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Abstract The aim of this study was to evaluate the effect
of poly-ethylene-co-vinyl acetate (EVA) films incorporating
different concentrations (0.1%, 0.5% and 1%) of nisin on
the biofilm-forming ability of Listeria monocytogenes
ATCC 7644, Staphylococcus aureus 815 and Staphylococ-
cus epidermidis ATCC 35984. Nisin was incorporated into
two grades of EVA (EVA14 and EVA28) in the melt during
a common film-blowing operation. The efficacy of EVA/
nisin films was evaluated by biofilm biomass measurements
and Live/Dead staining in combination with fluorescence
microscopy. In order to evaluate whether the nisin
incorporation could modify the film surface properties,
contact angle measurements and scanning electron micros-
copy were performed. The results revealed the efficacy of
EVA14/nisin films in reducing biofilm formation on their
surfaces with more evident effect for S. epidermidis than L.
monocytogenes and S. aureus strains. In contrast, EVA28/
nisin films showed unsatisfactory activity. Fluorescence
microscopy confirmed poor biofilm formation on EVA14/

nisin films, also characterised by the presence of dead cells.
The data presented in this study offer new potential
applications for developing strategies aimed to improve
the effect of antimicrobial agents.
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Introduction

The polymeric films are widely known for their applica-
tions in biomedical, food and industrial fields. However, as
many surfaces they are susceptible to bacterial colonization
and biofilm formation (Hogt et al. 1986; Ji and Zhang
2009). Biofilm is the microbial lifestyle in natural and
manmade environments. The initial microbial adhesion to
surfaces is a complex process dependent on the non-
specific interactions between bacteria and the surface,
including van der Waals interactions, electrostatic forces,
Lewis acid-base and hydrophobic interactions, the latter
being the strongest of all long-range non-covalent forces
(Doyle 2000). After initial attachment, the accumulation
step in biofilm formation depends on the bacterial prolif-
eration, exopolysaccharide matrix production and intercel-
lular adhesion. Once firmly established, a biofilm can be
very difficult to eradicate because the bacteria embedded in
a self-produced extracellular polymeric substance exhibit
increased resistance to sanitizers and commonly used
biocides (Mah and O’Toole 2001; Smith and Hunter 2008).

Staphylococcus aureus, Staphylococcus epidermidis and
Listeria monocytogenes are important pathogenic bacteria
and represent a serious problem for the industrial environ-
ment and food manufactures because of their ability to
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adhere to different surfaces (polymers, metals, glass) and
form biofilm (Le Magrex-Debar et al. 2000; Mafu et al.
1990; Norwood and Gilmour 1999; Rieu et al. 2008;
Schlegelová et al. 2008). The attachment of bacteria with
subsequent biofilm development in food processing envi-
ronments is a potential source of contamination that may
compromise food quality or cause diseases transmission
with health hazards.

Recently, a keen attention has been focused on the
development of antimicrobial polymeric films in order to
provide efficacy in antibacterial surfaces (Ercolini et al.
2006; Joerger 2007; La Storia et al. 2008; Mauriello et al.
2004). In this context, polymers treated with natural agents
preventing or at least interfering with the initial adhesion
and subsequent biofilm formation, are a considerable
achievement which offer an alternative to removing the
adhered bacteria.

Poly (ethylene-co-vinyl acetate) copolymer (EVA) has
several industrial applications. It is used typically for produc-
ing film for greenhouses covering (Scaffaro et al. 2009a), for
food packaging applications (Kirwan and Strawbridge 2003)
but also in systems for controlled drug release (Arnold et al.
2008). EVA is characterized by low friction coefficients and
high adhesivity. For these properties, it is usually used in
multilayer film as outer layer, to promote self-sealing and
welding (Kirwan and Strawbridge 2003).

Nisin is a natural polypeptide, recognized as a safe
(GRAS) antimicrobial. It has been studied for its antibac-
terial activity against Gram-positive bacteria both in
laboratory media and in foods (Delves-Broughton and
Gasson 1994) and for its antimicrobial activity when coated
or incorporated into different polymers (Coma et al. 2001;
Cutter et al. 2001; Guerra et al. 2005; Guiga et al. 2009; Jin
and Zhang 2008; Jin et al. 2009; Kim et al. 2002; Lee et al.
2003, 2004; Liu et al. 2007, 2009; Mauriello et al. 2005;
Neetoo et al. 2007; Siragusa et al. 1999, Tai et al. 2008).

Nisin has also been investigated for its possible
therapeutic use as effective against multi-resistant Gram-
positive cocci such as methicillin-resistant S. aureus and
vancomycin-resistant enterococci (Brumfitt et al. 2002).

It is worth noting that although many papers deal with the
use of nisin, only in a very few of these works was the nisin
added to polymer by incorporating it in the melt (Cutter et al.
2001; Liu et al. 2009). The use of common processing
equipments grants the possibility to produce large amounts
of materials in a solventless system (for packaging applica-
tions for instance) with obvious positive implications from
an environmental and economical point of view. Moreover,
there is a lack of information about the antibiofilm activity of
nisin when incorporated into polymeric films.

The aim of this study was to prepare films of EVA
containing nisin by incorporating it into the matrix in the
melt during a common film blowing operation and to

evaluate the effect of these films on the bacterial biofilm-
forming ability of L. monocytogenes, S. aureus and S.
epidermidis strains.

Materials and methods

Polymeric films preparation

The polymers used in the frame of the present work were two
grades of EVA copolymers kindly supplied by Polimeri Europa
(Italy): EVA 14 (Greenflex FC 45, melt flow index 0.3 dg/min,
melting temperature of 93°C), containing 14% of vinyl acetate
and EVA 28 (Greenflex FC 45, melt flow index 2.5 dg/min,
melting temperature of 74°C) containing 28% of vinyl acetate.

Two samples of nisin (Polichimica, Italy) were used as
antimicrobial agents: nisin 1000 (nominal activity of
1,000 IU/mg) and nisin 8000 (8,000 IU/mg).

The films were prepared by film blowing. The matrix and
nisin (at different concentrations, 0.1%, 0.5% and 1% by
weight) were premixed at the solid state and therefore fed to a
single screw extruder (Brabender, L/D=25, D=19) equipped
with a film blowing unit. The temperature profile was 95–
115–120–120°C from the first barrel zone to the dye. The
screw speed was kept constant at 50 rpm for all tests. The
residence time was approximately 90 s. A top processing
temperature (120°C) was adopted in order to preserve the
activity of nisin which can be reduced at temperature higher
than 121°C although, as reported elsewhere (Scaffaro et al.
2009c), higher processing temperatures (140°C and 160°C in
the dye ) seem not to influence the antimicrobial activity of
the nisin likely due to the very short processing time for this
kind of operation. The thickness of the obtained films was in
the range of 70–100 microns.

Contact angle measurements

Contact angles measurements were performed on all samples
using deionized water as a fluid by an FTA 1000 instrument.

Scanning electron microscopy

The morphology of the films was analysed by scanning
electron microscopy (SEM; FEI Quanta 200 ESEM). The
specimens were obtained by cutting them off directly from the
films, therefore sputtering with gold to make them electrically
conductive.

Experimental design

The bacteria used in this study were: L. monocytogenes ATCC
7644, S. aureus 815 clinically isolated and S. epidermidis
ATCC 35984. S. aureus and S. epidermidis strains have been
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characterised for many biofilm-related properties including
viscoelastic properties, ica and agr typing as previously
reported (Blanco et al. 2005; Di Stefano et al. 2009). We
used S. epidermidis ATCC 35984 because it is the positive
control for biofilm production and also it may represent a
potential source of contamination with health hazards.

Cultures were grown overnight in 10 mL of tryptic soy
broth (L. monocytogenes) and tryptic soy broth +1% glucose
(S. aureus and S. epidermidis) and diluted in growth medium
to 5×105 CFU/ml as previously described (Nostro et al.

2007). Aliquotes of 3 ml were dispensed into glass test tubes
containing either the EVA14 or the EVA28/nisin film
(1 cm2). After incubation at 37°C for 24 h, the planktonic
bacterial growth was evaluated by measuring the optical
density at 492 nm and the biofilm formed on the polymeric
films was evaluated by biofilm biomass measurement and by
a Live/Dead BacLight viability kit (Molecular Probes).

Biofilm biomass measurement

The polymeric films were washed twice with sterile PBS (pH
7.4), dried, stained for 1 min with 0.1% safranin and washed
with water. The stained biofilms were resuspended in acetic
acid 30% (v/v) and biofilm biomass was quantitated by
measuring the optical density at 492 nm. Each assay was
performed in triplicate and repeated at least three times. The
relative inhibition of biofilm formation was calculated as:
100−[(OD492 EVA with nisin/OD492 EVA without
nisin)×100].

Live/Dead BacLight viability kit

The polymeric films were rinsed once with PBS and stained
by using a Live/Dead BacLight viability kit (Molecular
Probes). The solution (1 ml) containing SYTO 9 and
propidium iodide mixed in a ratio of 1:1 was added to the

Table 1 Contact angle measurements of polymeric films

Sample Contact angle (deg)

EVA 14 83.5±0.4

EVA 14/nisin 1000 (0.1%) 82.5±0.4

EVA 14/nisin 1000 (0.5%) 80.5±0.5

EVA 14/nisin 1000 (1%) 78.0±0.3

EVA 14/nisin 8000 (0.1%) 82.0±0.5

EVA 14/nisin 8000 (0.5%) 80.0±0.4

EVA 14/nisin 8000 (1%) 79.0±0.6

EVA 28 76.6±0.3

EVA 28/nisin 8000 (0.1%) 76.0±0.6

EVA 28/nisin 8000 (0.5%) 75.5±0.4

EVA 28/nisin 8000 (1%) 75.0±0.5

baa

dc

Fig. 1 Scanning electron
micrographs of nisin and surface
structure of neat films.
a Nisin 1000; b nisin 8000;
c EVA14; d EVA28
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film. The films were incubated at room temperature for 15min
in the dark. After incubation, residual stain was removed. The
images were observed using a fluorescent microscope (Reich-
ert) equipped with a halogen lamp, Neoplan 100/1.25 (oil)
objective, and 1713 filter cube (Fluorescein; 490/510/520).

Statistical analysis

The percentage values of biofilm inhibition were analysed
by gerarchic ANOVA tests following angular transforma-

tion. The differences between groups (different nisin
concentrations) as well as within groups (different nisin)
were considered significant at p<0.05.

Results

In order to evaluate whether the nisin incorporation could
modify films surface properties, contact angle measure-
ments and scanning electron microscopy were performed.

ba

dc

Fig. 2 Scanning electron
micrographs of surface structure
of EVA14 and EVA28 films.
a EVA14/nisin (0.1%)
film; b EVA14/nisin
(0.5%) film; c EVA14/nisin
(1%) film; d EVA28/nisin
(1%) film

Table 2 Planktonic growth in the presence of EVA14/nisin 1000–8000 films

Strain EVA 14 EVA 14 with nisin

1000 8000

0.1% 0.5% 1% 0.1% 0.5% 1%
OD492 (%, growth inhibition)a

L. monocytogenes
ATCC 7644

0.55±0.05 0.58±0.06 (–) 0.50±0.05 (10) 0.48±0.02 (13) 0.54±0.04 (–) 0.45±0.04 (18) 0.07±0.03 (87)

S. aureus 815 0.67±0.16 0.61±0.23 (9) 0.62±0.19 (7) 0.59±0.15 (11) 0.61±0.15 (8) 0.62±0.13 (7) 0.57±0.09 (15)

S. epidermidis
ATCC 35984

0.54±0.12 0.54±0.11 (–) 0.57±0.09 (–) 0.56±0.08 (–) 0.58±0.04 (–) 0.57±0.12 (–) 0.45±0.06 (17)

Values are expressed as means±standard deviations
a Relative inhibition of growth calculated as: 100−[(OD492 EVA with nisin/OD492 EVA without nisin)×100]

(–) No inhibition
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For EVA14/nisin films, both the presence of nisin 1000 and
nisin 8000 caused a slight decrease of contact angle values
when compared with the contact angle of the neat matrice
(Table 1). This phenomenon was more evident at higher
amounts of nisin.

As expected, a lower contact angle was observed with neat
EVA 28 compared with EVA14, reasonably due to the higher
amount of vinyl-acetate contained. Actually, incorporation of
nisin 8000 caused a very slight decrease of contact angles in
comparison with the value of neat EVA28. The morphologies
of nisin 1000 and nisin 8000 are shown in Fig. 1a, b,
respectively. Both samples presented an evident heterogeneity.
Nisin was derived from milk and the commercial powder used
in this work containedmilk proteins, carbohydrates and sodium
chloride. Indeed, it was possible to individuate aggregates in
which nisin was dispersed together with other components.
SEM micrographs of neat film showed the surface of these
samples was smooth and homogeneous (Fig. 1c–d).

Regarding the film morphology, SEM micrographs
showed a different surface of films containing nisin
compared with that of the neat polymer (Fig. 2a–d). In
particular, the EVA14 film containing the highest content of
nisin 1000 (1%) (Fig. 2c), showed a surface uneven and
rough whereas the film containing only the 0.1% of nisin

1000 (Fig. 2a) showed a surface very similar to that of the
polymer without nisin. EVA14 containing 0.5% of nisin
1000 (Fig. 2b) exhibited a surface morphology with an
intermediate roughness between that shown by the two
previous samples.

The SEM micrographs of EVA14/nisin 8000 systems,
not reported here for sake of brevity, showed a surface
morphology very similar to EVA14/nisin 1000 systems.

The EVA28/nisin 8000 (1%) (Fig. 2d) showed again a
very rough and uneven surface. Actually it was even greater
than that shown by the EVA14/nisin 1000 (1%) sample.The
results can be extended to all the samples of EVA28/nisin
8000 (0.1% and 0.5%) not reported here for sake of brevity.

The data of growth and biofilm formation on EVA films
are shown in Tables 2, 3, 4 and 5. A slight reduction (7–
26%) of bacterial planktonic growth was observed in the
presence of all EVA/nisin films, except for EVA/nisin 8000
(1%) films which caused a strong inhibition (87–92%) of L.
monocytogenes planktonic growth. Results of biofilm
biomass measurements showed that the biofilm was formed
differently according to surfaces type and strain. Although a
generally lower biofilm biomass was documented on the
EVA28 films compared with EVA14 films, L. monocyto-
genes was proved to express minor ability to biofilm

Table 4 Biofilm biomass formation on EVA14/nisin 1000–8000 films (1 cm2)

Strain EVA 14 EVA 14 with nisin

1000 8000

0.1% 0.5% 1% 0.1% 0.5% 1%
OD492 (%, biofilm inhibition)a

L. monocytogenes
ATCC 7644

0.31±0.15 0.27±0.03 (13) 0.26±0.18 (15) 0.20±0.12 (34) 0.23±0.02 (27) 0.22±0.02 (29) 0.17±0.09 (45)

S. aureus 815 0.90±0.31 0.67±0.30 (25) 0.39±0.21 (57) 0.41±0.15 (54) 0.62±0.06 (31) 0.24±0.09 (73) 0.51±0.15 (43)

S. epidermidis
ATCC 35984

1.49±0.19 0.66±0.22 (55) 0.39±0.12 (74) 0.55±0.24 (63) 0.98±0.08 (35) 0.34±0.06 (77) 0.90±0.18 (39)

Values are expressed as means±standard deviations
a Relative inhibition of biofilm formation calculated as: 100−[(OD492 EVA with nisin/OD492 EVA without nisin)×100]

Table 3 Planktonic growth in the presence of EVA28/nisin 8000 films

Strain EVA 28 EVA 28 with nisin 8000

0.1% 0.5% 1%
OD492 (%, growth inhibition)a

L. monocytogenes ATCC 7644 0.53±0.03 0.55±0.06 (–) 0.55±0.04 (–) 0.04±0.03 (92)

S. aureus 815 0.62±0.06 0.53±0.15 (14) 0.54±0.13 (12) 0.52±0.11 (15)

S. epidermidis ATCC 35984 0.57±0.15 0.50±0.05 (13) 0.49±0.06 (14) 0.42±0.01 (26)

Values are expressed as means±standard deviations
a Relative inhibition of growth calculated as: 100−[(OD492 EVA with nisin/OD492 EVA without nisin)×100]

(–) No inhibition
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formation when compared with S. aureus and S. epidermi-
dis, but produced a biofilm that was in according to the
literature data (Harvey et al. 2007; Stepanović et al. 2004).

Regarding biofilm inhibition, the data revealed the
efficacy of EVA14/nisin films in reducing biofilm produc-
tion on their surfaces. Significant differences (p<0.05) in
biofilm formation values were observed between EVA14/
nisin films and EVA14 films without nisin but not between
nisin 1000 and 8000. Moreover, EVA14/nisin (1% and
0.5%) films produced a greater biofilm inhibition than
EVA14/nisin (0.1%) films, with more evident effect for S.
aureus and S. epidermidis compared with L. monocyto-
genes. However, a lower staphylococcal biofilm inhibition
was observed in the presence of EVA14/nisin (1%)
compared with EVA14/nisin (0.5%).

The situation was different for EVA28 films, with a
slight biofilm inhibition observed in the presence of
EVA28/nisin only for S. aureus and L. monocytogenes.
The reduction (83%) of L. monocytogenes biofilm biomass
on EVA28/nisin (1%) was probably related to the strong
growth inhibition. Instead, a different behavior was found
for S. epidermidis, the biofilm amount formed on EVA 28/
nisin being more compared to the value obtained on the
EVA28 films without nisin.

These findings were confirmed by fluorescence
microscopy images which revealed poor biofilm forma-
tion on EVA14/nisin films, also characterised by the
presence of dead cells. In contrast, biofilm formed on
EVA14 films without nisin was dense with marked cell
viability (Fig. 3).

Discussion

During the past decades, the bacterial ability to adhere to
surfaces (polymers, metals, glass) and form biofilm has
represented a serious health problem. The development of
polymeric films with different chemical compositions and
surface properties activated by nisin could be a promising
way of overcoming this problem. While previous studies

have documented the efficacy of nisin when coated or
incorporated into different polymers (Coma et al. 2001;
Cutter et al. 2001; Guerra et al. 2005; Mauriello et al. 2005;
Neetoo et al. 2007), limited information is available on the
antibiofilm activity of nisin when incorporated into a blend
polymeric film. To date, Bower et al. (1995) investigated
the activity of the antimicrobial peptide after adsorption to
silica surfaces and stated that nisin maintained activity and
killed the adhered cells. The present manuscript shows for
the first time the antibiofilm-activity of nisin when
incorporated into polymeric matrix in the melt. Here we
reported the effects of EVA blend films incorporating nisin
on biofilm formation. In particular we demonstrated the
efficacy antibiofilm of EVA14/nisin films and the unsatis-
factory activity of EVA28/nisin.

In contrast, a poor activity of EVA/nisin films on
planktonic growth was observed except for L. monocyto-
genes planktonic growth which showed a strong inhibition
in the presence of EVA/nisin 8000 (1%) films. The possible
cause of weak antibacterial activity of the films may be
related to the effect of dilution (3 ml medium ) of nisin
released (data of kinetics nisin release not shown) while the
strong effect of EVA/nisin 8000 (1%) on L. monocytogenes
may be due to both the nisin (8000) as well as the
susceptibility of the strain. We used L. monocytogenes
sensitive to nisin because it may show resistance in the
sessile form (Norwood and Gilmour 2000).

Although the mechanism of biofilm inhibition is still
unclear, the reason for the observed effects could be due to
factors acting alone or in concert. The antimicrobial activity
of nisin was largely attributed to the nisin-lipid II complex
that interferes with the peptidoglycan synthesis and causes
cytoplasmic membrane pore formation thus allowing the
efflux of cellular material such as ions, ATP and nucleic
acid (Abee et al. 1994; Chan et al. 1996; Wiedemann et al.
2001). Nisin incorporated into polymeric film could cause
bacterial cell surface modification and compromise the
initial attachment phase to EVA film.

In this context, it is also possible that the initial
attachment phase was in part influenced by the hydropho-

Table 5 Biofilm biomass formation on EVA28/nisin 8000 films (1 cm2)

Strain EVA 28 EVA 28 with nisin 8000

0.1% 0.5% 1%
OD492 (%, biofilm inhibition)a

L. monocytogenes ATCC 7644 0.18±0.07 0.20±0.04 (–) 0.16±0.03 (11) 0.03±0.01 (83)

S. aureus 815 0.39±0.09 0.41±0.05 (–) 0.37±0.14 (5) 0.29±0.03 (25)

S. epidermidis ATCC 35984 0.50±0.04 1.60±0.04 (–) 1.05±0.07 (–) 2.50±0.14 (–)

Values are expressed as means ± standard deviations
a Relative inhibition of biofilm formation calculated as: 100−[(OD492 EVA with nisin/OD492 EVA without nisin)×100]

(–) No inhibition
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bicity slight reduction of EVA/nisin films (documented by
contact angle values) thereby leading to a less attractive
strength and consequently a lower adhesion of hydrophobic
staphylococci. The hydrophobicity appears to be the main
factor influencing bacterial adhesion, particularly when
films were challenged with S. aureus and S. epidermidis.
On the other hand, even if there have been inconsistent
reports (Cerca et al. 2005), it is known that generally
bacteria with hydrophobic properties such as the staphylo-
cocci prefer hydrophobic material surfaces (Doyle 2000).
Higashi et al. (1998) reported that hydrophobic interactions

enhanced bacterial adhesion on polyethylene while dimin-
ished with hydrophilic protein adsorption. In according
with our results, Bower et al. (1995) demonstrated that
protein-free surfaces evoked greater adhesion than nisin-
covered surfaces. In addition, the presence of milk proteins
in the commercial powder could also contribute to the
reduced biofilm-forming ability (Barnes et al. 1999).

Also the different biofilm amount of S. epidermidis
formed on EVA 28 compared with the value obtained on
the EVA14 film without nisin can be explained by the
different intrinsic hydrophobicity of EVA14 and EVA28.

L. monocytogenes

S. aureus 

S. epidermidis 

b ca

b ca

b ca

Fig. 3 Fluorescence microscopy images. L. monocytogenes ATCC
7644, S. aureus 815 and S. epidermidis ATCC 35984 biofilms formed
on EVA14/nisin 1000 films were stained by using a Live/Dead
BacLight viability kit. a Biofilm formed on EVA14 film; b biofilm

formed on EVA14/nisin 1000 (0.5%) film; c biofilm formed on
EVA14/nisin 1000 (1%) film. The green fluorescence labelled live
cells, the red fluorescence labelled cells with damaged membranes
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As expected, a lower contact angle was observed with neat
EVA 28 compared with EVA14, reasonably due to the
higher amount of vinyl-acetate contained.

However, it should be noted that the surface homogenity
changes occurred after nisin incorporation may be responsible
for the lower staphylococcal biofilm inhibition on EVA14/
nisin (1%) compared with EVA14/nisin (0.5%), as well as
EVA28/nisin and EVA28 without nisin. From SEM images,
the EVA14/nisin (1%) film and EVA28/ nisin 8000 (1%)
displayed a slightly uneven surface with capes and roughness.
It is known from literature (Scaffaro et al. 2009b; Tang et al.
2009) that surface roughness encourages bacterial adhesion.
In fact, when bacteria grow on roughened surfaces are more
numerous than the bacteria grown on smooth surfaces as the
irregular surfaces provide a larger contact area of the cells
with the substrate and the bacteria colonise the hills and
valleys on the surface. Moreover, a high amount of nisin can
cause a negative side effect, developing resistant strains that,
as consequence, are non-sensitive to the nisin action (Chi-
Zhang et al. 2004; Scaffaro et al. 2009c).

It should be noted also that nisin was incorporated into two
grades of EVA (EVA14 and EVA28) in the melt during a
common film blowing operation. The two polymers used in
this work have the same chemical nature but different
rheological properties and consequently different processabil-
ity. The SEM micrographs revealed that the EVA28 based
films have a rougher and more uneven surface if compared
with the EVA14 based films. In the manuscript, for sake of
brevity, it is reported only the sample with the 1% of nisin
(Fig. 2d) but the results can be extended to all the samples.
The higher adherent bacteria formed on EVA28/nisin 8000
0.1% with respect to EVA14/nisin 8000 0.1% was probably
due to surface roughness which encourages bacterial adhesion.

Taken together these considerations suggest that it is
important to take into account that the incorporated
molecule retains its activity for the development of
effective antimicrobial/antibiofilm polymeric films but it is
equally essential to obtain a polymeric film with appropri-
ate morphological and structural properties.

To the best of our knowledge, no study reporting to nisin
antibiofilm-activity when incorporated into polymeric ma-
trix in the melt is present in literature. So the results of this
study contribute to enrich the literature data and could have
important implications for the development and implemen-
tations of novel strategy and control measures either in
medical, industrial and environmental area.
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