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Abstract

Objective: Antimicrobial materials are used as a possible approach to improve hygienic conditions in the food
industry. The aim of this study was the investigation of the antimicrobial activity of the homopolymer of poly((tert-
butyl-amino)-methyl-styrene) (poly(TBAMS)) and of the copolymer poly(TBAMS:acrylonitrile) [1:1] against
microorganism present on meat processing equipment.

Method: Antimicrobial polymers were characterized by Fourier transform infrared spectroscopy and differential
scanning calorimetry analysis. The antimicrobial activity against various pathogenic and spoilage bacteria (S.
aureus, E. coli, L. monocytogenes, Salmonella spp., Pseudomonas spp., B. thermosphacta) was determined using a
modified test method based on the Japanese Industrial Standard JIS Z 2801: 2000. Furthermore, the influence of
high initial bacterial counts (up to 8.9 logqo cfu/ml) as well as the exposure of bacteria in mixed cultures on the
antimicrobial activity was evaluated.

Results: Spectroscopy identified the homopolymer poly(TBAMS) as well as a successful copolymerization with
acrylonitrile. Results of antimicrobials tests showed significant reductions of bacterial counts on both polymers
compared with the reference material of microorganisms in pure culture after 2 hour at 35°C. L. monocytogenes, E.
coli and S. aureus were reduced to the detection limit (>4.2 log4g-units). P. fluorescens was less sensitive to
poly(TBAMS)-based films, especially to the copolymer. The homopolymer offers slightly higher activity than the
copolymer, but glass transition temperature was lower. Tests with mixed cultures affirmed the dependency of activity
on bacteria species. A tendency of higher antimicrobial activity against gram-positive was observed, if high initial
counts were used; however, significant reduction of gram-negative were still determined.

Conclusion: Poly(TBAMS)-films show excellent antimicrobial properties against microorganisms relevant in meat
processing facilities, and the implementation of those surfaces could contribute to improving the hygienic conditions
during production and processing.

C J

Keywords: SAM-Polymers®; Pathogens; Spoilage bacteria; Quality
and safety of meat; Food contact surfaces; Antimicrobial surfaces;
Contact active materials

Introduction

In the meat processing industry, a mixture of spoilage bacteria like
Pseudomonas spp. or Brochothrix thermosphacta as well as pathogens
like Staphylococcus aureus, Escherichia coli, Salmonella spp. and
Listeria monocytogenes, is continuously prevalent [1-3]. The bacteria
attach, grow and form multi-species biofilms on surfaces and
consequently present a source of microbial contamination [3,4]. A
crossover of bacteria from the contaminated food contact surfaces to
meat could lead to deteriorative changes in the quality and safety of the
products and to a decreased shelf life [2,5-9]. Therefore, the control
and improvement of hygienic conditions during meat processing is of
high importance. A promising procedure to improve the hygienic

status of food contact surfaces is the application of antimicrobial
materials in the food industry [10-13]. Due to the self-sterilizing effect
of such surfaces, the bacterial contamination is reduced even between
cleaning and disinfection steps and furthermore the treated surfaces
are protected against biodegradation [5,11,13,14].

In last decades, a wide spectrum of antimicrobial agents, ranging
from plant extracts [15,16], enzymes [17], antimicrobial peptides [18]
and metals [19-21] to bioactive polymers [22,23], were researched for
the application in food contact materials [12,24,25]. Generally, the
application can be conducted via integration of the agents in the
material of food contact surfaces themselves or by coating existing
surfaces.

Depending on the mode of biocidal action, the resulting surfaces are
classified as biocide releasing or contact-active surfaces [26]. A new
class of non-leaching, contact-active surfaces are SAM-Polymers®
(sustainable active microbiocidal) [22]. Poly(tert-butyl-amino-ethyl)-
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methacrylate (poly(TBAEMA)) is the most comprehensively Materials and Methods

investigated agent in this polymer group. It has a good antimicrobial
activity against a wide range of microorganisms, while exhibiting only
a low toxicity in mammals [22]. It seems to be evident that the amino
functionalized groups, located on the surface due to the three-
dimensional structure of the polymers, are responsible for the
antimicrobial activity. Hewitt et al. [27] clarify that physical
interactions, chemical reactions or a combination of both are required
for the antimicrobial activity. The exposure of bacteria to the polymers
initially leads to a depolarization of the cytoplasmic membrane
resulting in permeability which initiates cell death through a release of
fibrous and cellular material [27,28].

Lenoir et al. [28] assumed that the charged amino groups replace
divalent cations of the outer membrane, which leads to membrane
disorganization. A certain degree of protonation of the amino groups
is necessary for the antimicrobial activity [29]. The resulting localized
pH-gradient and additional electrostatic interactions between the
positively charged surface of the polymer and the negatively charged
bacteria membrane are responsible for the antimicrobial activity.

In addition to the antimicrobial activity, the material properties are
relevant for the implementation of antimicrobial surfaces in the food
industry. According to Tholmann et al. [22], poly(TBAEMA) is
insoluble in water, possesses a glass transition temperature T of about
40°C and temperature stability up to 180°C.

But this low Tg is, next to its high water uptake, a weak point of
poly(TBAEMA) [30], because it reduces the processability and
usability of these polymers. Brodkorb et al. [30] developed and
characterized a new monomer (tert-butyl-amino)-methyl-styrene
(TBAMS). Poly(TBAMS), the corresponding intrinsic antimicrobial
active polymer offers improved properties in comparison to
poly(TBAEMA). Hence, poly(TBAMS) shows a Tg of about 68°C,
which can be further increased by copolymerization [30]. In addition,
the water uptake of poly(TBAMS) is low and the heat resistance is
reasonable [30,31].

Due to these material properties, polymer films based on TBAMS
are potentially suited for the use as food contact material. Up to now, it
is not clear if these polymers are active over the broad microbial
spectrum which is typical in meat production and processing.

The aim of this study is the investigation of the antimicrobial
activity of two films based on poly((tert-butyl-amino)-methyl-styrene)
against various pathogenic and spoilage bacteria relevant in meat
processing facilities. In the first step, therefore, two films with different
poly(TBAMS)-concentrations ~were characterized via Fourier
transform infrared (FTIR) spectroscopy, and differential scanning
calorimetry (DSC) analyses were done to determine the Tg as one
important parameter for material usability as a food contact surface.

Subsequently, the antimicrobial activity of both films was screened
against various pure bacteria cultures. In the next step, the effect of
increased initial counts of bacteria on the antimicrobial activity of
poly(TBAMS) films was tested.

In the third antimicrobial test series, mixed cultures containing
Pseudomonas spp., a typical biofilm former, were used to simulate
processing conditions and to investigate whether interactions between
the bacteria species or different electrostatic interactions between
bacterium and antimicrobial surfaces influence the antimicrobial
activity against individual bacteria species.

Antimicrobial test material

Two polymer, the homopolymer poly(TBAMS) and the copolymer
poly(TBAMS:acrylonitrile) [1:1], were investigated. Figure 1 shows the
chemical structure of the polymers used. For each homopolymer
sample, 125 mg of purified polymer was dissolved in 3 ml ethanol
under stirring. The solution was then cast in a petri dish without vents
(polystyrene, VWR, Germany) and dried in a vacuum drying cabinet
at 70°C and 2 mbar for 1 hour, resulting in colourless and transparent
polymer films. For activity tests of the copolymer, a polyethylene film
(40 um, corona  pre-treated) was coated with a
poly(TBAMS:acrylonitrile) [1:1] solution in ethylacetate, resulting in a
0.08 um thick layer of the copolymer, and trimmed into circular test
pieces (94 mm in diameter). The reference material used depended on
the sample material. Clear petri dishes of the same size (diameter:
94 mm, without vents) and petri dishes with trimmed pieces of PE-film
were used as references for the homopolymer and for the copolymer
respectively.

n n
| N
- ~
X X
Figure 1: Chemical structure of poly(TBAMS) (left) and
poly(TBAMS:acrylonitrile) (right) consisting of a mixture of meta-
and para-isomers.

Characterization of polymers

Infrared spectra were recorded via a Spectrum two FT-IR
spectrometer (Perkin Elmer, Waltham, USA) with UATR two
technique. The method was attenuated total reflection (ATR) in the
range of 450 cm! to 4000 cm’!. Differential scanning calorimetry
(DSC) analysis was carried out on a DSC 82le (Mettler Toledo,
Greifensee, Swiss) system.

Bacterial strains

To test the antimicrobial activity nine typical pathogenic and
spoilage microorganisms were chosen as test organisms (Table 1). For
both categories, at least one gram-negative as well as one gram-positive
representative bacterium was tested.

Preparation of inoculum

All bacteria strains were stored at -18°C in a CRYOBANK™ system
(Mast, Reinfeld, Germany). The inoculum was prepared by
transferring a frozen culture to 10 ml nutrient broth (Merck KGaA,
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Darmstadt, Germany). Afterwards the broth was incubated overnight
at cultivating temperatures (Table 1). At the beginning of each trial, the
overnight culture was diluted in physiological saline solution with
tryptone (1 g/l) (Oxoid, Hampshire, United Kingdom) to a final
concentration of 10° cfu/ml. In addition to the pure cultures, mixed
cultures were used for the antimicrobial activity tests. In a first step the
different gram-negative Pseudomonas spp. (P aeruginosa, P
fluorescens, P putida) were mixed with the gram-positive bacteria B.
thermosphacta. In a second step, based on the results, 2 fluorescens
was mixed with the two pathogens E. coli or L. monocytogenes, which
differ in gram reaction. For the mixed inocula, each culture was
initially prepared and diluted separately, and the two different cultures
were mixed in the final dilution step. For the tests with high initial
concentrations (second experiment series) 0.1 ml of the overnight
cultures in nutrient broth were transferred in 10 ml saline solution
with tryptone and were incubated another night leading to
concentrations of 6.6-8.9 log;o cfu/ml. These solutions were used as
inocula in the test trials.

Test performance

Tests were conducted on the basis of the Japanese Industrial
Standard (JIS) Z 2801:2000, a quantitative method to investigate the
antibacterial effectiveness of plastic surfaces treated with an
antibacterial agent. The antibacterial effectiveness is determined by the
value of antibacterial activity, which is defined as the difference of the
logarithm (logjo-reduction) of the bacterial count on untreated

materials (reference) and treated materials (sample) after inoculation
with microorganisms and incubation under defined conditions.

Per test standard a minimum of three samples and six references
were tested in every trial for each bacteria inocula in the experiment
series. The total number of separate samples per bacteria strain varied
between 3 and 33. Most separate samples were tested of the
homopolymer against S. aureus to prove the reproducibility of the
material’s effect.

In all experimental series, the materials were inoculated with 0.4 ml
of bacteria solution. To prevent evaporation and to standardize the
contact area, sterile PE films (40 x 40 mm?2) covered the inocula
loosely. Three references were washed out immediately after
inoculation (t=0 hour) by rinsing via pipette with 10 ml soybean-
casein digest broth with lecithin polysorbat (Roth, Karlsruhe,
Germany) to determine the initial concentration.

Sample surfaces and remaining references were incubated at 35°C
and high relative humidity (80-90%) for 2 hour. Data loggers (Testo
174H, Testo AG, Lenzkirchen, Germany) monitored the temperature
and humidity in five-minute intervals. Afterwards (t=2 hour), they
were washed out in a similar manner. Viable counts of the pure culture
tests of the first two test series were determined by counting the
colonies on plate count agar (Roth, Karlsruhe, Germany) using the
pour plate technique. Plates were incubated for 48 hour at the
appropriate cultivating temperature of the bacteria (Table 1).

Bacteria Strain Cultivating Selective medium
temperature

Brochothrix thermosphacta ATCC 20171 25°C Streptomycin inosit toluylene red agar (SIN agar) referring to
the method of Hechelmann [32] (Sheep Blood Agar Base,
Oxoid, Cambridge, UK)

Listeria monocytogenes ATCC 19111 37°C Listeria agar according to Ottaviani and Agosti (ALOA, Oxoid,
Cambridge, UK)

Staphylococcus aureus ATCC 6538 37°C Baird Parker agar (Oxoid, Cambridge, United Kingdom)

Escherichia coli ATCC 8739 37°C Violet red bile dextrose agar (VRBD, Merck, Darmstadt,
Germany)

Pseudomonas aeruginosa ATCC 15442 30°C Pseudomonas agar with cetrimide sodium nalidixate (CN)
selective supplement

Pseudomonas fluorescens ATCC 13525 25°C Pseudomonas agar with cetrimide fucidin cephaloridine
(CFC) selective supplement (Oxoid, Cambridge, UK)

Pseudomonas putida ATCC 12633 25°C Pseudomonas agar with cetrimide sodium nalidixate (CN)
selective supplement

Salmonella enterica subsp. Enterica serovar Enteritidis| DSM 14221 37°C .

9:g,m:-

Salmonella  enterica  subsp. Enterica  serovar| ATCC 14028 37°C *

typhimurium

“Not tested in mixed culture

Table 1: Summary of tested bacteria, cultivating temperature, and used selective media in mixed cultures.

The tests of the first series were conducted with both types of films.
For the experiments with high initial counts, the copolymer
poly(TBAMS:acrylonitrile) [1:1] were used. In the third experimental
series, the antimicrobial activity of the copolymer was tested against
mixed cultures. The total viable counts (TVC) of the mixed culture

were also enumerated on plate count agar (pour plate technique); to
determine the individual bacterial counts, different selective media
(drop plate technique), Table 1, were used in addition to the plate
count agar. Mentioned optimal cultivating temperatures were used for
the selective media in the mixed culture test series, while the plate
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count agar plates were incubated at 30°C for the determination of total
viable counts when the cultivating temperature of the two bacteria
varied. Detection limits for all tests were determined to be 1.0 log;,
cfu/ml for pour plate technique and 2.0 log; cfu/ml for drop plate
technique.

Analysis

Reduction or growth on material after 2 hour incubation was
calculated by subtracting the logarithmic average value of bacterial
concentration on reference material immediately after inoculation
(Niz9) from the average value of bacterial concentration on the
reference (Ref) and sample (SAM) material after 2 hour incubation
(N¢=,) (Equation 1).

f(NRef, t=0Ne= 2) = IOglo(NRef, t= 0)— log;o(Ny = 2) (1)

Standard errors (df) were calculated following the Gaussian
propagation of uncertainty (Equation 2).

1019 cm! cannot be assigned to functional groups in poly(TBAMS)
but they are characteristic. Results confirm with analyses of Brodkorb
et al. [30] and identified the used material as the newly described
SAM-Polymer®.

1
NRef,t =0

df dN,

X Ini0 *

( Sz

— o XIn10
where, Ngeri_o=average bacterial concentration on the reference
material immediately after inoculation; d=standard error, and
Ni,=average bacterial concentration on the reference respectively
sample material after 2 hour incubation, In= natural logarithm base e.

2
X dN, _ 2)

(2)

The value of the antimicrobial activity was calculated by subtracting
the logarithmic value of the viable counts on the sample material from
the logarithmic value of the reference material after inoculation and
incubation (Equation 3):

3)

where, Nges (-p=average of bacterial concentration on reference
material, and Ngay, (—p=average of bacterial concentration on sample
material both after 2 hour incubation.

log10 — reduction = lOglo(NRef, = Z/NSAM, t= 2)

According to the JIS Z 2801:2000 a material can be characterized as
antimicrobial if the calculated log¢-reduction is > 2.0 after 24 hour at
35°C. Statistical significance (n>3) in reduction-levels was tested using
the Mann-Whitney U test in SPSS 22 (IBM°SPSS°Statictics).
Significance was defined as p < 0.05. Figures of antimicrobial activity
were generated with the statistical software program Origin 8.0G
(OriginLab Corporation, Northampton, MA).

Results and Discussion

Both polymer films were characterized by FTIR and the spectra are
depicted in Figure 2. For the homopolymer poly(TBAMS) the
secondary amine (R-NH-R) is observed at 3310 cm'!. The aromatic
hydrogen (Ar-H) is located at 3017 cm™!. The aromatic structure of
poly(TBAMS) can be explained due to following bands: 1605 cm™,
1510 cm™! and 1443 cm™!. The aromatic system is meta (704 cm™! and
793 cm!) and para (819 cm™!) substituted. 2961 cm!, 2925 cm! and
2866 cm’! indicate symmetric and asymmetrical stretching vibrations
of -CH; and -CH, groups. The tertiary butyl group belongs to
1360 cm’! and 1386 cm™!. Both wave numbers 1089 cm™! as well as

(a)
(b)
; 80
Figure 2: FTIR-ATR spectrum of the homopolymer poly(TBAMS)
(a) and of the copolymer poly(TBAMS:acrylonitrile) (b).

For the copolymer used, the nitrile group (R-CN) is observed at
2238 cm’!, whereas the other bands show almost the same wave
numbers and characteristics compared with poly(TBAMS), proving a
successful copolymerization. The copolymerization increased the Tg
from 68°C for the homopolymer, to 103°C for the copolymer (Figure
3). The Tg is one important parameter for the processability and
usability of the polymers as a food contact material. Thus, the
copolymer offers better material properties (higher T and lower water
uptake) than the homopolymer, but copolymerization can possibly
influence the antimicrobial activity. Thus, both materials were screened
for antimicrobial activity. The antimicrobial tests revealed good
antimicrobial properties against various bacteria relevant in meat
processing facilities for both tested intrinsic antimicrobial polymers
based on poly((tert-butyl-amino)-methyl-styrene). Figure 4a shows the
reduction of bacterial count observed on the reference material and the
homopolymer poly(TBAMS) after 2 hour contact at 35°C. Comparing
the reductions of all bacteria, significantly more bacteria were reduced
on poly(TBAMS) then on the reference material (p<0.001). The highest
reduction was determined for E. coli, which was decreased from an
initial average concentration of 5.73 + 0.01 log;, cfu/ml down to the
detection limit (1.0 log;o cfu/ml) on all samples (n=12).
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DSC and

analysis  of
poly(TBAMS:acrylonitrile) (B).

Figure 3: poly(TBAMS) (A)

At the same time, E. coli showed the second highest growth on the
reference material during two hours; the high increase of bacterial
count on the reference material, in conjunction with the high initial
count, results in the observation of the highest log;,-reduction of
5.6 logo-steps. The bacterial counts of gram-positive L.
monocytogenes, S. aureus and gram-negative P aeruginosa were
reduced to detection limit.

The log;o-reductions of the tested bacteria vary among 2.4 and 5.6
logo-steps, which classify the material as antimicrobial according to
the JIS already after 2 hour at 35°C. The gram-negative bacteria .
enterica (Serovar enteritidis) was the less sensitive bacteria, however,
the bacterial count on poly(TBAMS) was reduced 2.4 log;,-steps in
comparison to reference material.

A total of 33 samples of the homopolymer poly(TBAMS) were
tested with S. aureus to investigate the reproducibility of the material.
The low standard error (4.5 = 0.03 logjy cfu/ml) of the bacterial
reduction of the sample material shows the high reproducibility of the
antimicrobial activity of the poly(TBAMS).

To test if copolymerization influences the antimicrobial activity of
poly(TBAMS), the copolymer with acrylonitrile [1:1] applied as a
coating was also tested against the mentioned bacteria. Thin coatings
are the most common concept to add antimicrobials on the outside of
materials, because this form enables the subsequent equipment of
established food contact surfaces with antimicrobial properties [13],
while the good properties of the used materials are not affected by
integration of antimicrobial agents in the materials themselves [33].

Results of the copolymer poly(TBAMS:acrylonitrile) are comparable
to those of the homopolymer. Also, a significant difference (p<0.001)
between the reference and the sample material could be observed
(Figure 4b), but the comparison of the reductions of all bacteria
together shows a trend of a better activity of the homopolymer. A
reduced activity against P fluorescens is mainly responsible for this
trend (logjp-reduction: 1.2). For remaining bacteria, high log;o-
reductions (3.4-5.7), which characterize the material as antimicrobial
active according to JIS Z 2801, could be detected.

For the pathogenic bacteria E. coli, L. monocytogenes and S. aureus,
as well as for spoilage bacteria B. thermosphacta, P aeruginosa and P
putida a reduction down or close to detection limit were proven.
General, the charge of the antimicrobial surface plays an important
role in electrostatic interactions between polymer surface and bacteria,
and so for the antimicrobial activity.

The more active groups are present on the surface, the higher the
antimicrobial activity is expected to be [34], because the number and
availability of active groups determines the charge of the polymer.
Thus, the homopolymer poly(TBAMS) shows a higher reduction
(p=0.001) when comparing counts of all tested bacteria together then
the copolymer, which features less positive surface charge. Also, Potter
et al. [35] detected decreased antimicrobial activity for modified
cationic antimicrobial peptides with decreased electrophoretic
mobility.

The dose-dependent activity of poly(TBAMS) conforms to the
investigations on poly(TBAEMA) [28,34,36,37]. Zuo et al. [37]
determined a correlation between the dosage of poly(TBAEMA) and
the molecular weight of the macromolecules to the antimicrobial
activity. The authors explain that a higher molecular weight results in a
higher local congregation of active groups with a resulting increase in
charge density and electrostatic attraction. Seyfriedsberger et al. [34]
proved a correlation between the physio-chemical surface properties
and the relative amount of poly(TBAEMA) in a compound with LDPE.

In the study, the antimicrobial activity against E. coli increased with
an increasing relative amount of poly(TBAEMA). Interestingly, for S.
aureus there was no difference in activity between the concentrations;
S. aureus was reduced to zero independently of the poly(TBAEMA)-
concentration [34]. Furthermore, Zuo et al. [37] showed that, in
general, S. aureus is more susceptive to poly(TBAEMA) then E. coli
but, particularly at lower local concentrations of active groups, the
effect of molecular weight is different between E. coliand . aureus.

A relationship between dose-dependence and bacteria species is in
accordance with the present study. Particularly the antimicrobial effect
on the gram-negative P fluorescens is notably lower using the
copolymer with only 50% poly(TBAMS) in comparison to the
homopolymer. Otherwise, the antimicrobial activity against S. aureus
was not affected by reducing the percentage of poly(TBAMS) in a
poly(TBAMS:acrylonitrile) copolymer down to 20% (data not shown).

Other authors also proved good antimicrobial properties of SAM-
Polymers® against gram-positive (8. aureus, L. innocua, L.
monocytogens, Lactobacillus spp., S. mutans, S. epidermidis, B.
thermosphacta) and gram-negative (E. coli P aeruginosa, P
fluorescens) bacteria [22,28,29,36-39].

J Antimicrob Agents, an open access journal
ISSN:2472-1212

Volume 3 « Issue 1 « 1000136



Citation:

Braun C, Dohlen S, llg Y, Brodkorb F, Fischer B, et al. (2017) Antimicrobial Activity of Intrinsic Antimicrobial Polymers Based on

Poly((tert-butyl-amino)-methyl-styrene) Against Selected Pathogenic and Spoilage Microorganisms Relevant in Meat Processing
Facilities. J Antimicrob Agents 3: 136. doi:10.4172/2472-1212.1000136

Page 6 of 9

I reciuction reference material
[reduction poly(TBAMS)
A Iugl_:-reductiun

reduction [log, , cfuimi]

g n=3 ez na3 n=3 neg n=6 ne33 a3 n=3
S AR g F
# R e efé’ o @“&
< g &
@ 2 « o
a4

b [ reduction refesence material
[ reduction poly(TBAMS:acrylon trite)
v kg creduction

reduction [log, , cfu/ml]

Figure 4: Reduction [logj, cfu/ml] of bacteria after 2 hour
incubation at 35°C applied on reference material (dark grey bars) or
sample material (light grey bars): (a) homopolymer poly(TBAMS)
or (b) copolymer poly(TBAMS:acrylonitrile). The values are
changes from initial concentration (a: 4.9- 5.9 log;o cfu/ml, b: 4.8-
5.7 logyo cfu/ml). The delta values are the differences between the
surface counts on reference material and on sample material after
incubation  (logjo-reduction). Asterisks indicate significant
differences ("p < 0.005, “p < 0.05) between sample and reference
material (n>3).

Nevertheless, some studies observed that gram-positive species are
more sensitive than gram-negative bacteria [27,34,39]. In the study of
Hewitt et al. [27], almost all cells of S. epidermidis exhibit depolarized,
permeablised, cytoplasmic membrane potential after 30 min exposure
to 0.1% poly(TBAEMA) suspension; whereas after 5.5 hour, only 59%
of P fluorescens cells showed the same status. In contrast,
Buranasompob [29] detected a higher reduction of the gram-negative
P aeruginosa in comparison to L. innocua. In the present study for the
biofilm former P aeruginosa, high antimicrobial activity of both tested
materials made from TBAMS was also detected. A general trend of a
dependence of antimicrobial activity on gram reactivity was not
observed at initial counts around 10° cfu/ml. At higher initial counts
(6.6-8.9 logo cfu/ml) however, a trend of higher reduction of gram-
positive bacteria than gram-negative bacteria became visible.
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Figure 5: Reduction [log; cfu/ml] of overnight cultures of bacteria
in saline solution with tryptone applied on reference material (dark
grey bars) or poly(TBAMS) (light grey bars) incubated at 35°C for 2
hour. The values are changes from initial concentration (6.6-8.9
log cfu/ml). The delta values are the differences between the
surface counts on reference material and on poly(TBAMS) after
incubation  (logjo-reduction). Asterisks indicate significant
differences ("p < 0.005) between poly(TBAMS) and reference
material.

Figure 5 shows the reduction values of the high initial bacterial
counts, which are typical during industrial processing. Analysing the
reduction of all bacteria together, the reduction on the sample material
is significantly higher than on the reference material (p<0.001). For the
homopolymer film, the decrease of the initial bacterial count is highly
significant for all bacteria (p < 0.001) with reductions between 1.2 and
7.3 logy cfu/ml. The three tested gram-positive bacteria were reduced
down to the detection limit. Very high log;y-reductions (7.0 and 6.7
log)q cfu/ml) were identified for the gram-negative bacteria P
aeruginosaand P, putida also.

These results are comparable with the results of moderate initial
counts, but, for the remaining tested gram-negative bacteria, the
antimicrobial activity was decreased. Particularly noticeable is the low
reduction of E. coli (2.6 logjy cfu/ml), which was reduced in higher
values during 2 hour if it was exposed in moderate initial
concentration. Also, Zuo et al. [37] showed a higher antimicrobial
activity of poly(TBAEMA) film for gram-positive S. aureus than for
gram-negative E. coli at high initial bacterial load. The higher
resistance of selected gram-negative bacteria, which became visible at
high initial counts, can be charge of the outer membrane. Hewitt et al.
[27] showed that the P2 fluorescens cells become more sensitive to the
poly(TBAEMA) suspension if the outer membrane of is permeabilised
with EDTA.

The surface charge of bacteria itself plays, next to the charge of the
polymeric surface, an important role for antimicrobial activity. In
general, most bacteria carry a net negative surface charge under most
physiological conditions [40]. According to Potter et al. [35], the
electrophoretic mobility of the, for the present study, relevant gram-
positive bacteria (B. thermosphacta, S. aureus, L. monocytogenes) was
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more negative than for tested gram-negative bacteria (2 fluorescens, S.
enterica, E. coli). The authors proved a correlation between the
electrophoretic mobility and the antimicrobial efficiency of a cationic
antimicrobial peptide. Thus, the nearly neutral charge of P fluorescens
could cause the decreased activity of TBAMS-based films compared to
the more negative charged bacteria. Furthermore, Kurin¢i¢ et al. [41]
showed high electrophoretic mobility comparability between the P
aeruginosa strain used in this study and Listeria spp., which could
explain the differences in activity against the three Pseudomonas spp.
used. The effect of the electrophoretic mobilities of the bacteria is more
distinctive at high than at moderate initial concentration. Next to the
electrostatic interactions, the availability of active groups is also
proportional to the number of bacterial count. Lenoir et al. [28]
revealed that killed cells do not remain on the surface, potentially
allowing an extension of contact time to achieve successive killing of
bacteria, leading to comparable results in moderate initial
concentrations. Likewise, longer contact could compensate the lower
number of active groups in the copolymer and lead to comparable
results as detected for the homopolymer.

Under practical conditions, bacteria colonize surfaces not as pure
cultures, but rather as mixed bacteria populations and mostly in the
form of biofilms. Pseudomonas spp., as ubiquitous spoilage organisms
and great biofilm formers [42] were used in all cultures of the last
experiments, because it is known, that their presence promotes the
attachment and survival of pathogens, like L. monocytogenes, on
surfaces [43,44]. When Pseudomonas spp. and B. thermosphacta,
another dominant spoilage bacteria of fresh meat [45], were inoculated
together, it became evident that the antimicrobial activity of
poly(TBAMS:acrylonitrile) against the individual bacteria in the mixed
culture is comparable to the results of the pure culture test series
(Figure 6a).

The copolymer showed maximum reduction to the detection limit
for B. thermosphacta as well as against P putida and P, aeruginosa, and
decreased activity against P fluorescens. The TVC of the mixed culture
of B. thermosphacta and P. fluorescens were reduced 2.4 log;o-steps,
while the results on selective media show obviously, that only P
fluorescens survived on poly(TBAMS:acrylonitrile). Furthermore, it
was investigated if this resilience of 2 fluorescens protects cohabitating
pathogens against the antimicrobial action of poly(TBAMS)-
containing films.

Analogous to pure cultures tests and to mixed tests with the spoilage
bacteria B. thermosphacta, the counts of the pathogens were reduced
down to the detection limit within 2 hour at 35°C and P, fluorescens
represents the remaining TVC (Figure 6b). Investigations with the
homopolymer indicate that the presence of P fluorescens do not have
an impact on the activity against the pathogens S. aureus and S
enterica, too (data not shown).

Thus, the less sensitivity of P fluorescens does not affect the good
antimicrobial activity of poly(TBAMS)-based films against the
different microorganisms. The electrostatic interactions between the
bacteria and the polymer surface seem to differ between the individual
bacteria species, but have no effect on the individual antimicrobial
activities in mixed bacteria cultures.

The reduction of Pseudomonas spp., which are known members of
biofilms in the food industry, promises a potential reduction of biofilm
formation and should be investigated further. Especially the fact that
main pathogens associated with meat are significantly reduced on

poly(TBAMS)-containing films has a considerable impact for
enhanced food security.

a I reduction TVC reference material
[ reduction TVC poly{TRAMS)
B reduction B.thermasphacta reference material
[ reucti pot{TBAMS:

B recuction Pstudomonas s, reference material
5 [ reduction Psaudomonas spp. poly(TBAMS:acrylonitrie)
4 log, -reduction
4]
E 3
2
i
g 7
§
'-§ 1
e
-
44 -
 thermosphacia [
P1. senginass P putiss [ —
b [ reduction TVC reference material

[ reduction TVC poly(TBAMS)

[ reduction pathogens reference matenal

[E=H reduction pathogens poly(TBAMS acrylonitrile)
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Figure 6: Reduction [log;q cfu/ml] of mixed cultured bacteria: (a) B.
thermosphacta with Pseudomonas spp., (b) P fluorescens with E.
coli or L. monocytogenes applied on reference material (dark grey
bars) on reference material or poly(TBAMS:acrylonitrile) (light
grey bars) incubated at 35°C for 2 hour. The values of the plain bars
are the changes from initial concentration of the total viable count
(TVC); the patterned bars are the changes of the individual bacteria
counts. The delta values are the differences between the surface
counts on reference material and on poly(TBAMS:acrylonitrile)
after incubation (log;¢-reduction).

Conclusion

Regarding the two poly(TBAMS)-containing films tested, it can be
summarized that a good antimicrobial activity exists against a wide
range of pathogenic and spoilage bacteria relevant in meat processing
facilities, both in pure or in mixed bacteria cultures. Effects on
antimicrobial activity due to copolymerization, with the resulting
concentration reduction of poly(TBAMS), or higher initial bacterial
counts were mainly dependent on the sensitivity of the bacteria itself.
The surface counts of pathogenic bacteria with high relevance in food-
associated diseases were reduced in comparison to the reference
material, whereas the spoilage bacterium P fluorescens was not that
susceptible.

Due to these results and the improved material properties, the
application of SAM-Polymer®-surfaces based on poly((tert-butyl-
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amino)-methyl-styrene) could be an additional hurdle for bacterial
growth on food contact surfaces such as cutting boards or conveyer
belts and thus could counteract cross-contamination. Further
development and characterisation of the material is required before
application.

In future, the antimicrobial activity of the material, with due
consideration of environmental factors existing in the food industry,
should be investigated to check the efficiency of poly(TBAMS) films
under real conditions. Furthermore, the effect of poly(TBAMS) films
on biofilm formation should be studied.
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