBT by Zr–Cu–Ag metallic glass coatings(MG1, MG2, MG3) after 90 min and 24 h of direct contact
to E.coli.

Table 3
Number of viable colonies (CFU) of S.aureus and E.coli attached to the sample
surface after 90 min and 24 h of infection.

Samples Adhered CFU count

After 90 min (x102) After 24 h (x105)

S.aureus E.coli S.aureus E.coli

PBT 40 (�2) 71(�3) 9.5 (�2) 15(�2)
MG1 10 (�1) 1(�0) 5 (�1) 3(�1)
MG2 8 (�1) 1(�0) 4 (�1) 2(�1)
MG3 9 (�3) 2(�1) 4.5 (�1) 0(�0)
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bacterial infection since the formation of clump is the first step in the
formation of biological membrane leading to biofilm formation leading
to the development of drug-resistance mechanisms.

These findings are in line with previous investigations suggesting that
superhydrophobic surfaces are successful in the prevention of bacterial
adhesion. Crick et al. [34], reported significant reduction of E. coli
9

attachment (79% reduction versus uncoated glass) and S. aureus (58%
reduction relative to uncoated glass) after 1 h submersion of silicone
elastomer thin film in bacterial suspension. It has been argued that the
reduction of bacterial attachment was connected to the super-
hydrophobic properties of samples' surface, limiting the contact between
the aqueous bacteria suspension and the elastomers’ grooves. Similarly,
Privet et al. [39], showed reduction of S. aureus adhesion to the
silica-colloid-doped fluorinated substrates down to 2.08 logarithms in
comparison to untreated samples.

3.2.2. Not direct evaluation
After completing the direct evaluation suggesting for a specimens’

antifouling activity, the potential toxic effect of the sputtered ions was
evaluated by a not direct assay where ions release was conducted into LB
medium by incubating specimens for 1 and 5 days. Afterwards, super-
natants containing the released ions were collected and used to cultivated
bacteria which metabolic activity was assayed to verify their viability.
Results are reported in Fig. 8. In general, bacteria metabolic activity was



Fig. 8. Indirect antibacterial evaluation of PBT coated by Zr–Cu–Ag metallic glass coatings. Samples were incubated in LB (37 �C, 120 rpm) for 1day and 5days, and
the supernatant was used to cultivate E.coli and S.aureus.

Fig. 9. Direct cytocompatibility evaluation of PBT coated by Zr–Cu–Ag metallic glass coatings. hMSC were cultivated directly on samples surface for 24 h, and the
cytocompatibility was evaluated by: (A) number of attached hMSC on samples surface (B) Live/Dead images.
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not significantly reduced in comparison to the control cells cultivated
with ions-free PBT supernatants (p > 0.05). To explain these results, the
ICP assay can be useful as the only ion clearly detectable (even after 5
days) was Cu, while Ag was detected in negligible amount. However, the
maximum value detected for Cu was�120 ppb that in previous literature
was considered as a low amount to induce antibacterial activity that
requires at least 250 ppm to inactivate S. aureus [40]. This was demon-
strated by Reyes-Jara et al. [40]; they have showed the copper MIC
(Minimum inhibitory concentration) values between 375 and 700 ppm
(that means these concentrations showed bacteriostatic properties; for
bactericidal investigation, bacteria should be cultivated on solid agar
plates); however, no bacterial growth was observed only at 1000 ppm.
Therefore, this is a further confirmation that the good inhibitory data
obtained from the not direct evaluation are mostly solely due to the
antifouling properties ascribing to the superhydrophobic surfaces of the
sputtered specimens and not to the coating chemical composition.

3.3. Cytocompatibility evaluation

3.3.1. Direct evaluation
Cytocompatibility of sputtered samples was in vitro preliminary

investigated on hMSC cells. hMSC cells were directly cultured onto
samples’ surface and the numbers of attached cells were counted and
presented in Fig. 9A while their metabolic assay was evaluated using
fluorescent staining with Live/Dead Viability/Cytotoxicity staining and
reported in Fig. 9B. PBT specimens were considered as 100% viability
due to their known cells friendly properties [41].

According to the number of living attached cells on the samples’
surfaces (Fig. 9A) and the live cells observed by fluorescent microscope
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(Fig. 9B), it can be concluded that the sputtered samples are not cytotoxic
even after the ions doping. Moreover, FESEM images (Fig. 10) demon-
strated how the cells were able to adhere and spread following the
topography and orientation of the coating fibers that acted as guidance
for the spread. These findings are in line with previous literature from the
Authors showing that keratin microfibers were able to influence cells
adhesion and spread over the roughness of the bulk material [28,42].

3.3.2. Not direct cytocompatibility evaluation
In line to the not direct assay evaluating released ions toxicity for

bacteria, the same procedure was applied for cells. Here specimens were
submerged with DMEM medium that was used to cultivate hMSC in a
defined number (2 � 104/well) into 24 multiwell plates. After 1- and 5-
days cultivation, the viability of the adhered cells was evaluated by
metabolic alamar blue assay and visually confirmed by the fluorescent
Live/Dead assay; results were compared to the ions-free PBT and then,
the metal ions internalization was histologically investigated by means of
the May-Grumwald-Giemsa specific staining. Results are summarized in
Fig. 11.

In general, cells' metabolic activity resulted as comparable between the
PBT control and the co-sputtered specimens after 24 h cultivation
(Fig. 11A, p > 0.05); after 5 days cultivation, a general decrease of the
metabolic activity was observed. However, the same trend was observed
also for the ions-free PBT control, therefore speculating to the hypothesis
that such reduction is not due to the sputtered ions but most probably to
the lowmetabolic and phase reached by the cells after being 90% confluent
to the reducing in nutrients in the 5-days old medium [41]. In fact, to
prevent the ions removal form the medium, cells were maintained into the
same medium for all the 5 days cultivation on the opposite to the typical



Fig. 10. FESEM images of samples after direct cytocompatibility evaluation. Figures show the attached hMSC on sample surfaces after 24 h.

Fig. 11. Indirect cytocompatibility evaluation. (ion release approach). Samples were incubated in DMEM (37 �C, 120 rpm) for 1day and 5days, and the supernatant
was used to cultivate hMSC in them A) Relative fluorescence unit (RFU) of BMSC B) Fluorescent staining by Live/Dead Viability/Cytotoxicity Kit after 5days, C)
detection of ions inside the cells' cytoplasm with staining with May Grunwald and Giemsa after 5days.
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change after 3 days. As a confirmation of the lack of toxicity, the Live/Dead
(L/D) assay preformed onto cells cultivated for 5 days (Fig. 11B) demon-
strated that cells cultivated with doped supernatants were mostly viable
(stained in green); similarly, the May-Grumwald-Giemsa histology
demonstrated that ions were internalized by cells (Fig. 11C, ions indicated
11
by the red arrows) that previously demonstrated to be viable by the L/D
assay previously performed. So, taken all together these data suggest that
the ions sputtered into the specimens’ coating did not introduced any toxic
effect.
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4. Conclusion

In this work, melt-blown Polybutylene terephthalate (PBT) fibrous
textiles were coated to form an antifouling textile material. Metallic glass
coatings based on co-sputtering Zr, Cu, and Ag on PBT surface with a
range of chemical compositions were prepared. Small angle X-Ray scat-
tering has confirmed the formation of amorphous structure of the
coating. Sessile drop water contact angle measurement was conducted. It
was shown that contact angle of water on PBT surface increases after
coating and it turns the hydrophobic surface of PBT (CA ¼ 124.5� � 0.3)
into superhydrophobic surface for some samples (MG3: static
CA ¼ 150.8� � 0.1, and hysteresis ¼ 3.5�). Among all prepared coatings,
three samples with the static water contact angles of 130.8� � 0.3,
143.6� � 0.3, and 150.8� � 0.1, and the chemical compositions of
Zr93⋅5Cu6⋅2Ag0.2, Zr76⋅7Cu22⋅7Ag0.5, and Zr69⋅3Cu30⋅1Ag0.6 respectively
were selected to be further investigated for their antifouling properties.
Sessile drop contact angle measurements were repeated on selected
samples using LB and DMEM as liquid mediums. The same trend was
observed for these mediums as the contact angle of LB and DMEM on PBT
has increased after the coating. It was explained that the hydrophobicity
of PBT could be attributed to the entrapment of air bubbles on its highly
fibrous porous structure, observed under SEM. The excessive hydro-
phobicity after sputtering PBT surface is possibly related to the presence
of metallic Zr on the surface. This observation was in line with several
other reports related to contact angle measurements of Zr-based metallic
glasses. To confirm the superhydrophobicity is samples, dynamic contact
angle measurements (medium¼water) were also performed on samples’
surfaces and the hysteresis for each sample was obtained as a difference
between advancing and receding angles. It was shown that the hysteresis
of uncoated sample, PBT decreases from 15� to values below 10� for all
coated samples. This in fact indicates a superhydrophobic surface for all
three samples. The hysteresis values obtained for coated samples were
measured to be 7.7�, 7.2�, and 3.5� for MG1, MG2, andMG3 respectively.

Ions released from coated samples into LB and DMEM solutions was
measured by ICP-MS after 24 h and 5 days. It was shown that mainly
copper is released into the solutions (�50–120 ppb), and even in that
case, its concentration is extremely below the toxic level for humans, and
therefore, they pass the indirect cytocompatibility test. These results
indicate that the non-wetting surface of the coating is responsible for
antibacterial properties as ion-release from samples is extremely low.

Specimens’ surfaces were infected with the Gram-positive Staphylo-
coccus aureus and the Gram-negative Escherichia coli strain, they
demonstrated a strong preventive antifouling property as � 95% of the
inoculated bacteria did not adhere into the surface determined by the
count of the colony forming unit (CFU). Results were visually confirmed
by FESEM images and fluorescent live/dead staining where only few
viable single colonies were observed, thus excluding the formation of
biofilm.

Direct cytocompatibility evaluation by human mesenchymal stem
cells (hMSC) was conducted by cultivating them directly onto specimens’
surface. hMSC were able to adhere and spread along coated fibers
showing a metabolic activity comparable (�90%) to those cultivated
onto non-coated PBT therefore confirming for specimens
cytocompatibility.
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