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B Introduction

Since 1966, polyethylene has been one of
the most widely commercially produced
plastics in the world, due to its relatively
easy processing, low price, functional-
ity, biocompatibility and aesthetics [1].
This material is primarily used for film
production. The most commonly used
processing technique is extrusion blow
moulding. Polyethylenes of different
densities can be processed separately or
mixed together. The stability of a blown
sleeve may vary depending on the type
of material and additives used. During
this process, it is possible to modify the
film using avariety of substances. In
this way films with different physico-
chemical and biological properties are
obtained [2]. Foil additives that are used
include UV stabilizers, anti-blocking ad-
ditives, slip and antifogging agents and
electrostatic additives [1, 2]. In addition,
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Abstract

The aim of this study was to determine the antimicrobial properties of multilayer films conta-
ining a PHMG sulphanilate (polyhexamethylene guanidine sulphanilate). Three types of films
were selected: monolayer and three-layer films (both containing biocide) and market foil.
The antibacterial activity of polyethylene film with PHMG sulphanilate was verified based
on the guidelines of ISO 22196: 2007 (E): Plastics — Measurement of antibacterial activity
on plastic surfaces. The antimicrobial efficacy of the monolayer film against Escherichia coli
and Staphylococcus aureus was very good, equalling 6.25 log (100%) and 6.02 log (100%),
respectively. It means that a total reduction in bacteria on the surface tested was achieved.
The antimicrobial efficacy of the three-layer film against Escherichia coli was satisfactory
and equaled 1.32 log (95.2%). The antimicrobial efficacy of this film against Staphylococcus
aureus was very good and equaled 6.02 log (100%). The antifungal activity of polyethylene

film with PHMG sulphanilate was verified based on the guidelines of ASTM G21 — 96:

Standard practice for determining the resistance of synthetic polymeric materials to fungi.
The fungal growth of Aspergillus niger, Chaetomium globosum and Trichoderma viride on
the monolayer and three layer films was also inhibited, which means that the biocide in the

films also exhibits antifungal activities. For the market foil, poor antibacterial efficacy against

the bacteria and no antifungal activity against the fungi tested was observed.
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arange of substances, including natural
and synthetic, organic and inorganic (es-
sential oils, bacteriocin, silver particles)
can be used for the production of poly-
ethylene films with biocidal properties
[3, 4]. Metal oxides and their compounds
were also found to be toxic to different
types of microbe [5]. It should be noted
that a good antimicrobial agent should
be effective against a broad spectrum of
bacterial and fungal species. In addition,
the antimicrobial agent must also exhibit
very low toxicity to the environment and
consumers [6].

Guanidine-based cationic polymers show
great potential for the development of
new materials with biocidal proper-
ties [4]. Polyhexamethylene guanidine
(PHMG) is becoming increasingly popu-
lar due to its broad range of antibacterial
activity, relatively low toxicity and high
stability in soil and aquatic environments
[7-10]. The antimicrobial effectiveness
of PHMG was first described in the for-
ties, indicating its high activity against
bacteria and moulds [9, 11]. The proba-
ble mechanism of action is that PHMG
diffuses through the cellular membrane
and forms a complex with phospholip-
id molecules of the lipid bilayer. This
destabilises the osmotic equilibrium and
destructs the cytoplasmic membrane. As
a consequence, PHMG causes a loss of
membrane function in bacteria or fungi
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[12-14]. The extent of membrane disrup-
tion is shown to increase with an increase
in the polymer length. The antibacterial
activity of PHMG also depends on the
molecular weight and anion composi-
tion [15]. Recently it has been found that
PHMG has broad in vitro antimicrobi-
al activity against Gram-positive and
Gram-negative bacteria, fungi, and virus-
es [16-19].

Currently PHMG and its derivatives with
antibacterial and antifungal activity are
mainly used as disinfectants and preserv-
atives for human eye infections, the im-
pregnation of fabrics, water treatments,
and the disinfection of various solid sur-
faces [18]. Guanidine derivatives have
also been investigated as medical or crop
protection agents as well as antiseptics
for industrial products, food [15, 19,
20], and for the textiles and cosmetics
industry [20]. Interestingly some PHMG
derivatives are stable in heat, which
makes them ideal additives for polymer
materials produced in the melting pro-
cess, such as melt spinning and injection
[20]. Also it has been confirmed that the
introduction of biocides into polymer has
proved to reduce microbial growth on
its surface [4]. In this paper polyhexam-
ethylene guanidine sulphanilate (PHMG
sulphanilate) was synthetised and used
to produce multilayer polyethylene films
with biocidal properties.
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The aim of this study was the develop-
ment of new antimicrobial polyethylene
films by their modification with water
resistant polymeric biocide PHMG sul-
phanilate. In addition, the antimicrobial
properties of these films against the fol-
lowing bacteria: Staphylococcus aureus
and Escherichia coli, and moulds: As-
pergillus niger, Chaetomium globosum
and Trichoderma viride were also deter-
mined.

@ Materials and methods

Materials

Three types of films were selected for the
tests: monolayer and three-layer films
and market foil. Reference film was used
as control sample in all the tests. Also
sterilised filter paper (Whatman) was
used as a control sample in the antifungal
test. The following symbols of the foil
samples were used in the tests:

F1 (monolayer film with 0.8% (wt)

PHMG sulphanilate),

F3 (three-layer film with 0.8% (wt)

PHMG sulphanilate),

FREF (reference film without bioc-

ide),

FM (foil from the market without bi-

ocide).

The monolayer, three-layer and reference
films were produced by a Polish manu-
facturing company in accordance with
a method described later on. A mixture of
polyethylene PE and PHMG sulphanilate
(100% powdered active substance with
a melting point of t=155-175 °C) was in-
troduced into a twin screw extruder type
BTSK 20/40D (Biihler, Germany). A ho-
mogeneous concentrate with a concen-
tration of 20% by weight of the bioactive
substance in the mixture was obtained,
which was then cooled in air at 25+3 °C
and then granulated. The granulate ob-
tained was transferred to a manufactur-
ing company that produced a single-lay-
er foil on a Costruzioni Meccaniche line
Luigi BANDERA in astandard way,
while a three-layer film was made on
a Optimex Coex line from Windmoller
& Holscher. In the blow moulding pro-
cess, a flat film (with/without the PHMG
derivative) with a mean total thickness of
0.05 mm was obtained. This process was
carried out using a Brabender Plasticord-
er PLV-151 manufactured by Brabender
(Germany). In the case of the three lay-
er film, the biocide was introduced into
a single outer layer. The market foil was
purchased on the Polish market. It was
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a polyethylene film generally available
on the market, used for freezing food
products, and, according to the manu-
facturer, prevents the multiplication of
microorganisms. The polyhexamethyl-
ene guanidine sulphanilate (PHMG sul-
phanilate) tested was synthetised at the
Institute of Leather Industry according
to patent PL225392 [21]. The synthesis
was carried out by adding an aqueous
solution of polyhexamethylene guani-
dine hydrochloride to an aqueous solu-
tion of p-aminobenzenesulfonic acid at
20-30 °C and pH 6.5-7 with a dispersant.
The authors conducted preliminary tests,
which resulted in the selection of the low-
est concentration of PHMG sulphanilate
(equaled 0.8%) inhibiting the growth of
microorganisms.

Microorganisms

The effectiveness of the biocide was test-
ed for two selected strains of bacteria and
three strains of moulds. Escherichia coli
(ATCC 25922) and Staphylococcus au-
reus (ATCC 25923) were used in the an-
tibacterial activity tests because they are
recommended by ISO 22196: 2007 (E):
Plastics — Measurement of antibacterial
activity on plastic surfaces [22]. Bacte-
rial strains came from the Collection of
Industrial Microorganisms at the Institute
of Agricultural and Food Biotechnology
(Poland). It should be noted that Staph-
ylococcus aureus is a Gram-positive,
round-shaped bacterium, while Escheri-
chia coli is Gram-negative bacteria. As-
pergillus niger (LOCK 0440), Chaetomi-
um globosum (LOCK 0570) and Tricho-
derma viride (LOCK 0476) were used in
the antifungal activity tests because they
are recommended by ASTM G21 — 96:
Standard practice for determining resist-
ance of synthetic polymeric materials to
fungi [23]. These moulds came from the
Pure Culture Collection at the Institute of
Fermentation Technology and Microbiol-
ogy LOCK (Lodz University of Technol-
ogy, Poland).

Assessment of antibacterial activity

Bactericidal properties of all the samples
of polyethylene films were tested by the
Institute of Agricultural and Food Bio-
technology (IAFB, Poland) in accordance
with standard [22]. 50 mm x 50 mm film
samples (F1, F3, FM, FREF) were pre-
pared for the tests. In each test 0.4 ml of
a suspension of the test organisms (con-
taining approximately 3.1 x 10> CFU/ml
of Escherichia coli and 3.4 x 10° CFU/ml
of Staphylococcus aureus) was placed on

the surface of all the samples. The sus-
pension was held in close contact with
the test and control surface using a sterile
polyethylene film (squares with a side of
40 mm and thickness 0.05 mm). The con-
trol samples (FREF) were inoculated and
washed off immediately, each in neutral-
izer solution, and bacteria counts were
determined. The remaining samples (F1,
F3, FM, FREF) were incubated at 37 °C
for 24 h. After 24 hours the test pieces
were washed off and bacteria counts
determined. The number of microor-
ganisms was determined using the plate
method on a PCA medium (incubation at
37 °C for 24-48h). Each sample type was
tested in triplicates. Antibacterial activity
(R) was calculated using Equation (1):

R=(U-U)-(A-U)=U-A (1)

where: R — is the antibacterial activity;
U, — is the average of the common loga-
rithm of the number of viable bacteria, in
CFU/cm?, recovered from the control test
specimens immediately after inoculation;
U, — is the average of the common loga-
rithm of the number of viable bacteria, in
CFU/cm?, recovered from the control test
specimens after 24 h; A, — is the average
of the common logarithm of the number
of viable bacteria, in CFU/cm?, recovered
from the teste specimens after 24 h.

As antimicrobial efficacy criteria is not
defined in the ISO standard, the IAFB
laboratory uses the following criteria to
comment on the level of antibacterial ac-
tivity determined (7able I).

Assessment of antifungal activity

Determination of synthetic polymeric
material’s resistance to fungi was carried
out by the Institute of Leather Industry
(Poland) in accordance with standard
[23]. Samples were tested using Petri
dishes containing sterile nutrient salts —
agar (pH 6.5) and one 50 mm x 50 mm
piece of each foil (F1, F3, FM, FREF).
Each replicate was inoculated with
a fungal suspension that consisted of
equal volumes (40.0 ml) of 3 mould sus-
pensions that were at a concentrations
of 1,0 x 10°+ 2,0 x 10° spores per ml.
The fungal species tested included As-
pergillus niger, Chaetomium globosum
and Trichoderma viride. Three pieces
of inoculated sterilised 25 mm x 25 mm
filter paper (Whatman) were included as
controls. The Petri dishes with inoculat-
ed samples (F1, F3, FM, FREF, control)
were incubated at 25+2 °C (tempera-
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ture), maintained at 85.0% (humidity)
for 4 weeks, and analysed after 7, 14, 21
and 28 days. Each sample type was tested
in triplicate. Viability controls produced
heavy fungal growth within 7-14 days,
confirming the viability of the spore sus-
pension. The grading scale for this test is
shown in Table 2.

@ Results and discussion

In this study ISO Standard 22196:2007
[22] was used to evaluate the antimicro-
bial activity and antibacterial efficiency
of multilayer polyethylene films contain-
ing a PHMG sulphanilate. The bacterial
counts obtained together with antibacte-
rial activity R (shown as a log reduction)
and the antimicrobial efficacy, are given
in Table 3 for Escherichia coli and in Ta-
ble 4 for Staphylococcus aureus. It was
found that the monolayer film, marked
as F1, was characterised by the highest
antibacterial activity, and thus the highest
antimicrobial efficacy of all the samples
tested. The antimicrobial efficacy of the
monolayer film against Escherichia coli
and Staphylococcus aureus was very
good, equalling 6.25 log (100%) and
6.02 log (100%), respectively. It means
that the total reduction of bacteria on the
surface tested was achieved within 24
hours of testing. The antimicrobial effica-
cy of the three-layer film against Staphy-
lococcus aureus was also highly satisfac-
tory and equaled 6.02 log (100%). More-
over a satisfactory level of antibacterial
efficacy (1.32 log) of this film against Es-
cherichia coli was also obtained. In this
case, a reduction in the number of micro-
organisms down to 95.2% was observed.
Referring to Tables 3 and 4, the number
of bacterial cells (in the case of Escher-
ichia coli and Staphylococcus aureus)
on FM after 24 hours of contact with the
film remained at the same level as at the
beginning of the test (0 hours, FREF —
control sample). Therefore the antibacte-
rial activity of the market foil (FM) was
less than 1 and the antibacterial efficacy
was assessed as “poor”.

It can be concluded that the addition of
a PHMG sulphanilate to a film gives it
antibacterial properties. In the F3 case
antibacterial properties were strong-
er against Gram-positive bacteria and
slightly weaker against Gram-negative
ones. A similar observation was made by
Walczak et al. [4], whose results indicate
that a PHMG derivative (e.g. PHMG salt
of sulfanilic acid) introduced into bio-
degradable polylactide polymer inhibits
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Table 1. Antimicrobial efficacy criteria.

Antibacterial activity R, | Decrease in the number of microorganisms, . . .
Antimicrobial efficacy

log %
<1.0 <90.0 poor
1.0-2.0 >90.0-99.00 satisfactory
2.0-3.0 >99.00-99.9 good
>3.0 >99.9 very good
Table 2. Grading scale for visible effects.
Growth observed on specimens Percentage coverage of sample, % Rating
None 0% 0
Traces of growth Less than 10% 1
Light growth 10 to 30% 2
Medium growth 30 to 60% 3
Heavy growth 60% to complete coverage 4

Table 3. Antimicrobial activity against Escherichia coli. Note: (—) not determined.

Mean bacterial count, | Antibacterial Decrease in Antimicrobial
Sample ID CFU/cm? activity, the number of efficacy,
Initial 0 h | After 24 h log microorganisms, % -
FREF (Control) 1.8 x 104 1.8 x 108 - - -
F1 - 0 6.25 100 very good
F3 - 8.6 x 10* 1.32 95.2 satisfactory
FM - 1.7 x 108 0.01 5.56 poor

Table 4. Antimicrobial activity against Staphylococcus aureus. Note: (—) not determined.

Mean bacterial count, | Antibacterial Decrease in Antimicrobial
Sample ID CFU/cm? activity, the number of efficacy,
Initial 0 h | After 24 h log microorganisms, % [
FREF (Control) 1.9x 104 1.1 x 108 - - -
F1 - 0 6.02 100 very good
F3 - 0 6.02 100 very good
FM - 1.1x 108 0.00 0.00 poor
Table 5. Visual rating of fungal growth observed (in triplicate).
Rating
Sample ID
Week 1 Week 2 Week 3 Week 4
Strain Aspergillus niger
F1 0 0 0 0 0 0 0 0 0 0 0 0
F3 0 0 0 0 0 0 0 0 0 0 0 0
FM 0 0 0 0 0 0 1 1 1 1 1 1
FREF 0 0 0 0 0 0 1 1 1 1 1 1
Control 1 1 1 3 3 3 4 4 4 4 4 4
Strain Chaetomium globosum
F1 0 0 0 0 0 0 0 0 0 0 0 0
F3 0 0 0 0 0 0 0 0 0 0 0 0
FM 0 0 0 0 0 0 1 1 1 1 1 1
FREF 0 0 0 0 0 0 1 1 1 1 1 1
Control 3 3 3 4 4 4 4 4 4 4 4 4
Strain Trichoderma viride
F1 0 0 0 0 0 0 0 0 0 0 0 0
F3 0 0 0 0 0 0 0 0 0 0 0 0
FM 0 0 0 0 0 0 0 0 0 1 1 1
FREF 0 0 0 0 0 0 0 0 0 1 1 1
Control 4 4 4 4 4 4 4 4 4 4 4 4
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Figure 1. Antifungal activity of test samples against Aspergillus niger after 28 days, from left to right: F1, F3, FREF, FM, control.

Figure 2. Antifungal activity of test samples against Chaetomium globosum after 28 days, from lefi to right: F1, F3, FREF, FM, control.
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Figure 3. Antifungal activity of test samples against Trichoderma viride after 28 days, from left to right: F1, F3, FREF, FM, control.

microbial growth on its surface. Moreo-
ver they found that this compound had
a slightly stronger bactericidal effect on
Staphylococcus aureus than on Escheri-
chia coli. This observation could be ex-
plained by the fact that Gram-negative
bacteria have more complex cell enve-
lopes, which are mostly composed of out-
er and inner membranes. There are large
hydrophilic lipopolysaccharide mole-
cules on the outside of the membrane,
which can block easy access of these
polymers to phospholipids and thence
to the cell interior [24]. Brzezinska et al.
[14], who indicate that polycaprolactone
containing PHMG salt of sulfanilic acid
inhibited biofilm formation, stated that
PHMG could affect different metabolic
pathways and cell elements.

All the above-mentioned reports and
observations from this study lead to the
conclusion that the antimicrobial activi-
ty of PHMG salts may consists in con-
tact with a given material rather than the
release of the biocide. This is also con-
firmed by the limited water solubility of
PHMG sulphanilate. It can be assumed
that the mechanism of action of the
PHMG sulphanilate in the polyethylene
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film is probably similar to that of ster-
ile-surface polymers in which one end of
a long-chained hydrophobic polycation
with antimicrobial monomers is attached
covalently to the surface of a material
(cotton or plastic) [25]. Hydrophobic cat-
ions, such as PHMG and its derivatives,
are believed to kill cells by disrupting the
membrane. It was found that bacterial
membrane damage is also the mechanism
of action of sterile-surface polymers [25].
Results of the antifungal activity test af-
ter one, two, three and four weeks can
be found in Table 5. Figures 1-3 show
the antifungal activity for the films tested
(F1, F3, FREF, FM) and for the control
(sterile filter paper) after 28 days of sam-
ple incubation. Direct photography does
not show small fungal growth clearly.
The rating of trace or no growth was
confirmed using microscopic observa-
tion.

All the control samples had copious fun-
gal growth after 2 weeks (from rating
3 to 4), confirming the validity of the test.
The first slight increase in fungus growth
(1 rating) was observed after 3 weeks
for Aspergillus niger and Chaetomium
globosum on the FREF and FM sam-

ples (without biocide). After 4 weeks
trace amounts of fungal growth were
observed on FREF and FM samples for
every strain tested. The growth intensi-
ty for these samples was evaluated at 1.
Significantly no fungal growth on the F1
and F3 films was observed during the
whole test (0 rating), which is interest-
ing because these samples were enriched
with the PHMG sulphanilate. In all cas-
es sporulation around the samples was
observed. When analysing the results it
should be taken into account that syn-
thetic polymer does not provide a carbon
source that supports mould growth [23].
For this reason, limited growth of all the
fungi tested was observed on all type of
samples. However, the total inhibition of
fungal growth only on samples F1 and
F3 suggest that the use of a PHMG sul-
phanilate for film production provides
protection against the growth of fungi
on the films tested. A similar observation
was made by Rogalsky et al. [26], whose
results indicate that polyamide films con-
taining 2% (wt) of PHMG-DBS biocide
(PHMG dodecylbenzenesulfonate) are
found to be highly resistant to Trycho-
phyton mentagrophytes fungus. More-
over, Kondratyuk et al. [27] found that
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poliamide films have pronounced anti-
fungal properties when modified with 5%
(wt) of polymeric biocide PHMG-DBS.
The effectiveness of the biocide was
tested against a mixture of test-cultures
of Aureobasidium pullulans, Aspergillus
terreus, A. niger, Chaetomium globosum,
Paecilomyces variotii, Penicillium funic-
ulosum, P. ochrochloron, Scopulariopsis
brevicaulis, and Trichoderma viride [27].
The antimicrobial activity of PHMG salts
is caused by the presence of guanidinium
cations [24]. However, the mechanism
of the antifungal action of a PHMG sul-
phanilate has not been described in the
literature.

According to the data obtained in the
present study, a PHMG sulphanilate im-
parts good resistance against microbial
growth to polyethylene films. The in-
troduction of a biocide to polyethylene
films makes them very interesting for
a number of practical applications, such
as the production of packaging for food
or cosmetics.

B Conslusions

1. Theuse of apolyhexamethylene
guanidine sulphanilate for film pro-
duction provides effective protection
against the growth of undesirable mi-
croorganisms on polyethylene films.

2. The antimicrobial efficacy of the mon-
olayer film with a PHMG sulphanilate
against Escherichia coli and Staphylo-
coccus aureus was very good, because
the total reduction of bacteria on the
test surface in a 24 hour test was ob-
served.

3. The antimicrobial efficacy of the
three-layer film with a PHMG sul-
phanilate  against  Staphylococcus
aureus was also very good (100% of
bacterial reduction), and against Es-
cherichia coli — at a satisfactory level
(95.2% of bacterial reduction).

4. The monolayer and three-layer film
with a PHMG sulphanilate showed no
growth of inoculated fungi (antifungal
activity). The films containing biocide
were found to be resistant to the fungi
tested i.e. Aspergillus niger, Chaeto-
mium globosum, Trichoderma viride.

5. For the market foil, poor antibacteri-
al efficacy against the bacteria and no
antifungal activity against the fungi
tested was observed.
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