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Contact surfaces represent a liability for the transmission of microbial contamination, leading to high consumption of
detergents and biocides for their care and further increasing the already problematic antimicrobial resistance of
microorganisms. This issue could be addressed by the use of antimicrobial nanocomposite coatings. In this research,
a polymer nanocomposite of inert poly(vinylidene fluoride-co-hexafluoropropylene) (PVDF-HFP) and water-soluble
polyvinylpyrrolidone (PVP) polymers with molybdenum trioxide (MoOs) nanowires (NWs) was designed and
characterised for to its surface properties and antimicrobial potential. The nanocomposite has an inhomogeneous
structure with a positively charged and hydrophilic surface. The nanofiller reduces the surface roughness, changes
the zeta potential from negative to positive, increases the wetting angle and thermal stability of the blend and
maintains the polar B-phase in PVDF-HFP. The high specific surface area of the NWs leads to rapid release into water
and causes pH decrease, followed by hydrolysis of PVP polymer and formation of carboxyl acid and ammonium salt.
The antimicrobial activity of the nanocomposite inactivates both bacteria and fungi, indicating that the novel
nanocomposite is a stable nanostructured coating unfavourable for microorganism colonisation. The antimicrobial
activity of this nanocomposite is activated by water, which makes it an intriguing candidate for antimicrobial coating

of contact surfaces.

Notation

A surface area of the foils

C average number of cells counted

D dilution factor

E electric field

E* elastic modulus

N number of viable cells per square centimetre of the

tested foil
R, average surface roughness of the foils
tand loss tangent
sample temperature
volume of the solution used to wash the foils
measured electrophoretic velocity
electrical permittivity of the electrolytic solution
viscosity
zeta potential

< o3

R

1. Introduction

Contact surfaces pose a risk for the transmission of microbial
contamination. Moisture from the air and organic molecules created
by frequent contact with hands provides the right environment for
microorganisms to colonise, grow and form a biofilm. In order to

survive, microorganisms form biofilms that protect them from the
negative effects of the environment, including biocides.!
Antimicrobial coatings are a promising approach to preventing the
adhesion and growth of microorganisms on different surfaces in
hospitals and other public spaces (e.g. door handles, passenger
hand straps on buses, buttons in elevators, handrails of shopping
carts, tables in dining rooms and work surfaces in kitchens).?
Therefore, the development of new surface treatments has become
a topic of great interest, and more attention is being paid to the
development of antimicrobial coatings.

Various synthetic approaches based on the immobilisation of
microbes or the release of antimicrobial substances, such as metal
derivatives and nanomaterials, polyammonium salts, natural
antimicrobials and antibiotics, have been used in antimicrobial

coatings.>”’

However, the increasing problem of growing
microbial resistance to antimicrobial agents has led to the search
for new ones with a non-specific mechanism of action that can be
achieved by using different metals. Silver (Ag), zinc (Zn) and
titanium (Ti) and their oxides have been extensively studied for
such purposes. When inorganic nanoparticles are incorporated

into polymer nanocomposites, their physico-chemical properties
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differ from those of the individual components and lead to the
development of novel multifunctional materials with a variety of
applications, including the possibility of use as an antimicrobial
coating. For example, polymer/nanosilver composite multilayer
coatings have shown controlled release of biocidal silver ions and
relatively good biocompatibility and environmental safety.®
Biocompatible  poly(N-isopropylacrylamide)  coatings  with
incorporated zinc oxide (ZnO) nanoparticles were reported as an
alternative to nanosilver. These showed a bactericidal behaviour
towards Escherichia coli at a low zinc oxide concentration
(approximately 0.74 ug/cm?).” Nanotitania/polyurethane composite
coatings also showed antibacterial activity against E. coli, as 99% of
the bacteria were inactivated in less than 1 h under solar irradiation. '’
Unfortunately, silver and zinc oxide nanoparticles are toxic to human
cells,'" while ultraviolet (UV) light is needed to activate the
antimicrobial properties of titanium dioxide (TiO,)."°

Various molybdenum (Mo) oxides have already been proposed as
an alternative to these inorganic particles for use in public and
healthcare environments because of their low cytotoxicity,
biocompatibility and good antimicrobial activity.'> A good
antimicrobial potential of molybdenum oxides has also been
shown in other studies.'>”'” The antimicrobial activity has been
attributed to an acidic surface reaction in the presence of water
that produces molybdic acid, which dissociates into hydronium
(H;0") and molybdate (M00O4>") ions.'* Moreover, antimicrobial
activity has been shown to be dependent on the energy gap of
molybdenum trioxide (MoO;) nanorods'> and on a specific
molybdenum trioxide crystallographic phase.'”> A further
comparison of commercial and synthesised forms showed the
better activity of the synthesised orthorhombic structure.'?

In addition to the antimicrobial potential of the nanofiller used for
the antimicrobial composite, the properties of novel
nanocomposite coating must also meet other requirements. The
embedded nanomaterials (or the ions dissolved from them) need
to come into physical contact with the bacteria to affect them, and
part of the host material must be chemically inert to form the
coating matrix. Therefore, a mixture of a water-soluble polymer
containing water-soluble nanomaterials and water-insoluble
polymers as the coating matrix would be a preferred design.

Within the scope of this research, a polymer nanocomposite was
designed from a mixture of poly(vinylidene fluoride-co-
hexafluoropropylene) (PVDF-HFP) and
polyvinylpyrrolidone (PVP) polymers with the addition of
molybdenum trioxide nanowires (NWs). PVDF-HFP was chosen
as the chemically inert part of the nanocomposite, characterised
by low crystallinity (approximately 50%), low-temperature glass
transition (—35°C) and high thermal stability (up to 143°C).'%!
PVP is a biocompatible and water-soluble polymer with low
chemical toxicity, high water solubility and the ability to act as a
dispersant.”® This particular combination of polymers has been
reported as a possible novel high-temperature proton-exchange
membrane® and for applications in wound healing.** Modified

water-soluble

PVDF-HFP membranes with grafting of N-vinyl-2-pyrrolidone
and iodine (I) immobilisation®® and quaternised pyridinium
groups>> have been shown to have good antimicrobial activity.

The nanocomposite was prepared in the form of a thin, self-standing
foil as a model of a contact coating. The surface morphology on the
nanoscale, the structural properties and the wetting angle, as well as
the optical vibration and dynamic mechanical properties, were
evaluated, and the antimicrobial activity of this nanocomposite
against bacteria and fungi was determined.

2. Experimental section

2.1 Nanomaterial used and preparation of the
nanocomposite

Molybdenum trioxide NWs with a diameter of 100-150 nm and a
length of up to 3 um have a high degree of porosity and a specific
surface area of 12m?/g. They are synthesised by oxidation of
MogSslg NWs (Nanotul Ltd, Slovenia) at 285°C for 24h.%°
Molybdenum trioxide NWs grow in an orthorhombic crystal
structure (JCPDS 76-1003). The solubility of molybdenum
trioxide is 2.03 + 0.09 mg/ml in pure water. The authors showed
that 6 h exposure of HaCaT cells to molybdenum trioxide at a
concentration of 1 mg/ml had no effect on the survival of these
cells — that is, no cytotoxic effect was observed.?’

For the preparation of the nanocomposite, PVDF-HFP, from
Sigma-Aldrich, USA, and PVP K30, from Sigma-Aldrich, USA,
were dissolved separately in dimethylformamide (DMF), from
Carlo Erba Reagents, Italy, and mixed using a magnetic stirrer for
2 h at 400 revolutions per min (rpm) at 80°C. In the next step, the
molybdenum trioxide NWs were added to PVP and the dispersion
was mixed for 2 h. Finally, PVP with molybdenum trioxide was
mixed with the dissolved PVDF-HFP for another 2 h. The same
mass ratio of 69:23:8 (PVDF-HFP:PVP:molybdenum trioxide)
was used to prepare all foils. They were prepared by casting of
the nanocomposite solution onto a Teflon plate and drying for 2 h
at 80°C. For comparison, a PVDF-HFP/PVP polymer blend
without molybdenum trioxide was prepared by mixing (2 h)
separately dissolved polymers in DMF and then cast and dried
under the same conditions as the PVDF-HFP/PVP/molybdenum
trioxide nanocomposite.

2.2 Physico-chemical characterisation

The morphology of the nanocomposite films was investigated
with a Supra 36 VP field-emission scanning electron microscope
(SEM), from Carl Zeiss, Germany. The samples were placed on
adhesive carbon (C) tape and sputtered with a 10 nm gold (Au)
layer, with the aim of increasing the conductivity of the electrons
during the investigation. The Raman spectra and the topography
of the nanocomposites were recorded with an alpha300 confocal
Raman microscope from WITec, Germany, using green laser
(532.3nm) and equipped with an atomic force microscope
(AFM). The power of the laser beam measured on the sample was
0.3 mW.
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The concentration of molybdenum trioxide dissolved from the
nanocomposite foils was determined by UV—Vis spectroscopy
using a PerkinElmer Lambda 950 spectrometer (USA) and a quartz
cuvette. The nanocomposite foil with a mass concentration of
5 mg/ml was added to water in a glass beaker at room temperature
(RT) while mixed with a magnetic stirrer at 300 rpm for 6 h. For
the calibration curve, the absorbance amplitude of the peak at
210nm in several molybdenum trioxide-water solutions with
known concentrations was used. The surface zeta potential was
measured with an Anton Paar SurPass electrokinetic analyser
(Austria) with an adjustable gap cell and sample dimensions of
20 x 10 mm. The time for four measuring cycles was 5 min. The
electrolyte used was a 0.001 M potassium chloride (KCI) solution
in ultrapure water. The zeta potential was automatically calculated
from the electrophoretic mobility, based on the Smoluchowski
equation, v = (eE/Mm)E, where v is the measured electrophoretic
velocity, 1 is the viscosity, € is the electrical permittivity of the
electrolytic solution and E is the electric field.®

The wetting angle of the coatings for distilled water was
measured at three points of each sample with an optical
tensiometer Attension Theta Lite TL100 (Sweden) and the sessile
drop method. All measurements were performed at RT, and the
results are presented as the mean value with the associated
standard deviation. The dynamic contact angle (CA) of water on
the polymer blend and nanocomposite foil was determined
according to the Wilhelmy plate method® with a Kriiss K100
processor tensiometer (Kriiss, Germany). The surface tension of
demineralised water was obtained from the Kriiss LabDesk
database (72.8 mN/m).*® A new sample and fresh water were used
for each test cycle. The sample was first immersed in the liquid
with the film normal perpendicular to the direction of immersion
and then pulled out in reverse. The measurement began when the
liquid buoyancy force acting on the sample was first detected and
the sample reached an immersion depth of 2 mm. The immersion
speed and pull-out speed were 6 mm/min. The sensitivity of force
detection was set to 0.001 N. The maximum immersion depth was
7 mm. The advancing and receding CAs were determined with the
Kiriiss LabDesk software.

The pH values were measured with a SevenExcellence
multiparameter meter, from Mettler Toledo, Switzerland, with an
InLab Expert Pro-ISM probe. The polymer blend and the
nanocomposite foil with a mass concentration of 5 mg/ml were
added to water in a glass beaker at RT. The samples were mixed
with a magnetic stirrer at 300 rpm, and the pH was measured at
1 min intervals. While dissolving, they were submerged under the
water surface.

The dynamic mechanical properties of the coatings were
investigated with a DMA/SDTA861 dynamic mechanical
analyser, from Mettler Toledo, Switzerland, in tension mode. The
validity of Hooke’s law — that is, the range in which the material
behaves elastically — was measured with a displacement between
1 and 20 um.

2.3 Antimicrobial test

The antimicrobial activity —against Gram-positive
(Staphylococcus aureus ZMIT2 and Listeria monocytogenes ZM58),
Gram-negative bacteria (E. coli ZM370 and Pseudomonas
aeruginosa ZM519), yeasts (Candida albicans ZMJ32 and Pichia
anomala ZMJ6) and moulds (Penicillium verrucosum ZM23 and
Aspergillus flavus ZM25) was evaluated. All microorganisms were
from the culture collection of the Laboratory for Food Microbiology
at the Department of Food Science, Biotechnical Faculty
(designations ZM and ZMJ). The bacteria were stored in tryptic soy
broth (Biolife, Italy) and the fungi in malt extract broth (Biolife,
Italy) with 15% glycerol (Kemika, Croatia) at —80°C, revitalised on
tryptic soy agar (TSA; Biolife, Italy) or malt extract agar (MEA;
Biolife, Italy) and incubated at 37°C for 24 h for the bacteria or at
30°C for the yeasts and at 25°C for 5-7 days for the moulds (I-105
CK incubator, Kambi¢, Slovenia). Standardised inocula with a cell
concentration of 5 log colony-forming units (CFU)/ml were prepared.

bacteria

The antimicrobial potential of the material was evaluated using a
modified ISO 22196 method.*" An inert foil (polyethylene (PE))
was used as negative control, while the PVDF-HFP/PVP polymer
blend was used for comparison with the PVDF-HFP/PVP/
molybdenum trioxide nanocomposite. The inoculum of individual
bacteria, yeast or mould was applied to PE, the PVDF-HFP/PVP
polymer blend and the PVDF-HFP/PVP/molybdenum trioxide
nanocomposite foils and covered with a PE foil to keep them
humid. All three foil types were tested in three parallel
experiments. After the test periods (0, 3 and 6h for all test
microorganisms and an additional 24h for the fungi), the
microorganisms were washed from the coatings with a neutraliser
(soybean casein digest broth with lecithin and polyoxyethylene
sorbitan monooleate), mixed on an orbital shaker for 10 min,
diluted in saline solution and plated using the pour plate method
with TSA for the bacteria and MEA for the fungi. The number of
viable cells was calculated as N = (100 x C x D x V)/4, where N
is the number of viable cells per square centimetre of the tested
foil, C is the average number of cells counted, D is the dilution
factor, V is the volume of the solution used to wash the foils
(10ml) and A4 is the surface area of the foils (400 mm2). The
results for each microorganism at each time point were compared
with analysis of variance and post hoc Tukey test in the SPSS
software program.

3. Results

3.1 Surface topography of the PVDF-HFP/PVP blend
and PVDF-HFP/PVP/molybdenum trioxide
nanocomposite

The surface topography of the investigated materials is shown in

Figure 1. The molybdenum trioxide NWs have relatively

homogeneous sizes, with a length of up to a few micrometres and

a diameter of 100-150nm (Figure 1(a)). The surface of the

PVDF-HFP/PVP blend (Figure 1(b)) is nanostructured with

rounded PVP islands with diameters of 200-500 nm. The PVDF-

HFP/PVP/molybdenum trioxide nanocomposite (Figure 1(c)) has
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Figure 1. SEM images of (a) molybdenum trioxide NWs, (b) PVDF-HFP/PVP polymer blend, (c) PVDF-HFP/PVP/molybdenum trioxide
nanocomposite and (d) PVDF-HFP/PVP polymer blend after 6 h in water and (e) PVDF-HFP/PVP/molybdenum trioxide nanocomposite after

6 h in water

a domain surface structure with a diameter of a few micrometres
and PVP islands in the submicrometre range. After 6 h exposure
of the polymer blend and the nanocomposite foils to water, partial
removal of the PVP islands from the surface of the polymer blend
was observed (Figure 1(d)), but they were completely removed
from the surface of the molybdenum trioxide nanocomposite,
leaving a porous surface (Figure 1(e)).

The surface topography of the polymer matrix (Figure 2(a)) and
the polymer nanocomposite (Figure 2(b)) on the nanometre scale
was revealed using an environmental AFM. The bright PVP
islands in the matrix are about 200 nm high, whereas in the
nanocomposite, the height was twice reduced and smaller islands
are visible. The addition of molybdenum trioxide NWs reduced

=1131nm

the surface roughness of the polymer nanocomposite with respect
to that of the polymer matrix.

3.2 Vibration analysis of the PVDF-HFP/PVP blend and
PVDF-HFP/PVP/molybdenum trioxide
nanocomposite

Raman spectroscopy was used to study the polymer blend

(Figure 3(a)) and the effect of molybdenum trioxidle NWs

(Figure 3(b)) on their vibration states. The positions of the Raman

peaks are listed in Tables 1 and 2 and attributed to specific

components. It is important to note that the Raman peak at 839 cm '
indicates the presence of the polar B-phase of PVDF-HFP;** which
increased strongly in the polymer blend (Figure 3(a), spectrum C). In

the spectrum recorded between the PVP islands (Figure 3(b),

-419.5nm

Figure 2. AFM images: (a) PVDF-HFP/PVP polymer blend; (b) PVDF-HFP/PVP/molybdenum trioxide nanocomposite
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Figure 3. Raman spectra: (a) polymers (A, PVDF-HFP; B, PVP) and polymer blend (C, PVDF-HFP/PVP); (b) molybdenum trioxide (D) and
PVDF-HFP/PVP/molybdenum trioxide nanocomposite (E, between islands; F, island)

Table 1. Positions of Raman peaks in the spectra of the PVDF-HFP/PVP blend, pure PVP and pure PVDF-HFP

PVDF-HFP/PVP blend PVDF-HFP
Position: cm™’ Relative intensity: % Position: cm™’ Literature3233 Position: cm™’ Literature®®
71 100 70 72 — —
285 78 — — 283 284
558 63 560 556 413 —
747 64 — 746 610 —
757 53 758 758 797 —
839 63 850 — 839 839 B-phase
— — 898 — — —
— — — — 876 —
934 53 937 934 —
— — — — 1058 —
— — — — 1194
1233 50 1232 1233, 1228 — —
— — — — 1290 —
1429 62 1422 1421 — 1430
1445 59 1447 — — 1445
1490 53 1492 1494 — —
1668 54 1660 1665, 1663 — —
2924 78 2922 2928 — —
2974 78 2969 — 2972 2971
— — — — 3015 —

spectrum E), the presence of the molybdenum trioxide peaks is less located on the PVP islands. The polar B-phase in PVDF-HFP is
expressed than in the spectrum recorded on the PVP islands distinctive in spectrum E (between the islands), while in spectrum F
(Figure 3(b), spectrum F), where the molybdenum trioxide peaks (on the islands), it appears as a weak shoulder on the strong
dominate. This indicates that most of the molybdenum trioxide is molybdenum trioxide peak centred at 819 cm'. However, in both
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Table 2. Position of Raman peaks in the spectra of the PVDF-HFP/PVP/molybdenum trioxide nanocomposite taken on the PVP islands, on
the area between the PVP islands and on pristine molybdenum trioxide NWs, with peaks assigned

Molybdenum trioxide

Islands Between islands
This study Literature®*3° .
Assignment
Position: Relative Position: Relative Position: Relative Position: cm™"
cm” intensity: % cm™! intensity: % cm™ intensity: % :
72 100 72 100 PVP
124 60 124 72 127 64 130 Molybdenum trioxide

158 74 158 70 156 69 159-161 Molybdenum trioxide
201 73 200 73 197 58 199 Molybdenum trioxide
217 sh 217 sh 218 59 219 Molybdenum trioxide
248 sh 249 sh 246 62 249 Molybdenum trioxide
286 78 285 73 289 71 295 PVDF-HFP, molybdenum
trioxide
337 59 — — 335 64 339-340 Molybdenum trioxide
474 56 — — 474 61 470-482 Molybdenum trioxide
668 62 — — 665 63 666-667 Molybdenum trioxide
817 85 821 69 821 100 820-823 Molybdenum trioxide
839 63 839 68 — — — PVDF-HFP B-phase
935 64 935 68 — — — PVP
957 68 957 70 — — == New peak
987 77 987 78 — — — New peak

sh, peak shoulder

nanocomposite spectra (E and F), two new peaks are observed at 957
and 987cm '. The peak at 957cm ' is assigned to O=Mo=0
symmetric polarised stretching modes,*” while the narrow intense
peak at 987cm '
(Mo®"=0) stretching mode.

(FWHM): 37 + 1°C) (blend) and at —38 + 3°C (FWHM: 26 + 1°C)
(nanocomposite). The broadness of the peaks indicates the
inhomogeneity of the polymer blend. The smaller FWHM of
the convolution peak of the nanocomposite indicates that the
molybdenum trioxide filler reduces the degree of inhomogeneity,
corresponding to the smoother surface of the nanocomposite in

is generally assigned to the terminal oxygen
33,3536

3.3 Mechanical properties of the PVDF-HFP/PVP blend
and PVDF-HFP/PVP/molybdenum trioxide
nanocomposite

The curves of the elastic modulus (E*) and the loss tangent (tan 6) of

the polymer blend (a, b) and the polymer nanocomposite (c, d) are

shown in Figure 4. The spectra are rather featureless, with broad
glass-transition peaks at =55 + 3°C (full width at half maximum

- 0.5
b[{0.4
1000} /
[ ‘."_'-' 0.3
g I g
= S Sd
P 5 10.2
Wy - \
“
100k dl 40
" P T I P S R SR | 0
-100 -80 -60 40 =20 0O 20 40 60 80 100

Tg: °C

Figure 4. Elastic modulus £* and tan &: a, b, PVDF-HFP/PVP blend;
¢, d, PVDF-HFP/PVP/molybdenum trioxide nanocomposite

relation to that of the pure polymer blend revealed by the AFM
(Figure 2). The related glass-transition temperatures of the constituent
polymers are —35°C (PVDF-HFP'®) and 170°C (PVP*’). For PVDF-
HFP, a transition temperature of 50°C was also observed.'” Above
this temperature (50°C), where the tan § curves in Figure 4 intersect,
the pure polymer blend entered the elastic flow region, while the
nanocomposite shows higher thermal stability with a rubber-like
plateau extending to the final temperature (95°C) of the
measurement. This thermal stabilisation of the PVDF-HFP part of
the blend by the molybdenum trioxide nanofiller is evidence of the
interaction between the molybdenum trioxide NWs and the
PVDF-HFP chains during crystallisation of the polymer blend.*®
The addition of molybdenum trioxide to the polymer blend increased
the complex elastic modulus E* of the polymer nanocomposite
over the entire temperature range.

3.4 \Wetting angle and surface charge of the PVDF-
HFP/PVP blend and PVDF-HFP/PVP/molybdenum
trioxide nanocomposite

The degree of the surface hydrophilicity of the PVDF-HFP/PVP

blend and the PVDF-HFP/PVP/molybdenum trioxide nanocomposite

foils was investigated by static and dynamic CA measurements.

Figure 5 shows the water CAs of the polymer blend (Figure 5(a))

and the polymer nanocomposite (Figure 5(b)). The molybdenum

trioxide NWs increased the CA of the nanocomposite (87.1 + 0.1°)
compared with that of the polymer blend (83.5 + 0.1°). The surfaces
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(@ (b)

Figure 5. CA test: (a) PVDF-HFP/PVP polymer blend; (b) PVDF-HFP/
PVP/molybdenum trioxide nanocomposite

of the samples are chemically heterogeneous and have nanostructures
at the atomic scale. For this reason, the dynamic CA was also
measured using the Wilhelmy plate method.* The advancing CA
was 87.5 + 0.2° for the nanocomposite and 83.8 + 0.2° for polymer
blend. In both cases, the receding CA was 0°. The addition of
nanoparticles can modify the wettability of polymer surfaces, as they
can alter the chemical composition of the surface or the surface
morphology — for example, surface roughness.”” The surface
roughness of the nanocomposite was twice smaller than that of the
polymer blend, and therefore, the authors observed a slightly larger
value of the CA. Increasing the surface roughness decreases the

Table 3. Results and parameters of the zeta-potential
measurements

Zeta Gap
pH potential:  height:
mV um
PVDF-HFP/PVP polymer 6.57 £+ 0.02 -26.3+0.6 98.04
blend
PVDF-HFP/PVP/molybdenum 5.62 + 0.01 +10+3 100.57

trioxide nanocomposite

7.0
6.5
6.0
5.5

Z 5.0
4.5 B

4.0 \
3.5

3.0
0 50

100 150 200 250 300 350
Time: min

(a)

CA* The values of the advancing angles indicate that the
nanocomposite is slightly less hydrophilic than the pure polymer
blend, although it can still be considered hydrophilic (CA < 90°).

Since the electric charge of a material surface is considered one of
the most important physical factors influencing biological
interactions,** the surface charges of the PVDF-HFP/PVP blend
and the PVDF-HFP/PVP/molybdenum trioxide nanocomposite
were determined (Table 3). It was found that the polymer blend
without molybdenum trioxide is negatively charged, while the
addition of molybdenum trioxide NWs causes a change in the
surface zeta potential to a positive value.

3.5 Solubility kinetics of the PVDF-HFP/PVP blend and
PVDF-HFP/PVP/molybdenum trioxide
nanocomposite in water

The polymer blend of water-soluble PVP and water-insoluble

PVDF-HFP and the polymer nanocomposite PVDF-HFP/PVP

with added water-soluble molybdenum trioxide at a concentration

of 5 mg/ml were added to distilled water at RT, and the pH of the
solutions was measured every minute for 340 min. The pH values
of the solutions are shown in Figure 6(a). In the case of the
polymer blend without molybdenum trioxide (curve A), the pH
value reached a saturation value of 5.3 in 90 min. In the case of
the molybdenum trioxide nanocomposite (curve B), the pH value
dropped to 4.6 in the first 5 min and approached 3.8 after 6 h. The
temporal development of the concentration of dissolved

molybdenum trioxide NWs is presented in Figure 6(b). After a

relatively short time, about 90 min, the concentration of

molybdenum trioxide dissolved from the nanocomposite reached

a saturation value of 0.09 mg/ml.

3.6 Antimicrobial activity
The antimicrobial properties of the PVDF-HFP/PVP/molybdenum

trioxide nanocomposite were tested against Gram-positive bacteria
S. aureus and L. monocytogenes (Figure 7(a)), Gram-negative
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Figure 6. (a) Time evolution of pH values during dissolution in water of the PVDF-HFP/PVP blend (curve A) and PVDF-HFP/PVP/
molybdenum trioxide nanocomposite (curve B); (b) concentration of dissolved molybdenum trioxide from the nanocomposite
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Figure 7. Kinetics of the antimicrobial activity of inert PE foil (empty columns), PVDF-HFP/PVP blend (grey columns) and PVDF-HFP/PVP/
molybdenum trioxide nanocomposite (black columns) against (a) Gram-positive bacteria (S. aureus and L. monocytogenes), (b) Gram-negative
bacteria (E. coli and P. aeruginosa), (c) yeasts (C. albicans and P. anomala) and (d) moulds (P. verrucosum and A. flavus). The abbreviation 'nd’
means that the presence of microorganism was not detected. Asterisks indicate statistically significant difference (*p < 0.05; **p < 0.01;
**%*p < 0.001) between the compared parameters for each microorganism at a given time

bacteria E. coli and P. aeruginosa (Figure 7(b)), yeasts C. albicans
and P anomala (Figure 7(c)) and moulds P verrucosum and
A. flavus (Figure 7(d)). An inert PE foil was used as the negative
control. A pure PVDF-HFP/PVP polymer blend was also tested and
showed a statistically significant reduction in L. monocytogenes
after 3 and 6 h. A reduction was also observed in P anomala and
A. flavus after 6h, but these differences were no longer present
after 24 h.

The antimicrobial activity of the PVDF-HFP/PVP/molybdenum
trioxide nanocomposite was more pronounced against bacteria
compared with that against fungi. The reduction trend in the number
of colonies is evident for all four tested bacteria with a statistically
significant reduction of 2-3 log after 3 h of incubation and with a
complete bactericidal effect in 6 h (Figures 7(a) and 7(b)). For the
yeasts, the antimicrobial effect was stronger against P anomala, with
statistically significant reductions of 1.7 log and 2.5 log in 3 and 6 h
of incubation, respectively, and a fungicidal effect in 24 h (Figure
7(c)). The number of colonies of C. albicans was reduced less, but a

statistically significant reduction of 1.2 log in 24h was achieved
(Figure 7(c)). Species-specific differences in antimicrobial activity
were also observed in the moulds, where the nanocomposite reduced
the number of P. verrucosum already after 3 h with a reduction of 0.5
log in 3h and by 1.3 log in 6 h in a statistically significant way and
showed a fungicidal effect in 24 h. In the case of 4. flavus, however,
this difference was observed after 6 and 24 h (Figure 7(d)).

4. Discussion

The growth of microbes on different surfaces depends on several
physical and chemical conditions. The most important physical
conditions are the appropriate temperature, pH value, surface
topography and the presence of water, while the most important
chemical condition is the availability of nutrients. The physical
properties of the surface, such as topography, wetting angle and
surface zeta potential, influence the adhesion of microbes and
their interaction with the surface. The surface roughness (R,) of
the investigated foils determined with AFM was 420 nm for the
PVDF-HFP/PVP blend and half (210 nm) for the PVDF-HFP/
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PVP/molybdenum trioxide nanocomposite. It is already known
that a small increase in the average surface roughness (R,) value
reduces bacterial adhesion.*> The addition of molybdenum
trioxide NWs to the PVDF-HFP/PVP blend causes a slightly
higher CA of the PVDF-HFP/PVP/molybdenum trioxide
nanocomposite. Nevertheless, both foils retain their hydrophilic
character, which is unfavourable for the attachment of
microorganisms.** The existence of the B-phase of PVDF-HFP
both in the pure polymer blend and in the nanocomposite is
explained by an interaction between the >CF, group of PVDF and
the carbonyl groups of PVP, as reported for the case of esters.*’

Both PVP and molybdenum trioxide are water soluble and lower the
pH value of the solutions towards the acidic region. The slightly
acidic solution of PVP is explained by the carboxyl groups that are
located at the beginning of each PVP chain.*® The high specific
surface area of molybdenum trioxide NWs leads to a very rapid
dissolution in water. In the first step, molybdic acid is formed, which
then dissociates further to form molybdate and hydroxonium ions."*
The acidic environment of the dissolving molybdenum trioxide NWs
intensifies the hydrolysis reaction of the PVP polymer. It has been
reported that the rate constant of the hydrolysis/hydration reaction of
PVP in water increases with acidity.*® The dependence of the co-
operative solubility is evident from the time dependence of the pH
value, which in the case of a polymer blend solution reached the
final pH value (5.3) in 1.5 h, while it decreased steadily to 3.8 in 6 h
due to the dissolution of the nanocomposite. The solubility also
influences the distribution of the surface charge. The zeta potential of
the polymer blend is —26.3 mV, indicating the presence of negatively
charged ions during the dissolution of PVP. The addition of
molybdenum trioxide NWs to the polymer blend causes a change in
the zeta potential from negative to positive, probably due to the
protonation of the carboxylate anions. The interaction between the
molybdenum trioxide NWs and the PVP polymer is also evident in
the emergence of two new Raman peaks at 957 and 987 cm ' and in
the thermal stabilisation of the PVDF-HFP component of the blend
with added molybdenum trioxide, which increased the complex
elastic modulus £* over the entire temperature range.

A consistent and statistically significant antimicrobial activity of
the polymer blend was observed only for the Gram-positive
bacterium L. monocytogenes, but the polymer also reduced S.
aureus for 0.5 log after 6 h of incubation. This is consistent with a
report that the polymers are generally more active against
Gram-positive bacteria due to the difference in cell membrane
structure.*’ The PVDF-HFP/PVP/molybdenum trioxide
nanocomposite proved to have good bactericidal activity, as it
inactivated both Gram-positive and Gram-negative bacteria after
6h of incubation. However, species-specific differences were
observed in fungi, as the nanocomposite was fungicidal against
yeast P. anomala and mould P. verrucosum but only reduced the
number of yeast C. albicans and mould A. flavus. This can be
explained by the optimal growth rate of A. flavus in the pH range
of 3.5-6.0,*% while C. albicans has the ability to adapt to changes
in extracellular pH and colonise tissues with diverse pH in vivo.*’

5. Conclusion

A novel nanostructured polymer composite was designed from
inert biocompatible PVDF-HFP and water-soluble PVP polymers
with incorporated molybdenum trioxide NWs. The nanofiller
reduces the surface roughness, increases the wetting angle,
changes the zeta potential from negative to positive, increases the
thermal stability of the blend and preserves the polar B-phase in
PVDEF-HFP caused by the interaction between the two polymers.
The high specific surface area of molybdenum trioxide NWs
allows a fast dissolution and a consequent reduction in the pH
value. The acidic environment enables hydrolysis of the PVP
polymer, which could contribute to the antimicrobial function by
forming carboxyl acid and ammonium salt. The synergy in the
dissolving processes for PVP and molybdenum trioxide leads to
sufficiently low pH values, although a relatively small amount of
molybdenum trioxide (0.09 mg/ml in 1.5h) is released from the
nanocomposite. These characteristics indicate that the PVDF-
HFP/PVP/molybdenum trioxide nanocomposite is a stable
nanostructured coating that has a good antimicrobial potential and
is unfavourable for colonisation by microorganisms. The
advantage of the reported PVDF-HFP/PVP/molybdenum trioxide
nanocomposite is the activation of its antimicrobial effect by
water. Instead of using different disinfectants with different
degrees of toxicity, which require frequent applications, the
PVDF-HFP/PVP/molybdenum trioxide nanocomposite dissolves
in water during the cleaning process or in water brought along by
adhering microbes or condensed from the air humidity. The
potential of its long-term antimicrobial and virucidal activity
needs further investigation.
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