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Abstract

Intrinsically antimicrobial active polymers to improve the hygienic conditions during
processing and preparation of fresh meat

The objective of this thesis was the investigation of the potential of intrinsically antimicrobial
active polymers to improve the hygienic conditions in all steps of the processing and preparation
of fresh meat, from the food industry to the domestic kitchen.

The antimicrobial activity of the homopolymer poly(TBAMS) and the copolymer poly
(TBAMS:acrylonitrile) [1:1] was screened against pathogenic and spoilage bacteria present on
meat processing and preparation equipment. Further, the influence of conditions typical during
the processing and preparation of fresh meat on the activity was analyzed. For these aspects,
837 samples containing poly(TBAMS) and 1587 references were investigated. To analyze the
long-term activity 646 samples of three poly(TBAMS) containing materials (poly(TBAMS),
poly(TBAMS:acrylonitrile), poly(TBAMS:4-vinylpyridine) were stored under three
environmental conditions over a period of three years. The antimicrobial activity was screened
at fixed intervals and the long-term activity of the polymers was modelled. Also, the activity of
poly(TBAMS) incorporated into LLDPE was determined and compared via antimicrobial
screening of two other antimicrobially treated boards (poly(TBAEMA), Microban®). In three
different scenarios typical during the preparation of meals in domestic kitchens, the effect on
the transfer of pathogens between the cutting boards and food was compared between cutting
boards with poly(TBAMS) and untreated material. The ability of the new polymer to reduce
the colonization of surfaces was examined via comparing biofilms on 200 samples as well as
references. Based on the overall results, the potential of intrinsically antimicrobial active
materials to improve the hygienic conditions during the processing and preparation of fresh
meat was assessed.

The antimicrobial screenings showed the general potential of poly(TBAMS)-containing
materials to improve the hygienic condition in the food chain. Good antimicrobial activity was
proven against various bacteria. The activity was decreased marginally over a period of three
years. Screenings identified different environmental and processing factors influencing the
activity, which was differently pronounced for the individual bacteria strains. Thus, no effect
on the activity against L. monocytogenes was proven while the effect against P. fluorescens was
evident. However, a retarding effect, e.g. of lowering temperature, could be counteracted by
prolonging the contact time. The LLDPE-board with 10 % poly (TBAMS) showed, in
comparison to other antimicrobial treated polymeric boards, the greatest antimicrobial profile.
However, the effect on cross-contamination of pathogenic bacteria was limited. Still, the same
material suppressed or delayed respectively the formation of biofilms. Considering all results,
the application of poly(TBAMS) in food contact materials bears the potential to improve the
hygienic conditions during the processing and preparation of fresh meat, especially via affecting
the persistence of bacteria on surfaces. For an effective application of poly(TBAMS) as food
contact material further developments and legitimate validation is necessary.



Kurzfassung

Intrinsisch antimikrobielle Polymere zur Verbesserung der hygienischen Bedingungen
bei der Verarbeitung und Zubereitung von frischem Fleisch

Ziel der Arbeit war es, das Potential intrinsisch antimikrobiell wirksamer Polymere zur
Verbesserung der hygienischen Bedingungen in allen Stufen wahrend der Verarbeitungs- und
Zubereitungsprozesse in der fleischerzeugenden Kette zu untersuchen.

Die antimikrobielle Aktivitat des Homopolymers poly(TBAMS) und des Copolymers
poly(TBAMS:Acrylnitril) wurde gegen verschiedene fleischspezifische Bakterien erfasst.
Zudem wurde der Einfluss von relevanten Faktoren auf die Wirksamkeit analysiert. Hierflr
wurden 837 Proben mit poly(TBAMS) und 1587 Referenzen ohne poly(TBAMS) getestet. Um
die Langzeitaktivitat zu untersuchen wurden 646 Proben von drei unterschiedliche Materialien
(Poly(TBAMS), Poly(TBAMS:Acrylnitril), Poly(TBAMS:4-Vinylpyridin) bei verschiedenen
Umweltbedingungen (ber einen Zeitraum von drei Jahren gelagert. Die Aktivitat wurde in
regelmaRigen Abstdnden untersucht und die Langzeitstabilitdt der Werkstoffe modelliert. In
weiteren Untersuchungen wurde die Aktivitdt von Schneidebrettern mit poly(TBAMS)
analysiert und mit der von anderen antimikrobiell Oberflachen (poly (TBAEMA), Microban®)
verglichen. In drei typischen Szenarien der hauslichen Zubereitung von frischem Fleisch wurde
der Effekt von poly(TBAMS) auf den Transfer von pathogenen Keimen vom Schneidebrett auf
das Lebensmittel untersucht. Der Einfluss von poly(TBAMS) auf die Biofilmbildung von
Bakterien in Mono- und Mischkulturen wurde durch den Vergleich von Biofilmen auf 200
Proben sowie Referenzen gepriift. Basierend auf allen Ergebnissen wurde das Potential
intrinsisch antimikrobiell aktiver Materialien zur Verbesserung der hygienischen Bedingungen
bei der Verarbeitung und Zubereitung von Frischfleisch bewertet.

Die antimikrobiellen Tests weisen ein Potential von poly(TBAMS)-haltigen Materialien auf die
hygienischen Bedingungen wahren der Verarbeitung und Zubereitung von Fleisch zu
verbessern. Eine gute Aktivitdt wurde gegen verschiedene fleischspezifische Bakterien
nachgewiesen. Die Aktivitdt nahm (ber einen Zeitraum von drei Jahren nur marginal ab. Das
Screening identifizierte jedoch verschiedenen Faktoren, die die antimikrobielle Aktivitat
beeinflussen. So zeigte sich ein deutlicher Effekt auf die Aktivitat gegen P. fluorescens,
wéhrend bei L. monocytogenes keine Beeinflussung festgestellt wurde. Der negative Einfluss
von niedrigeren Temperaturen konnte durch die Verlangerung der Kontaktzeit kompensiert
werden. Obwohl die LLDPE-Schneidebretter mit 10 % poly(TBAMS) im Vergleich zu den
anderen antimikrobiell ausgeristeten Brettern das beste Aktivitatsprofil aufwiesen, war der
Effekt auf die Kreuzkontamination von pathogenen Bakterien limitiert. Das gleiche Material
unterdruckte bzw. verzogerte allerdings die Biofilmbildung. Poly(TBAMS) weist das Potential
auf als Lebensmittelkontaktflache die hygienischen Bedingungen bei der Verarbeitung von
Fleisch zu verbessern, insbesondere durch die Wirkung auf die Persistenz der Bakterien auf
Oberflachen. Eine weitere Entwicklung der Materialien sowie eine rechtliche Beurteilung sind
fiir den effektiven Einsatz als Lebensmittelkontaktflache erforderlich.
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General introduction

1 General introduction

1.1 Impact of hygienic conditions during processing and preparation of

fresh meat

During the processing and preparation of industrially sourced fresh meat by wholesalers,
retailers as well as in professional and domestic kitchens, the products encounter numerous
different food contact surfaces like conveyer belts, boxes for storage and transport, counters,
packaging materials or cutting boards [1-3]. Due to the automation of processing, the number
of those contacts are progressively increasing [4]. One major problem is that every contact
increases the risk of cross-contamination [3, 4]. Cross-contamination is defined as the direct or
indirect transfer of bacteria or viruses from a contaminated object to a non-contaminated
product [5-7]. Thus, even if fresh meat from healthy animals is sterile, the meat surface will be
contaminated with spoilage and pathogenic bacteria due to these transfers during processing
and preparation [8-10]. Studies observed that final meat products were more contaminated than
the raw material at the beginning of the process, furthermore, the bacterial spectrum on the
products changed during the process [11-17]. Recent reports indicated that cross-contamination
occurs at any stage between the meat processing plant to the final consumer’s home [18, 19].
Hence, the hygienic status of food contact surfaces is of major concern, because contamination
of fresh meat leads to accelerated spoilage and to reduced food safety [4, 20-23].

1.1.1 Microbial contamination of food contact surfaces

The microbial contamination of food contact surfaces occurs mainly from three sources: contact
with food workers, cross-over from raw materials and transfer via environmental sources like
water, dust, soil or aerosols (Figure 1.1) [24-29].
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Figure 1.1 Microbial contamination routes during processing and preparation of fresh meat

The ability of microorganism to attach, grow and persist on inert surfaces after transfer depends
on several factors: the characteristics of the microorganism itself (hydrophobicity, electronic
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General introduction

charge, flagellation, motility as well as the growth phase), the physicochemical properties of
the surface (hydrophobicity, electronic charge, roughness) and the environmental conditions
(temperature, pH, humidity, availability of nutrients) [29-32]. Several studies showed that
microorganisms can attach to all materials commonly found during food processing,
preparation and storage, such as stainless steel, glass, wood as well as different kinds of
polymers. The attachment occurs despite different surface properties and under almost all
environmental conditions prevalent during processing and preparation of fresh meat [23, 33].
The colonization of food contact surfaces is supported by high levels of organic material
remaining on the surfaces [34-38].

Hence, a broad spectrum of microorganism is present on meat contact surfaces. The incidence
of bacteria on surfaces in meat processing and preparation was studied by several authors. The
results indicate that conveyer belts, other transport equipment, cutting machines, floors, drains,
gasket materials, work tables and cutting boards are most often contaminated with high bacterial
counts, furthermore, door handles, gloves of personnel and cleaning equipment often tested
positive for bacteria. [4, 9, 11, 14, 26, 39-44]. In general, the flora is a mixture of many species
[45]. Accordingly, in a study by Roder et al. [46] more than 680 bacterial strains were detected
in seven different locations (cutting boards, foil packer, meat chopper and air samples) in a
meat processing environment. The flora involves mainly spoilage bacteria, non-pathogenic
bacteria as well as pathogenic bacteria [17, 45]. Spoilage flora is dominated by bacteria of the
genus Brochothrix, Lactobacillus and Pseudomonas [36, 47, 48]. Gounadaki et al. [49]
investigated the microbial ecology of food contact surfaces of small-scale facilities producing
traditional sausage. They found out that most sample sites were highly (> 4 logio cfu cm?)
contaminated with spoilage flora. The study of Roder et al. [46] detected that Pseudomonas
spp. accounted for the largest proportion (nearly 70 %) of the flora on a cutting board used
during meat processing. This is because this gram-negative bacteria species grows well even at
the low temperature prevalent in those environments and has generally low growth
requirements [9, 45]. Comparably, the human pathogen Listeria monoytogenes grows under
harsh environmental conditions and is therefore one of the pathogens often isolated from food
contact surfaces of meat production and processing [1, 28, 38, 50, 51]. While L. monocytogenes
has a high prevalence in processing environments of ready-to-eat meat and poultry products,
the pathogens Staphylococcus aureus, Escherichia coli, Salmonella spp., Campylobacter spp.,
which are also of concern in the context of meat, are associated with raw meat and poultry
products [29, 38, 52, 53]. In the small-scale facilities producing traditional pork and beef
sausages, up to 26.4 % of the samples were contaminated with Salmonella spp, S. aureus and
L. monocytogenes [49].

All the mentioned bacteria species can survive and proliferate on the surfaces of utensils and
equipment for hours or days; in the case of L. monocytogenes, even a persistence over a period
longer than one year in ham producing facility was proven [13, 17, 23, 37, 40, 54-61]. Larsen
et al. [17] reviewed the persistence of foodborne pathogens in food production chains. The
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General introduction

authors point out that various factors cause this persistence, including disinfection and
desiccation resistance, differences in gene expression and biofilm formation.

Biofilms are assemblages of microorganisms, which interact with each other and are embedded
in self-produced extracellular polymeric substances (EPS) adhering to surfaces [62, 63]. Mixed-
species biofilms are the target form of bacteria to colonize surfaces, because the EPS film
protects the embedded bacteria against environmental stress (e.g. cleaning and disinfection
measurements, drying). Furthermore, interactions between the different species support the
survival of the individual species [7, 17, 64, 65]. Many surfaces during the processing of meat
are almost permanently wet, and meat processing equipment such as conveyer belts, pipelines,
tanks or packaging equipment are difficult to clean and disinfect; both support biofilm
formation [66-68]. Pseudomonas spp., as a great biofilm producer, is known as a pioneering
species in surface colonization, and its presence was proven to facilitate the attachment of less
adhesive species, particularly of pathogenic bacteria [21, 64, 67, 69—74].

Biofilms have the potential to act as long-term reservoirs for bacteria, and the retention of
bacteria on food contact surfaces increases the risk of transfer of bacteria to food [7, 37, 44, 48,
75, 76]. The risk of this cross-contamination is not only dependent on the contamination of
surfaces with bacteria, but also on the probability of transfer to food surfaces [77]. Similar to
the adherence process of bacteria to food contact surfaces, the transfer from these surfaces to
meat surfaces is a multifactorial process, which depends on the bacterial species, surface types
(source and recipient) and contact time [32]. For example, studies showed that the content of
moisture and fat on the recipient influences the transfer, thus the moisture content of cucumber
surfaces might positively affect the retrieval of pathogens from stainless steel [32, 37].
Certainly, it was identified that even after contact times of a few seconds, significant counts of
S. aureus could be transferred [78, 79].

1.1.2 Conseguence of contamination of food contact surfaces

Contamination of food contact surfaces and the possible subsequent cross-contamination to
products are of concern in all stages of processing and preparation of fresh meat, because they
lead to various consequences for public health, the environment and the economy (Figure 1.2)
[80, 81].



General introduction

contaminated items 322 [ej
,L people J —> [ public health
@
—7
food contact
product
surfaces J

» ﬁ
> economic costs
\

cleaning & impairment

disinfection of equipment J

Figure 1.2 Consequences of microbial contamination of food contact surfaces

The cross-contamination of bacteria to food influences the quality and safety of the products,
which is of concern to public health and results in economic losses for the public and industry,
respectively [33, 66, 67, 82]. The consumption of contaminated food causes a variety of food
poisoning. In the EU in 2011, 5,648 food-borne outbreaks were reported, resulting in 69,553
human cases, 7,125 hospitalizations and 93 deaths [83]. Epidemiological investigations
demonstrated that many outbreaks, 25 % of outbreaks according to a report by the WHO [84],
are associated with cross-contamination scenarios involving deficient hygiene practices,
contaminated equipment, contamination via food handlers, processing, or inadequate storage
[3, 6, 18, 57, 84, 85]. An evaluation of the reports by the Centers for Disease Control and
Prevention (CDC, USA) observed that 12 % of all outbreaks from 1998 to 2016 are linked in
some way to surface cross-contamination, which therefore presents the 6™ most contributing
factor of 32 [86]. Referring to a French survey, ca. 60 % of food-borne infections occurred by
microbial transfer from food contact surfaces to processed foods [33].

The economic burden of foodborne diseases is high due to medical care expenditures associated
with diagnosis, treatment and management of a disease in an individual as well as productivity
losses due to illness and death [87]. The data reported in literature varies widely because of
variable data collection [17]. To name same data, Scott et al. [88] estimated the total cost of
potential food-borne infectious diseases in New Zealand to be $ 88.8 million in 2000. For the
US, areport by the CDC suggested costs of $ 77.7 billion annually [89]. A ranking of the disease
burden of 14 pathogens in the US observed that poultry, pork and beef belong to the top five
categories of estimated annual disease burden [90].

Next to costs associated with public health, outbreaks generate costs for the food industry
including costs for rejection or recalling of the products, inspections of the plants with extensive
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decontamination procedures and possible production stops [87, 91]. Indeed, every outbreak is
concomitant with loss of consumer trust resulting in inestimable costs [29, 87]. Furthermore,
not only the contamination with pathogens, but also the transfer of spoilage bacteria to products,
leads to an economic burden for the food industry due to reduced shelf life. The contamination
of meat with spoilage bacteria correlates with reducing shelf life. Thus, an increase in the
starting concentration of Pseudomonas spp. from 1 logio ¢fu cm™ to 3.6 logio cfu cm results
in a reduction of shelf life of about 2 days [92, 93]. The shelf life has significant impact on the
amount of food waste, because products are thrown away if they were not sold during the short
selling time [94]. Furthermore, high amounts of food are wasted when contaminated with
pathogenic bacteria. For instance, a listeriosis outbreak in the US in 2000 lead to a recall of 7.3
million kilograms of processed turkey and chicken meat [95]. Not only the final products
themselves, but also huge amounts of primary resources used for the breeding and feeding of
animals or the production of products are lost [96]. Dohlen [97] predicted that an increased
shelf life of 2 days lead to a 15 % waste reduction of poultry sold by German retailers. This
means a breeding reduction of more than 6 million animals per year, which would produce
nearly 13,000 t carbon dioxide and consume 200,000 m3 of water and about 80,000 t of feed
[97]. Thus, next to the public health issues, the economic losses and the environmental impact
associated with those processes should not be underestimated.

Further environmental problems are caused by using various sanitizers in great quantities. For
example, biocide induced mutations of water organisms were observed [98]. Furthermore,
bacteria embedded in biofilms are known to be more resistant to sanitizers [20, 38, 99, 100].
Thus, the use of biocides induces resistance development in bacteria against those biocides as
well as against antibiotics, which poses problems in the therapy of human infections with
foodborne or environmental pathogens [27, 100, 101].

Lastly, the colonization of surfaces can result in biofouling, for example, caused by the acidic
conditions in biofilm environments. Additionally, the strong forces required to remove biofilms
abrades surfaces. Both lead to economic losses, because the corrosion and equipment
impairment adversely affects the function of specific interfaces, while also requiring more
frequent maintenance and replacement of the equipment [3, 20, 34, 35, 45, 102, 103].

1.1.3 Activities to reduce bacterial count on food contact surfaces

Considering these far-reaching consequences to public health, the environment and the
economy, the hygienic status of food contact surfaces is of great concern during meat
processing and preparation [9, 38, 80]. In this context, hygienic design of equipment as well as
cleaning and disinfection are established, and in the case of the food industry, even statutory
[104].

Hygienic design is aimed at high cleanability, e.g. by open design of processing equipment and
by selection of materials used for food contact surfaces. A hygienic surface should be inert and
easy to clean. Thus, during industrial processing, predominantly stainless steel is used as a food-
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contact material. However, for many applications, like conveyers or gaskets, the use of
polymeric materials, which are more problematic in terms of hygienic status, is unavoidable [1,
25, 105]. Also, plastic surfaces are often used during the domestic preparation of fresh meat.

Frequent, adequate cleaning and disinfection are essential steps for the prevention of
colonization of food contact surfaces by bacteria [104]. These hygienic operations are generally
performed in the food industry, but it seems that they are often not completely effective [17,
28, 106, 107]. Thus, several studies detected contaminations of food contact surfaces in meat
processing environments after routine cleaning and disinfection, with bacterial densities of
higher than 10° cfu cm [9, 14, 45, 53, 63, 106, 108-111]. The detected flora was dominated
by Pseudomonas spp., but the food contact surfaces also tested positive for the pathogenic
bacteria L. monocytogenes, S. aureus, E. coli, Bacillus spp. as well as Salmonella spp. The
highest bacterial levels were found in niches, small spaces or narrow openings of equipment,
which are difficult to access and therefore difficult to clean, for example conveyers or drains
[9, 18, 112]. Bacteria, which adhere to surfaces and survive the hygienic operations, and may
form a biofilm, hence, they are more resistant against sanitizers and are difficult to remove [67,
100, 112, 113]. In addition, not all surfaces in the food industry are cleaned daily. Thus, surfaces
like walls or ceiling can act as a reservoir of bacteria [67, 114]. During industrial processing
and preparation, cleaning and disinfection are routinely (every night after one day of
processing) practiced, maintaining and improving the hygienic status of food contact surfaces.
But it is well known that inadequate cleaning and handling of food and preparation equipment
is performed in restaurants and in domestic Kitchens [32, 115-117]. Hence, according to
different studies, up to 81 % of consumers use the same kitchen equipment, such as knives and
cutting boards, for raw meat and ready-to-eat products like vegetables without intermediate
cleaning [7, 116-119].

But even if cleaning and disinfection operations are undertaken effectively, the sterile state of
the surfaces do not last for a long time and will be soiled by the first contact with a contaminated
product [4, 30]. Hence, the count of bacteria on the surfaces will increase during processing. A
cleaning interval of 2-hours, which was proven to be expedient to reduce the adherence of
bacteria cells, is unrealistic in the meat processing industry [30, 99]. Long production stops
during the sanitizing procedure lead to high economic losses, in addition to the high
environmental impact of excessive sanitizer use.

The relevance of efficient and frequently performed cleaning and disinfection measures as well
as the hygienic design of food processing equipment is unquestioned [35, 56, 76, 99]. But
between the cleaning and disinfection operations, the food contact surfaces exhibit no defense
against the colonization by spoilage and pathogenic bacteria [3]. Therefore, the protection of
food contacts surfaces against bacterial colonization was the focus of research in the last
decades [4, 120].
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1.2 Antimicrobial material to improve the hygienic status of food contact

surfaces

The protection of food contact surfaces against bacterial colonization was a focus of research
in the last decades [4, 120]. For maintenance and improvement of food quality and security, the
hygienic status of food contact surfaces should be improved during food processing and
preparation even between the sanitation cycles. In this context, the application of antimicrobial
materials as food contact surfaces is more and more discussed. In some food contact surfaces,
e.g. conveyer belts, cutting boards, refrigerators, countertops and storage boxes, antimicrobial
materials are already used [2, 4, 17, 38, 53, 56, 76, 80, 100, 118, 121-124].

1.2.1 Materials used as antimicrobial surfaces

Antimicrobial surfaces are defined as surfaces of any material or agent that prevent or limit the
growth and proliferation of bacteria [103, 125]. This includes not only bactericidal surfaces but
also bacteriostatic and antibiofouling surfaces [103, 126]. Therefore, antimicrobial surfaces are
distinguished regarding their mode of action. In the literature, next to the classification into
active/passive, bactericidal/bacteriostatic or antifouling, the division in Killing and repelling
surfaces is widely-used [76, 100, 103, 125, 127]. Figure 1.3 gives an overview over the general
principles of antimicrobial surfaces classified by repelling and killing mechanisms.

6660 ‘—’ TR T e
%@@@%%g @ % ﬁg*‘ SRRy 4

SELF-POLISHING ELECTROSTATIC HYDROPHOBIC BIOCIDE RELEASE CONTACT-KILLING /

REPELLING KILLING

Figure 1.3 Principles of antimicrobial surfaces (mod. [100, 127])

In case of repelling antimicrobial materials, surface characteristics including self-polishing,
negative charge, micro-structure or hydrophobicity are responsible for the prevention of fouling
and colonization [127, 128]. The contact killing principle is subdivided into biocide releasing
surfaces and contact killing surfaces [8, 22, 76, 129]. In contrast to the Kkilling surfaces, the
repelled microorganisms remain viable. Thus, only the attachment of microorganism and of
pollutants as food debris is inhibited, but the bacteria are still in the food environment and can
contaminate other surfaces or the food directly. To reduce cross-contamination during meat
processing and preparation, the use of surfaces which kill the bacteria are more effective.

The approach of biocide releasing surfaces can be based on materials which generate biocides
themselves or on materials which are treated with antimicrobial agents. First, materials generate
and subsequently release an antimicrobial agent induced by a stimulus. For example, surfaces
with photocatalytic titanium dioxide generate and release reactive oxygen species when they
are exposed to light of a specific wavelength [4, 100, 127]. For the second approach
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General introduction

antimicrobial agents are embedded directly into the material or absorbed as well as coated onto
the material [8]. A wide spectrum of antimicrobial agents are currently used or discussed for
use as biocide releasing materials, which can be classified regarding their chemical properties
and their origins in metals (silver, titan, copper), plant extracts (essential oils like thymol,
linalool), enzymes (lactoperoxidase, lactoferrin, lysozyme), bacteriocines (nisin, pediocin) and
organic acids (sorbic acid, benzoic acid) [4, 8, 129-131]. Indeed, the choice of agent is
dependent of the field of application. For example, plant extracts are particularly used in
packaging material, whereas mostly metals are used in food contact surfaces such as conveyers.

Contact-killing surfaces can be prepared by immobilization of antimicrobials on the surface [8,
132]. Thus, QACs, antimicrobial peptides, cationic polymers or enzymes were applied to
surfaces via functional groups on polymer and antimicrobial agent or via spacer in different
techniques like grafting or cross-linking [4, 8, 127, 128, 133, 134]. The other approach for
contact-killing surfaces is the use of inherently antimicrobial active materials. Cationic
polymers such as chitosan and poly-L-lysine exhibit antimicrobial and film-forming properties
[8, 122, 132, 135]

For the use as antimicrobial food contact surfaces numerous agents were developed, but just a
few like silver or titan have been introduced into the market. Most of mechanisms which were
discussed in literature, could not fulfill the extensive requirements for food contact surfaces.
Furthermore, the integration of antimicrobials in food contact surfaces has a lot of challenges.

1.2.2 Requirements on antimicrobial food contact surfaces and challenges in material
processing

Antimicrobial surfaces for food contact must fulfill different requirements which are partly

statutory and partly reasonably inferred from conditions in the application field.

In the European Union, different regulations on antimicrobial food contact materials exist. In
general, the material must comply with all regulatory requirements for materials intended to
come in contact with food which are regulated in Regulation (EC) No 1935/2004. This
regulation sets out the general principles of safety and inertness for all food contact materials.
These principles require that the release of material constituents into food is not at levels
harmful to human health. Furthermore, food composition, taste and odor must not be changed
in unacceptable ways due to the material. Moreover, this framework regulation provides special
rules for active and intelligent materials and powers to enact additional measures for specific
materials. Furthermore, principles of good manufacturing practices (Regulation (EC) No
2023/2006) and of hygienic design (i. a. Regulation (EC) No 852/2004, EC Directive
2006/42/EC) must be observed. According to that machinery intended for use with foodstuffs
must be designed and conducted in such a way as to avoid any risk of infection, sickness or
contagion. This regulation includes requirements on the construction and surface properties.
For example, food contact surfaces must be smooth, have neither ridges nor crevices and must
be easy to clean and disinfect. Regulation (EU) No 10/2011 (and corresponding amendments)
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stipulates rules on the composition of plastic food contact surfaces and establishes a Union List
of substances which are permitted for manufacturing plastic food contact materials. In
particular, migration limits are defined to ensure the safety of plastic materials. Requirements
on active materials, which include antimicrobial materials, are regulated in Regulation (EC) No
450/2009. Like for plastic materials a Union list of substances permitted for manufacturing
active materials is provided. More general, principles regarding the use of biocidal agents are
regulated in the Regulation on Biocidal products (EU) No. 528/2012. Active substances used
in biocidal material must be approved for the relevant product type and mentioned in the
positive list of the regulation.

Besides the legal aspects, requirements dealing with the antimicrobial activity of treated
materials in consideration of the conditions in the application field are also important. These
include:

- broad antimicrobial activity in adequate time,

- long-lasting antimicrobial activity,

- no resistance development of the microorganism against the biocidal agent,

- activity under relevant environmental conditions like temperature and humidity,

- effectiveness under different processing factors, like presence of food components and
acid or alkaline cleaning and sanitization. [4, 22, 76, 80, 120, 136, 137]

Per these multifactorial requirements, many aspects must be considered during the development
of antimicrobial active food contact surfaces regarding their intended use. During the
processing and preparation of fresh meat and down the chain to retailers, restaurants and
consumers, the conditions vary in the separate stages of the food industry, hence making various
demands on the material [4, 80]. As mentioned before, a variety of antimicrobial surfaces were
investigated, and good activity were proven in vitro. In tests under practical conditions however,
the effectiveness is often inhibited [4, 22, 76, 80, 138]. This is caused by the microorganism
and test conditions used in antimicrobial screening, which deviate from the practical conditions
during food processing and preparation.

For an effective implementation of antimicrobial agents in food contact surfaces the agents must
offer a broad spectrum of activity. The activity of many antimicrobial agents is differently
pronounced against gram-negative and gram-positive bacteria. For instance, silver, triclosan
and chitosan are more active against gram-negative than gram-positive bacteria, which limits
their use during food processing and preparation, because a variety of bacteria is present [76,
80, 136, 139, 140]. A further problem of many in vitro studies regarding antimicrobial activity
of new materials surfaces is the use of mono-species cultures as test solutions, while bacteria
occur in mixed-species in nature and often in the form of biofilms. Different tests show that
even if silver or triclosan-containing materials offer good activity against different bacteria in
mono-cultures, the ability to reduce biofilms do not exist [1, 141, 142]. Tabak et al. [142] also
showed a dependence of the activity of triclosan on the different growth phases of
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S. thypimurium. Altogether, this meant higher activity against log-phase cells compared to
stationary and biofilm-associated cells.

Not only the bacteria, but also several of the mentioned environmental and processing factors
are not considered in in vitro screenings. A major factor leading to a decrease or even inhibition
of antimicrobial activity is the presence of food or food components like proteins, fat or mineral
nutrients, which was proven for different materials [22, 76, 80, 112, 118, 140, 143-147]. The
food matrix can protect microorganisms from the biocidal agents, with proteins interacting with
and bind on the active groups of the antimicrobial surfaces, thus inactivating them; and
furthermore, the presence of nutrients can stabilize bacterial membranes and facilitate bacterial
growth [112, 138, 144-146].

One environmental factor influencing the antimicrobial activity is the temperature. Hence, a
decrease in temperature leads to a decrease in activity, which was shown especially for releasing
systems with silver or copper components [56, 136, 145, 146, 148-150]. This is due to the
slower release of the biocidal agents out of the material. The effectiveness of the inherently
antimicrobial active chitosan also showed a dependence on temperature, which was shown in a
study by Chang et al. [151]. This can be explained by comparatively weak interactions between
antimicrobial surfaces and microorganisms due to changes in bacterial surface characteristics.
Prolonging the contact time can compensate for the effect of reduced temperature [136]. Further
factors proven to influence the antimicrobial activity of different materials are the pH-value and
the humidity. For humidity, it was shown that the activity of copper and silver releasing systems
was higher at higher relative humidity [147, 150]. The activity of chitosan increased with
decreased pH-value, contrarily the activity of tertiary amines bonded to polystyrene fiber was
inhibited by lowering the pH [140, 143, 151].

Even if an antimicrobial agent is active under conditions relevant for the intended application
field, the implementation as a food contact material is still a challenge; the active components
must be incorporated into approved food contact materials in a way that facilitates an effective
antimicrobial activity over a long time-period, meanwhile, the material properties must not be
affected and processability and machinability must be assured.

For releasing materials, it is necessary that the antimicrobial agents are incorporated into food
contact materials in a way that they are released at constant rates. However, the ability of
antimicrobial agents to be incorporated into or to be homogeneously distributed in common
polymers used as food contact materials varies, and the release of agent could be inhibited due
to incorporation in other materials [8, 129]. For example, the antimicrobial properties of silver
treated materials is dependent on the matrix polymer [152, 153]. A fast or inconsistent release
of biocides leads to loss of antimicrobial effect. In general, a major drawback of releasing
systems is the terminated antimicrobial activity, because the amount of antimicrobial agent in
the material is limited [76, 80, 99, 124, 127, 132, 134, 141]. Additionally, users of those
antimicrobial material cannot distinguish if the material is still active, which may give a false
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impression of protection [80]. In addition, the carryover of biocides into the environment
supports the building of biocide-resistance in microbial strains [99, 127].

For contact-active materials, the direct contact of a bacterium and a food contact surface must
be given. Therefore, the accumulation of active groups on the interface must be achieved via
adjustment of material processing. Due to no release of the active groups, the long-term stability
of contact-active materials is more promising than for biocide releasing material. However,
chemical rearrangement of the material or abrasion of active components on the material
surface could lead to a loss of antimicrobial activity [4, 80, 134].

A further challenge is that the antimicrobial treatment of materials affects the general physical
and mechanical properties as well as the processability or machinability of a material [22, 129,
154, 155]. For example, silver-zinc zeolites decreased the flexural as well as impact strength of
acrylic resins [156]. At the same time, processing parameters like temperature, pressure or shear
forces can affect the activity of antimicrobial agents. Thus, enzymes cannot be used in polymer
film processing via extrusion due to the high temperature [4, 22, 80, 122, 129, 132].

An approach to maintaining the physical properties of the base material as well as the
antimicrobial properties of the antimicrobial agent is to coat commonly used materials with the
antimicrobial material [76, 80, 132]. Due to these advantages and the lower cost in comparison
to using bulk antimicrobial material, coatings are the favored method for antimicrobial
treatment of a surface [22, 76]. In general, the economic aspect is not to be underestimated.
Platinum and gold, which show significant promise as bactericidal agents, are prohibitively
expensive to be used on industrial scale [132].

1.2.3 Sustainable Active Microbiocidal (SAM)-Polymers® as contact-active
antimicrobial polymers

As described for the successful implication of antimicrobial materials as food contact materials,

antimicrobial surfaces must fulfill several requirements. SAM-Polymers® belong to

intrinsically contact-active antimicrobial materials and offer a great potential for

implementation due to their antimicrobial mechanism and processing abilities.

The first SAM-Polymer® poly(tert-butyl-amino-ethyl)-methacrylate (poly(TBAEMA)) was
introduced into the market by the Creavis Technologies and Innovation of the Degussa (Marl,
Germany) in 2001 [157]. Figure 1.4 shows the chemical structure of the polymer with the
carbon-based backbone that bears a high density of amino functionalized side chains [133].

The antimicrobial action of poly(TBAEMA) is not fully understood, but 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. The main difference to
other antimicrobial polymers is that the constituent monomers do not exhibit any biocidal
activity; the antimicrobial activity is attributed only to the final polymer itself [133, 158, 159].
Hewitt et al. [160] clarify that physical interactions, chemical reactions or a combination of
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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 [160, 161]. Lenoir et al.
[161] 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 [158]. 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. This
mechanism of action leads to a good antimicrobial activity against a wide range of
microorganism, while exhibiting only a low toxicity in mammals [133, 158, 160-164]. In
addition, the non-specific mechanism of action offers little risk of the development of resistant
microorganisms [162]. This fact and the contact-activity with no transfer into the environment
and thus no loss of activity promises a long-lasting antimicrobial effect of the material [133,
161]. Furthermore, no contamination of food can be expected. All these facts fulfill the
requirements for a successful and sustainable application of antimicrobial surfaces as food
contact material.

Also, the processability of poly(TBAEMA) allows for use as a food contact material.
Poly(TBAEMA) can be prepared from commercially available materials, has film-building
properties and can be manufactured in thermoplastic processes. Thus, it is feasible to compound
poly(TBAEMA) with other polymeric materials, offering the possibility to manufacture a broad
range of polymeric materials with antimicrobial surfaces [159, 162-164]. However, the
mechanical properties of the material deteriorated if it was compounded with poly(TBAEMA).
In general, a major drawback of poly(TBAEMA) is the low glass transition temperature (TG)
of 40 °C which limits the application, as the surface become sticky at elevated temperatures, as
well as the high water uptake and a tendency for hydrolysis [157].

5 )
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Figure 1.4 Structure of the SAM-Polymers® poly-[2-(tert-butylamino) ethyl methacrylate]
(poly(TBAEMA) (right) and poly-[2-(tert-butylamino) methylstyrene] (poly(TBAMS) (left) (mod.
[157])

A new monomer 2-(tert-butylamino) methylstyrene (TBAMS) (Figure 1.4), which can be
polymerized to the corresponding intrinsically antimicrobial active polymer poly(TBAMS),
was developed by Brodkorb et al. [157]. Just like poly(TBAEMA), this polymer can be
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prepared from commercially available monomers and form transparent, colorless and uniform
polymeric films, but the basic material characteristics are enhanced compared to
poly(TBAEMA). Thus, the TG of poly(TBAMS) is about 68 °C and can be further increased
by copolymerization. In addition, the water uptake is low, and the heat resistance is reasonable
[165].

Regarding these improved properties in comparison to poly(TBAEMA), surfaces based on the
new monomer TBAMS show a great potential for use as food contact materials. A good
antimicrobial activity of poly(TBAMS) was shown against E. coli and S. aureus at 35°C [157],
but until now there are no results regarding the antimicrobial activity and long-term stability
under conditions prevalent during meat processing and preparation. Furthermore, no data about
the reduction of cross-contamination and biofilm formation are available.
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1.3 Research questions and outline of the thesis

The main objective of this thesis is the investigation of the potential of intrinsically
antimicrobial active polymers to improve the hygienic conditions during processing and
preparation of fresh meat. For this purpose, the following research questions are proposed:

- Are different kinds of poly(TBAMS)-containing surfaces able to reduce the microbial
count of single and mixed species of spoilage and pathogenic bacteria present on meat
processing and preparation equipment? (chapter 2, 3, 4)

- How is the antimicrobial activity of poly(TBAMS) influenced by conditions typical
during the processing and preparation of fresh meat? (chapter 3, 4)

- Are different environmental conditions effecting the long-term activity of
poly(TBAMS)-containing surfaces? (chapter 3)

- Are surfaces containing poly(TBAMS) able to improve hygienic conditions through
the reduction of biofilms and cross-contamination during the processing and
preparation of fresh meat? (chapter 4, 5)

In the first part of this thesis (chapter 2), the antimicrobial activity of poly(TBAMS) as a
homopolymer and copolymer with acrylonitrile [1:1] is screened against various pathogenic
and spoilage bacteria prevalent in meat processing facilities. Activity against pure and mixed
cultures as well as moderate and high initial bacteria counts are analyzed.

In chapter 3, the activity under conditions typical during the processing and preparation of meat
and the long-term antimicrobial activity of poly(TBAMS)-containing films is investigated.
Therefore, the test method is modified concerning the contact time between microorganisms
and surfaces as well as environmental and processing conditions, represented as temperature,
pH-value, air humidity and presence of food components. The long-term effectiveness of three
different poly(TBAMS)-materials is tested by storing the materials under adverse conditions
and monitoring the activity over a period of three years. The trend of activity is modelled to
predict the long-term stability.

In the next part (chapter 4), the antimicrobial activity of poly(TBAMS) incorporated in LLDPE
is determined against relevant pathogens. The activity is compared between antimicrobial
screenings of poly(TBAEMA)-containing LLDPE and a commercially available PP-cutting
board with Microban®. In three different scenarios typical during the preparation of meals in
domestic kitchens, the effect of a cutting board with poly(TBAMS) in comparison with
untreated LLDPE material on the transfer of pathogens between the cutting boards and food is
investigated.

In the last chapter (5), the formation of mono and multi-species biofilms on polymers with and
without poly(TBAMS) is studied. Biofilm cells adhering to the materials are determined and
compared. The effect of poly(TBAMS) treatment of LLDPE on the hygienic status of food
contact surfaces is evaluated.
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In the last chapter of this thesis, the potential of intrinsically antimicrobial active materials to
improve the hygienic conditions during the processing and preparation of fresh meat is assessed.
Therefore, the results of the antimicrobial screenings are compared with the requirements on
antimicrobial food contact materials. Furthermore, the effect on hygienic conditions is
evaluated. In this regard, the results of biofilm formation and cross-contamination are surveyed.
In a last step, potential improvement of the poly(TBAMS)-containing material is suggested.
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2 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

2.1 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 logio 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 h at 35 °C. L. monocytogenes, E. coli and S. aureus were
reduced to the detection limit (>4.2 logio-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.

PUBLISHED IN THE JOURNAL OF ANTIMICROBIAL AGENTS SEE LIST OF PUBLICATIONS (BRAUN ET
AL. 2016)
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2.2 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)-
methacrylate (poly(TBAEMA)) is the most comprehensively 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 Thélmann et al.
[22], poly(TBAEMA) is insoluble in water, possesses a glass transition temperature T of about

25



Antimicrobial activity of poly(TBAMS)

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 intrinsically
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
T 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.

2.3 Materials and Methods

2.3.1 Antimicrobial test material

Two polymer, the homopolymer poly(TBAMS) and the copolymer poly(TBAMS:acrylonitrile)
[1:1], were investigated. Figure 2.1 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 h, resulting in colourless and
transparent polymer films. For activity tests of the copolymer, a polyethylene film (40 pm,
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.
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Figure 2.1 Chemical structure of poly(TBAMS) (left) and poly(TBAMS:acrylonitrile) (right) consisting
of a mixture of meta- and para-isomers.

2.3.2 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 821e (Mettler Toledo, Greifensee, Swiss) system.

2.3.3 Bacterial strains

To test the antimicrobial activity nine typical pathogenic and spoilage microorganisms were
chosen as test organisms (Table 2.1). For both categories, at least one gram-negative as well as
one gram-positive representative bacterium was tested.

2.3.4 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, 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 g1 (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, P. 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 logio cfu mlI™. These solutions were used as inocula in the test trials.
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Table 2.1 Summary of tested bacteria, cultivating temperature, and used selective media in mixed
cultures.

Bacteria Strain Cultivating Selective medium
temperature
Brochothrix thermosphacta ATCC  25°C  Streptomycin inosit toluylene red agar
20171 (SIN agar) referring to the method of

Hechelmann [32] (Sheep Blood Agar
Base, Oxoid, Cambridge, United

Kingdom)
Listeria monocytogenes ATCC  37°C  Listeria agar according to Ottaviani and
19111 Agosti (ALOA, Oxoid, Cambridge,
United Kingdom)
Staphylococcus aureus ATCC  37°C  Baird Parker agar (Oxoid, Cambridge,
6538 United Kingdom)
Escherichia coli ATCC  37°C  Violet red bile dextrose agar (VRBD,
8739 Merck, Darmstadt, Germany)
Pseudomonas aeruginosa ATCC  30°C  Pseudomonas agar with cetrimide sodium
15442 nalidixate (CN) selective supplement
(Oxoid, Cambridge, United Kingdom)
Pseudomonas fluorescens ATCC  25°C  Pseudomonas agar with cetrimide fucidin
13525 cephaloridine (CFC) selective supplement
Pseudomonas putida ATCC  25°C  Pseudomonas agar with cetrimide sodium
12633 nalidixate (CN) selective supplement
Salmonella enterica subsp. enterica DSM 37°C *
serovar Enteritidis 9:g,m:- 14221

Salmonella enterica subsp. enterica ATCC 37°C *
serovar Typhimurium 14028

*Not tested in mixed culture

2.3.5 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 (logio-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 (40x40 mm?) covered
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the inocula loosely. Three references were washed out immediately after inoculation (t=0 h) 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 h. Data loggers
(Testo 174H, Testo AG, Lenzkirchen, Germany) monitored the temperature and humidity in
five-minute intervals. Afterwards (t=2 h), 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 h at the appropriate cultivating temperature of the bacteria (table 1). 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 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 logio cfu mIt for pour plate technique
and 2.0 logio cfu ml for drop plate technique.

2.3.6 Analysis

Reduction or growth on material after 2 h incubation was calculated by subtracting the
logarithmic average value of bacterial concentration on reference material immediately after
inoculation (Nt=0) from the average value of bacterial concentration on the reference (Ref) and
sample (SAM) material after 2 h incubation (Nt=2) (Eq. 2.1)

f(NRef, t=0 Ne=2) = loglO(NRef, t=0) —10810(N¢=2). (2.1)

Standard errors (df) were calculated following the Gaussian propagation of uncertainty (Eq.
2.2)

1 2 -1 2
af = (NRef'tzox mi0 dNt:O) + ( N XIn 10 x dNt:Z) (22)

where Nrett=0= 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 h incubation, In= natural logarithm base e.

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 (Eq. 2.3):
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log,,-reduction = log, (NRef't=2 /NSAM,tzz) (2.3)

with Nref, :=2= average of bacterial concentration on reference material, and Nsawm, t=2= average
of bacterial concentration on sample material both after 2 h incubation.

According to the JIS Z 2801:2000 a material can be characterized as antimicrobial if the
calculated logio-reduction is > 2.0 after 24 h 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, USA).

2.4 Results and Discussion

Both polymer films were characterized by FTIR and the spectra are depicted in figure 2.2. 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 -CHz and -CH_ groups.
The tertiary butyl group belongs to 1360 cm™ and 1386 cm™. Both wave numbers 1089 cm™ as
well as 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®. 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.

30



Antimicrobial activity of poly(TBAMYS)

3310,16cm-1

3017,69cm-1

2866 74cm-1

295 74cm-1 -1, 793,13cm-1

%T

804

2961,72cm-1
75

704

704,62am-1

4000 3500 3000 2500 2000 1500 1000 450
cm-1

3318.67om-1

3024,09cm-1 2238,16cm-1

2864 5¢cm-1 1710.30em-1
= p$7.56cm-1
2926 93cm-1

80

%T

2962,71cm-1

75 4 N \

\
1219,65cm-1 \
1361,55cm-1 707,00cm-1

704

657

60 . - ; . -
4000 35‘00 3000 2500 2000 1500 1000 450
cm-1

Figure 2.2 FTIR-ATR spectrum of the homopolymer poly(TBAMS) (a) and of the copolymer
poly(TBAMS:acrylonitrile) (b).

The copolymerization increased the T¢ from 68 °C for the homopolymer, to 103 °C for the
copolymer (Figure 2.3). 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 Tg and lower water uptake) than the homopolymer, but copolymerization can possibly
influence the antimicrobial activity. Thus, both materials were screened for antimicrobial
activity.
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Figure 2.3 DSC analysis of poly(TBAMS) (a) and poly(TBAMS:acrylonitrile) (b).

The antimicrobial tests revealed good antimicrobial properties against various bacteria relevant
in meat processing facilities for both tested intrinsically antimicrobial polymers based on
poly((tert-butyl-amino)-methyl-styrene). Figure 2.4a shows the reduction of bacterial count
observed on the reference material and the homopolymer poly(TBAMS) after 2 h 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 logio
cfu mIt down to the detection limit (1.0 logio cfu mI™t) on all samples (n= 12). 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 logio-reduction of 5.6 logio-steps. The bacterial
counts of gram-positive L. monocytogenes, S. aureus and gram-negative P. aeruginosa were
reduced to detection limit. The logio-reductions of the tested bacteria vary among 2.4 and 5.6
logio-steps, which classify the material as antimicrobial according to the JIS already after 2 h
at 35 °C. The gram-negative bacteria S. enterica (Serovar Enteritidis) was the less sensitive
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bacteria, however, the bacterial count on poly(TBAMS) was reduced 2.4 logio-steps in
comparison to reference material.
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Figure 2.4 Reduction [logio cfu ml?] of bacteria after 2 h 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
logio cfu ml2, b: 4.8- 5.7 logio cfu ml). The delta values are the differences between the surface counts
on reference material and on sample material after incubation (logie-reduction). Asterisks indicate
significant differences (** p<0.005, * p<0.05) between sample and reference material (n>3).

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 logio 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
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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 (logio-reduction: 1.2). For remaining bacteria, high logio-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. coli and S. 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).
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Other authors also proved good antimicrobial properties of SAM-Polymers® against gram-
positive (S. 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]. 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 5.5h, 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 mlI™. At higher initial counts
(6.6-8.9 logio cfu mIt) however, a trend of higher reduction of gram-positive bacteria than
gram-negative bacteria became visible.
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Figure 2.5 Reduction [logio 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 h. The values are changes from initial concentration (6.6-8.9 logio cfu ml?). The delta values are the
differences between the surface counts on reference material and on poly(TBAMS) after incubation
(logio-reduction). Asterisks indicate significant differences (** p< 0.005) between poly(TBAMS) and
reference material.

Figure 2.5 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 logio cfu mI™. The three tested gram-positive
bacteria were reduced down to the detection limit. Very high logioe-reductions (7.0 and 6.7 log1o
cfu mI) were identified for the gram-negative bacteria P. aeruginosa and P. putida also. These
results are comparable with the results of moderate initial counts, but, for the remaining tested
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gram-negative bacteria, the antimicrobial activity was decreased. Particularly noticeable is the
low reduction of E. coli (2.6 logio cfu mIY), which was reduced in higher values during 2 h 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 P.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 more negative than for tested gram-
negative bacteria (P. 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, Kurinci¢ et al. [41]
showed a 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].
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Figure 2.6 Reduction [logio cfuml?'] 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 h. 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 (logio-reduction)

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 2.6a). 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 logio-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 P. fluorescens protects cohabitating

pathogens against the antimicrobial action of poly(TBAMS)-containing films. Analogous to
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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 hat 35 °C and P. fluorescens
represents the remaining TVC (Figure 2.6b). 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.

2.5 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-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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3 Long-term antimicrobial activity of poly(TBAMS)-containing
films and activity under conditions typical during the processing
and preparation of meat

3.1 Abstract

For the effective implementation of antimicrobial food contact materials, the materials must be
active over a long period of use and under conditions typical for food processing and
preparation. Thus, the aim of this study was to investigate the long term activity of the
homopolymer poly(TBAMS) and two copolymers (poly(TBAMS:acrylonitrile) [1:1],
poly(TBAMS:4-vinylpyridine) [1:1]) as well as the activity under conditions typical during the
processing and preparation of food. To test the long-term activity, the samples were stored three
years under different temperature and humidity conditions and activity was investigated in
defined time intervals according to the test method JIS Z 2801:2000. The activity against
several microorganisms under typical processing and preparation conditions were investigated
under the influence of food components and at different pH-values, temperatures and contact
times. Therefore, the JIS Z 2801:2000 was adapted. The materials showed antimicrobial
stability (logio-reduction: 1.9-5.6 logio cfu ml, p<0.005) over three years under all storage
conditions. Linear modelling of the relative logio-reduction over the period of 3 years showed
that, for the homopolymer poly(TBAMS)-film, a decrease of maximal 0.5 % a-1 could be
expected (97.5 % quartile). The practical conditions tests generally showed an influence on the
antimicrobial activity by temperature, air humidity, pH-value, high initial counts or the presence
of food ingredients. The materials exhibit a strong antimicrobial profile against
L. monocytogenes, P. fluorescens, S. aureus and S. enterica. However, the general influence of
the factors is different between the different strains of bacteria. The activity against the
pathogenic gram-positive bacteria L. monocytogenes and S. aureus is less effected than against
the tested gram-negative bacteria. The results confirm the potential of poly(TBAMS)-
containing materials to act as antimicrobial food contact surfaces during food processing and
preparation. The long-term stability and the antimicrobial action profile, in consideration of
relevant practical conditions, represent a potential of poly(TBAMS) as food contact materials
used for meat processing and preparation.
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3.2 Introduction

Microbial contamination of food is a public health problem. Due to improper handling and
cross-contamination during the production, processing and preparation of food, pathogens and
spoilage microorganisms can spread into the environment and to different surfaces, leading to
a decrease of product quality and safety [1-5]. Common sources of cross-contamination are the
food contact surfaces of equipment, e.g. conveyer belts or cutting boards, which is used during
processing and preparation [2, 3, 6].

The integration of antimicrobial surfaces in food contact surfaces is one possibility to improve
hygiene by reduction of microbial counts or biofilms and therefore cross-contamination [7-9].
This leads to beneficial effects on food safety and quality and prevents the material itself against
biodegrading [8, 9]. During recent years, many different antimicrobial active materials have
been established. In general, there are two different principles of active materials: biocide
releasing and contact-killing [10]. In the first systems, antimicrobial agents are integrated in the
material or parts of the material and the active substances are released into the environment.
For example, different metals (e.g. copper, silver), organic acids (e.g. benzoic, lactic),
bacteriocins (e.g. nisin, magainin), essential oils (e.g. linalool, thymol) are used [8, 9, 11, 12].
The principle of contact Killing surfaces means that the material itself has antimicrobial
properties (e.g. cationic polymers such as chitosan) or antimicrobial agents are immobilized on
the surface (e.g. QACs, N-halamine) [8, 9, 13]. Hence, food contact surfaces can feature
antimicrobial activity either if the bulk material is intrinsic antimicrobial or antimicrobial agents
are incorporated in the bulk material. An alternative concept is to coat typical bulk material for
food contact surfaces with an antimicrobial coating.

The results of the previous chapters show a very good antimicrobial activity of poly(TBAMS)-
containing films against a broad spectrum of bacteria in mono as well as mixed cultures under
standard test conditions. This offers the potential of these films as antimicrobial material during
the production and processing of meat. For the application of an antimicrobial surface however,
it is also important to investigate if the material has a long-term benefit on the surface hygiene
and to examine the activity under relevant processing and preparation conditions like
temperature, humidity and the presence of food. These factors can vary in the different stages
of processing and preparation. For example, temperature conditions range between cold
temperature in industry and ambient conditions during domestic use. Furthermore, it must be
taken in account that the materials are exposed to extreme conditions routinely over prolonged
periods. Further on, the cleaning and disinfection agents used in industrial sanitation processes
produce extreme pH-values and air humidity during this process is very high [9].

All the mentioned factors can have an influence on the activity of antimicrobial surfaces [7,
14]. The correlation between decreased activity and decreased temperature is well documented
for different antimicrobial agents: silver [15], chitosan [16, 17], copper [1, 18], triclosan [19].
For silver a considerable increased reduction of S. aureus was indicated at lower humidity level
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(20-35 % rH) in comparison to higher rates of 70 or 93 % rH [20, 21]. In addition to mentioned
factors, the presence of food and their respective ingredients often limit the effect of
antimicrobial surfaces. The good antimicrobial effect of a silver treated conveyer was
neutralized in the presence of a 10 % suspension of food debris, especially of meat and fish
[22]. Proteins especially affect the activity of antimicrobials such as silver due to the interaction
of amino acids with the functional groups of the biocidal agents [21, 23-27]. Other studies have
also shown that, due to a stabilization of bacterial membranes in presence of mineral nutrients
(divalent cations of calcium or magnesium), the effect of antimicrobial active cationic polymers
was decreased [28, 29].

Another requirement which must be fulfilled by active materials is the long-term antimicrobial
activity under harsh conditions [7, 9]. The mechanism of releasing systems implies that the
activity of such materials is time-limited, because the antimicrobial agents are released, partially
uncontrolled, into the environment and the agents are no more available in the surface [9, 30].
Mgretrg [26] showed, that triclosan-containing cutting boards have a reduced antimicrobial
activity after repeated washing. Furthermore, the release into environment is conducive to the
development of bacterial resistance which additionally limits the long-term activity. Another
problem is that the time where the material is no longer active is vague. Hence the user cannot
distinguish if the material is still active or not which may give a false impression of hygiene
[26].

In this context contact active materials might be a more promising technology [8], because the
function of such kinds of material is not based on a migrating effect. An example of such kind
of material are SAM-Polymers® (Thélmann 2003). Antimicrobial activity of the SAM-
Polymer® poly(2-tert-butylaminoethyl) methacrylate (poly(TBAEMA)) was observed against
a broad spectrum of microorganisms [31]. The newer agent of this material class is poly((tert.-
butyl-amino)-methyl-styrene) (poly(TBAMS) [32, 33] which showed excellent antimicrobial
activity [33-35]. Up to now however, there are no results about the long-term stability and
activity under the practical conditions of processing and preparation in the meat industry as well
as in homes.

The aim of this study was to investigate the long term antimicrobial activity of the
homopolymer poly(TBAMS) and two copolymers (poly(TBAMS:acrylonitrile) [1:1],
poly(TBAMS:4-vinylpyridine) [1:1]) as well as the activity under conditions typical during the
processing and preparation of food.

3.3 Materials and Methods

The general antimicrobial activity of different polymer surfaces based on poly((tert.-butyl-
amino)-methyl-styrene) (poly(TBAMS)) was tested on the basis of the Japanese Test Standard
JIS Z 2801: 2000. The antibacterial effectiveness was determined by the value of antibacterial
activity, which is defined as the difference of the logarithm of the bacterial count on untreated
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materials (reference) and treated materials (sample) after inoculation with microorganisms and
incubation under defined conditions.

In the first part of the study, the long-term activity was investigated. Therefore, three different
films were stored under different temperature and humidity conditions up to three years and the
antimicrobial activity was tested in intervals of 6 and 12 months respectively. The activity was
investigated against S. aureus and E. coli.

In the second part of the study the effect of conditions typical during food processing and
preparation on the activity of poly(TBAMS)-containing films was tested. For this, the standard
test method JIS Z2801:2000 was adjusted in the following way: next to S. aureus and E. coli,
mentioned in the standard, the activity of the material against further meat associated bacteria
(Listeria monocytogenes, Salmonella enterica and Pseudomonas fluorescens) was analyzed.
The activity tests against the different bacteria were conducted under refrigerated and ambient
temperature conditions and activity was measured after different time intervals. Furthermore,
the effect of extreme air humidity and pH-values was investigated. The influence of food
ingredients was tested in additional experiments.

3.3.1 Antibacterial test material

In this study, different polymer samples based on poly(TBAMS) were tested for their
antimicrobial activity: the homopolymer poly(TBAMS) and the two copolymers
poly(TBAMS:acrylonitrile) [1:1], poly(TBAMS:4-vinylpyridine) [1:1]. The used copolymers
possess generally better material properties, like higher glass transition temperatures (Tg) and
a lower water uptake. The Tg of the homopolymer is about 68°C, of
poly(TBAMS:acrylonitrile) [1:1] is about 80 °C and of poly(TBAMS:4-vinylpyridine) [1:1]
about 136 °C. However, the amounts of antimicrobial active groups of the copolymers are lower
than for the homopolymer, which can potentially lead to reduced activity. The polymers were
tested as colorless and transparent films in petri dishes (diameter 94 mm, polystyrene, VWR,
Germany) or as a coating on a PE-layer, which was cut in circular pieces (about 98 mm) and
put inside petri dishes. As reference material, clear petri dishes without vents or uncoated PE-
layer were used.

3.3.2 Bacterial strains

The following test organism, which are associated with meat, were chosen: Listeria
monocytogenes (ATCC 19111), Staphylococcus aureus subsp. aureus (ATCC 6538),
Escherichia coli (ATCC 8739), Pseudomonas fluorescens (ATCC 13525), and Salmonella
enterica subsp. enterica serovar Typhimurium (ATCC 14028).

All bacteria strains were stored at -18 °C in a CRYOBANKTM system (Mast, Reinfeld,
Germany). The inoculum was prepared by transferring a frozen culture to 10 ml nutrient broth
(Merck KGaA, Darmstadt, Germany). Afterwards the broth was incubated overnight at
cultivating temperatures (P. fluorescens 25 °C, all others at 37 °C). At the beginning of each
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trial the overnight culture was diluted in physiological saline solution with tryptone (1 g I%)
(Oxoid, Hampshire, UK).

3.3.3 Test performance

The antimicrobial activity of the films was tested based on JIS Z 2801: 2000 which is described
in Braun et al. [35]. For each test, a minimum of three samples and six references were used.
Samples and references were inoculated with 0.4 ml of the prepared bacteria solution
(composition is dependent on experimental series). To prevent evaporation and to standardize
the contact area, sterile PE films (40x40 mm?) covered the inoculum loosely. Three references
were washed immediately after inoculation (t=0 h) with 10 ml soybean-casein digest broth with
lecithin polysorbate (Roth, Karlsruhe, Germany) via pipette to determine the initial
concentration. The sample surfaces and the remaining references were incubated (Sanyo model
MIR 153, Sanyo Electric Co., Ora-Gun, Gumma, Japan) at defined conditions depending on
the experimental series (mentioned below). Data loggers (Testo 174H, Testo AG, Lenzkirchen,
Germany) monitored the temperature and humidity at five-minute intervals.

After incubation they were washed in an equivalent manner. Viable counts were determined by
counting the colonies on plate count agar (Roth, Karlsruhe, Germany) using drop plate
technique and pour plate technique for the lowest dilutions. Agar plates were incubated for 24 h
(drop plate technique) or 48 h (pour plate technique) using the respective temperature optima
of each bacteria: 37 °C (S. aureus, L.monocytogenes, E.coli, S.enterica), or 25°C
(P. fluorescens). Detection limits were determinate at 1.0 logio cfu mI™ for pour plate technique
and 2.0 logio cfu ml for drop plate technique.

Test to analyze the antimicrobial long-term stability

To determine the effect of long-term storage on the antimicrobial properties of poly(TBAMS),
poly(TBAMS:acrylonitrile) [1:1] and poly(TBAMS:4-vinylpyridine) [1:1], the prepared
sample petri dishes were stored under three conditions (Table 3.1) over a period of up to 36
month. The conditions used are typical in food industries of perishable food products and in
domestic households. Antimicrobial activity tests with E. coli and S. aureus were performed
after 0, 6, 12, 18, 24, 30 and 36 months of storage at cold (5°C) as well as ambient temperature
(office cupboard) and after 0, 12, 24 and 36 months of storage at freezing conditions (-20 °C).
The temperature and humidity during storage was monitored by data loggers (Testo 174H,
Testo AG, Lenzkirchen, Germanyl at two-hour intervals.

Table 3.1 Survey of long-term storage conditions.

. temperature £ SD  relative air humidity £ SD
storage condition

[°C] [% RH]
freezing temperature -20.7+19 61.4+7.5
cold temperature 48+13 56.7 £ 3.7
ambient temperature 22.0+1.6 43.9+7.6
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At each of the mentioned time intervals, samples were analyzed according to described test
performance. At the beginning of each trial, the overnight culture was diluted in physiological
saline solution with tryptone (1 gl?) (Oxoid, Hampshire, United Kingdom) to a final
concentration of 10° cfu mlI™. The contact conditions during antimicrobial tests were 35 °C and
2 h.

Test to analyze the antimicrobial activity during processing and preparation of food

The test performance to analyze the antimicrobial activity during the processing and preparation
of food was adjusted regarding the inocula (media, pH-value, bacterial concentration) and/or
the environmental conditions (temperature, air humidity, contact time) during contact of
material with bacteria.

To investigate the influence of temperature, contact time and air humidity, a bacteria solution
with a concentration of 10° c¢fu mI™ in sodium chloride with tryptone was used as inoculum. To
test the influence of storage temperature and the effect of different contact times on the activity
of the homopolymer and the copolymer poly(TBAMS:acrylonitrile), the experiments were
conducted with various contact times (1 h, 2 h, 6h ,24 h) over a temperature spectrum (4 °C,
7 °C, 20 °C, 35 °C). The effect of air humidity was investigated in two relative air humidity
scenarios (high humidity: 98.3 + 1.3 % rH, low humidity: 23.1 £ 4.3 % rH) at 7 °C with a
contact time of 24 h. Air humidity was adjusted by placing a bowl with water (high humidity)
or silica gel (low humidity) next to the homopolymer-samples.

The effect of a range of different pH-values (5-9) typical for cleaning and disinfection solutions
was investigated (contact conditions: 35 °C, 2 h). For this test series Sorenson's buffer were
inoculated with bacteria and used as test inocula.

The effect of food ingredients was tested in two sections. In the first section the influence of
different mineral nutrients on the activity of the copolymer poly(TBAMS):acrylnonitrile [1:1]
as a coating on PE-layer was investigated. These tests were conducted to check if the findings
of Lenoir [29] and [28], which observe an effect of calcium and magnesium ions on the
antimicrobial activity of poly(TBAEMA) and poly(N,N-dimethylaminomethylstyrene), also
apply to poly(TBAMS). The authors trace this influence back to a membrane stabilization by
the divalent cations and, consequently, an interference of the presumed antimicrobial action
mode. The inocula of S. aureus and E. coli in sodium chloride with tryptone (10° cfu ml) were
added with stock solutions of calcium chloride dihydrate or magnesium chloride hexahydrate
(CaCl>*2 H20, MgCl>*6 H20, Carl Roth, Karlsruhe, Germany) to an end concentration of 4-
40 mmol It of the divalent mineral ions.

In the food industry, the food contact surfaces are often contaminated with high counts of
bacteria and food ingredients are present. Thus, in the second section, the homopolymer was
inoculated with high initial bacterial counts (9.0 * 0.5 logio cfu mI2) in a nutrient rich media.
Media nutrient broth was used, which is a good standard media to simulate many food

47



Antimicrobial stability and activity of poly(TBAMS) under real conditions

components, especially in the context of meat due to its composition (5 g I'* peptone from meat
and 3 g It meat extract). In both experimental sections, 35 °C for 2 h was used as contact
conditions.

3.3.4 Analysis

The reduction on the sample material after incubation was calculated by subtracting the
logarithmic average value of bacterial concentration on the reference material immediately after
inoculation (Nt=0) from the average value of bacterial concentration on the sample material after
x h incubation (Ni=x) (Eq. 3.1)

f(NRef,t=0'Nt=x) = loglO(NRef,t=O) —logyo(Ne=y). (3.1)

Standard errors (dfrc) were calculated following the Gaussian propagation of uncertainty
(Eq. 3.2)

2 2
1 -1

dfre = \/ (NRefFoxln 0% dNt:O) + (Nt=xxln 0% dNt:Z) (32)
where Nref, =o=average of bacterial concentration on reference material immediately after
inoculation; d=standard error, and Ni=x=average of bacterial concentration on reference
respectively sample material after x h incubation, In= natural logarithm base e.

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 (Eqg. 3.3):

log;o — reduction = log;o(Ngreft=x/Nsam,t=x) (3.3)

with Nref, :=x= average of bacterial concentration on reference material, and Nsawm, =x= average
of bacterial concentration on sample material both after x h incubation.

According to the JIS Z 2801:2000 a material can be characterized as antimicrobial if the
calculated logio-reduction is > 2.0 after 24 h at 35 °C.

Statistical significance (n>3) in reduction-levels between reference and sample material was
tested using Mann-Whitney U test in SPSS 22 (IBM®SPSS®Statictics). Significance was
defined as p<0.05 and highly significant as p<0.005.

Trends relating to changes in antimicrobial activity due to long-term storage were identified by
linear regression of relative logio-reductions (Eq. 3.4).

rel.log,o — reduction = log;, — reduction/log;o(Nreft=2n/Nmin) (3.4)

with Nret, t=2= average of bacterial concentration on reference material, and Nsawm, =x= average
of bacterial concentration on sample material both after 2 h incubation, Nmin= bacterial count at
detection limit.
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In case of a reduction to the detection limit, the relative logio-reduction becomes 1. This
definition is used to adjust the logio-reduction value of fluctuations in the count on the
references, which could influence the assessment of the long-term stability of poly(TBAMS)-
containing material. Based on the linear regressions of the relative logio-reductions, the 97.5 %-
quartile for the slopes of the regressions were estimated. The value of the 97.5 % quantile
determines the upper bound of the slope, which will not be exceeded with a probability of
97.5 %.

Figures and linear fits were generated with the statistical software program Origin 8.0G
(OriginLab Corporation, Northampton, MA).

3.4 Results

3.4.1 Effect of long-term-storage under various environmental conditions on
antimicrobial activity

Figures 3.1-3.3 show the relative logio-reduction against S. aureus and E. coli of poly(TBAMYS)
films, poly(TBAMS:acrylonitrile) [1:1] films and poly(TBAMS:4-vinylopyridin) [1:1] films
over a period up to 36 month. The results of linear regression are summarized in table 3.2. All
films show good antimicrobial activity against both bacteria over the total investigation period
with logio-reductions of 1.9-5.6 logio cfu mI™. However, the long-term stability of the materials
is dependent on the storage condition and the material. In summary, storage at freezing
temperature conditions had the lowest and storage at ambient temperature conditions had the
highest influence on the antimicrobial activity. Deterioration of activity was only measured for
the copolymer with acrylonitrile, although the activity against S. aureus stayed constant longer
than for E. coli.
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Figure 3.1 Linear regression of the rel. logie-reduction of poly(TBAMS) against E. coli (right) and
S. aureus (left) as a function of storage time under various temperature and humidity conditions.
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Figure 3.2 Linear regression of the rel. logio-reduction of poly(TBAMS:acrylonitrile) against E. coli
(right) and S. aureus (left) as a function of storage time under various temperature and humidity

conditions.
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Figure 3.3 Linear regression of the rel. logio-reduction of poly(TBAMS:vinylopyridin) against E. coli
(right) and S. aureus (left) as a function of storage time under various temperature and humidity
conditions.
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Table 3.2 Fit parameter of the linear regression of relative logio-reduction of S. aureus and E. coli on
poly(TBAMS)-containing films over a storage period of 36 month under different environmental
conditions

ambient condition cold condition freezing conditions
0/-1 il 0/%-1 il 0/ l
microorganism material y-intercept gradient 976? c/;; dL;Z;"e y-intercept gradient 97;’ g)r;j;;tt"e y-intercept gradient 97(')? ;nra(zjl:::t"e
[% month™]  [% month™] [% month™]  [% month™] [% month™]  [% month™]
E. coli poly(TBAMS:acrylonitrile) ~ 1.165 + 0.122 -1.867 + 0.579 -3.002 0.976 + 0.040 0.082 + 0.165 -0.241 0.977 + 0.071 0.079 * 0.307 -0.522
poly(TBAMS:vinylopyridin) 0.995 + 0.013 0.017 + 0.047 -0.075 0.994 + 0.015 0.020 + 0.069 -0.115 0.994 + 0.033 0.028 + 0.161 -0.288
poly(TBAMS) 0.999 + 0.002 -0.006 + 0.007 -0.020 0.998 + 0.001 0.003 + 0.006 -0.008 1.000 + 0.000 0.000 + 0.000 0.000
S. aureus poly(TBAMS:acrylonitrile) ~ 1.052 + 0.072 -0.549 + 0.393 -1.319 1.030 + 0.050 -0.262 + 0.226 -0.705 0.999 + 0.001 0.005 + 0.006 -0.006
poly(TBAMS:vinylopyridin) 0.993 + 0.009 0.018 + 0.035 -0.050 0.997 + 0.017 0.004 + 0.071 -0.134 1.000 + 0.000 0.000 + 0.000 0.000
poly(TBAMS) 0.990 + 0.009 0.033 + 0.037 -0.038 0.996 + 0.001 0.014 + 0.004 0.006 0.998 + 0.002 0.007 + 0.007 -0.008

For the materials which were stored at freezing conditions, no significant effect on the
antimicrobial activity over a period up to 36 months could be observed (Table 3.2). The
S. aureus count was reduced to or near the detection limit at all investigation points on all
poly(TBAMS)-containing materials which was stored at freezing conditions (logio-
reduction>4.0 logao cfu mI%; rel. logio-reduction>0.99, 97.5 %-quartile of gradient<-0.1% a™)
(Table 3.2 and 3.3). Also, a high antimicrobial activity (logio-reduction>4.6 logio cfu ml?; rel.
logio-reduction>0.86) was detected for E. coli after 12, 24 and 36 months. The expected
decrease of antimicrobial activity (97.5 %-quartile) against E. coli is maximally 6.3% a* for
the  copolymer  poly(TBAMS:acrylonitrile), 35%al for the  copolymer
poly(TBAMS:acrylonitrile) and 0 % a™* for the homopolymer.

At cold and ambient temperature conditions, the effect of material and bacterial strain was
clearer. The bacterial counts on poly(TBAMS) and poly(TBAMS:vinylopyridin) was reduced
down to the detection limit with few exceptions independent of the storage conditions and
bacterial strain (Iogio-reduction>3.4 logio cfu mIL; rel. logio-reduction>0.82, 97.5 %-quartile of
gradient<-0.2 % month™) (Table 3.3). Thus, no significant trend in rel. logio-reduction, with a
maximal decrease (97.5 %-quartile) in antimicrobial activity in the period of 3 years of
1.6 % a'l, of these materials were observed (Table 3.2). The copolymer with acrylonitrile
showed a negative trend in antimicrobial activity against S. aureus, which is more pronounced
under ambient than cold conditions, but this trend is insignificant over the investigation period
(Table 3.2). A decreased activity at different investigation points (18, 24 months) was detected
for E. coli on poly(TBAMS:acrylonitrile) stored under cold conditions, but because of the
standard error at these points and reductions down to the detection limit after 30 and 36 months,
there is no significant change in antimicrobial activity during storage at cold temperature
conditions (Table 3.2 and 3.4). When the copolymer with acrylonitrile was stored at ambient
conditions, a significant negative trend (gradient: -1.9+0.6 % month™*) in antimicrobial activity
against E. coli was detected during the investigation period (Table 3.2). After 2 years of storage
the E. coli count was not reduced to the detection limit for the first time, however, with a log1o-
reduction of 1.9 after 2 h contact at 35 °C, the reduction in comparison to the reference material
under all conditions is highly significant (p<0.005) (Table 3.2) as well as for all other
investigation points.
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Table 3.3 Bacterial counts on reference material and logie-reductions of E. coli and S. aureus at the
different investigation points during storage at the three different conditions.

E. coli S. aureus
time reference poly(TBAMS poly(TBAMS: poly(TBAMS)  reference poly(TBAMS poly(TBAMS/ poly(TBAMS)
s acrylonitrile)  vinylopyridin) s acrylonitrile)  vinylopyridin)
bacterial count logyo-reduction bacterial count logyo-reduction
[month] o o o N
[logio cfu mI™] [logs cfu mi™] [logio cfu ml™] [logyo cfu mI™]
ambient conditions
0 6.5 5.0+ 0.2 35+ 04 55+ 0.1 5.5 45+ 0.1 45+ 0.1 45+ 0.1
6 6.6 55+ 0.1 55+ 0.0 55+ 0.0 5.2 42 + 0.1 4.0 £ 0.2 4.0+ 0.2
12 6.4 5.0 £ 0.3 54+ 0.0 54 + 0.0 4.8 3.8+0.1 38+0.1 3.8+01
18 6.4 54+ 0.1 54+ 0.1 54+ 0.1 5.4 44 + 0.1 44+ 0.1 44 + 0.1
24 6.6 26+ 0.2 56 £ 0.1 56 + 0.1 5.3 43+0.1 43+0.1 43+01
30 6.2 3.6 £ 0.3 52+ 0.1 52+ 0.1 5.2 29+ 0.2 42 +0.1 42+ 01
36 6.1 19+0.1 51+ 0.0 51+ 0.0 5.1 23+02 41+0.1 41+01
cold conditions
0 6.5 50+ 0.2 35+ 04 55x01 5.5 45+ 0.1 45+ 0.1 45+ 01
6 6.5 39+0.2 55+ 00 5500 5.7 4.7 £ 0.1 47+ 0.1 47+ 0.1
12 6.5 55+ 0.0 55+ 00 55%0.0 5.2 42+ 0.1 42+ 0.1 42+ 01
18 6.6 44+ 04 56+ 01 5601 5.2 41+01 3.4 +0.3 42+ 01
24 6.5 49+ 04 55+ 03 5503 5.4 44 + 0.0 44 + 0.0 44 + 0.0
30 6.4 54 + 0.0 54+ 00 5400 5.1 41+ 0.1 41+01 41+01
36 6.3 53+ 0.1 53+ 01 53%0.1 4.9 31+01 39+01 39+ 0.1
freezing conditions
0 6.5 50+ 0.2 35+ 04 35+ 04 5.5 45+ 0.1 45+ 0.0 45+ 0.1
12 6.6 55+ 0.1 56 + 0.0 5.6 £ 0.0 5.2 4.2 + 0.0 4.2 £ 0.0 4.2 £ 0.0
24 6.5 55+ 0.0 55+ 0.0 5.5+ 0.0 5.4 44 + 0.0 44+ 0.0 44 + 0.0
36 6.3 4.6+ 0.2 53+0.1 53+ 0.1 5.0 40+ 0.1 4.0+ 0.0 40+ 01

3.4.2 Effect of conditions during processing and preparation of food on antimicrobial
activity

The reductions of different bacteria on the reference material and on poly(TBAMS) films as a
function of exposure time at 7 °C and 35 °C are shown in figure 3.4. L. monocytogenes was
reduced to the detection limit on poly(TBAMS) films under all temperature conditions. Already
after a contact time of 1 h at cold temperature, a difference between the sample and the reference
of 4.5 logio cfu mIt in bacterial load was reached. Thus, for L. monocytogenes no influence of
temperature or contact time was detected. An effect of environmental conditions on the
antimicrobial activity of poly(TBAMS) against P. fluorescens, S. aureus and S. enterica was
shown. S. aureus was reduced to the detection limit on the sample material after 1 h contact at
35 °C. Due to growth on the reference material, logio-reduction increases from 4.5 after 1 h to
6.9 logio cfu mI? after 24 h. The logio-reduction at 7 °C also shows a positive trend with
prolonging contact time, but this trend is caused by increased reduction on poly(TBAMS) films.
After 1 h, the bacterial count is reduced 1.2 logio cfu ml, after 2 h 1.9 logio cfu ml* and after
6 h, the detection limit is almost reached with a reduction of 4.7 logio cfu mlI. The temperature
as well as the contact time has an influence on the antimicrobial activity on S. aureus. The same
effect was observed for P. fluorescens and S. enterica. At both temperatures the reduction on
poly(TBAMS) increases with contact time. The reduction at 35 °C is always higher than at
7 °C.
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Figure 3.4 Reduction [logio cfu ml?] of different bacteria (L. monocytogenes (a), P. fluorescens (b),
S.aureus (c), S.enterica (d)) applied on reference material (squares) or the sample material
(homopolymer poly(TBAMS)) (circles) after 1-24 h contact at 7 °C (grey symbols) or 35 °C (white
symbols). The values are changes from initial concentration.

Table 3.5 summarized the results for various bacteria after 2h contact with
poly(TBAMS:acrynonitrile) films at three different temperatures. An increased antimicrobial
activity with increased temperature was shown for S.aureus and S.enterica on
poly(TBAMS:acrylnonitrile) films, too. For S. enterica the reduction increased similarly, with
initial counts from 0.3 logiocfu ml at 4 °C to 1.4 logao cfu ml™ at 20 °C to 3.2 logiocfu ml? at
35 °C. Prolonging contact time to 24 h at 4 °C led to enhanced logio-reduction as well (data not
shown). No effect on the antimicrobial activity by temperature was observed for E. coli and
L. monocytogenes. At all temperatures the bacterial count was reduced to or near the detection
limit within 2 h. The logio-reduction for P. fluorescens is 1.2-1.3 logio cfu mit. A lower
reduction on sample material at 35 °C in comparison to the lower temperature is caused by
lower initial bacterial count.
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Table 3.4 Reduction [logio cfu mlI™t] of different bacteria applied on reference material (Redgr) or on
poly(TBAMS:acrylonitrile) sample material (Reds) after 2 h contact at various temperatures. The values
are changes from initial concentration.

2h
microorganism : Redr Reds
[logio cfu mI*] [logio cfu ml]
E.coli n=3 -0.01+0.04 4.61+0.16
L. monocytogenes n=3 -0.04+0.06 4.56+0.02
°:: P. fluorescens n=3 0.95+0.13 2.32+0.19
S. aureus n=3 0.45+0.07 1.68+0.27
S. enterica n=3 -0.03+0.02 0.25+0.05
E.coli n=3 -0.05£0.04 4.33+0.27
% O L. monocytogenes n=3 -0.22+0.03 4.56+0.02
g 08 P. fluorescens n=3 0.97+0.12 2.22+0.17
g S. aureus n=3 0.48+0.04 3.8410.21
S. enterica n=3 -0.03+0.04 1.39+0.03
E.coli n=9 -1+0.05 4.73+0.03
O L. monocytogenes n=6 -0.35+0.03 4.45+0.09
Ec% P. fluorescens n=15 0.12+0.06 1.3+0.13
S. aureus n=6 -0.09£0.07 4.16+0.18
S. enterica n=10 -0.88+0.03 3.150.07

Next to temperature and contact time, the effect of air humidity was investigated. For E. coli,
L. monocytogenes and S. enterica no effect of air humidity was observed. At both humidity
conditions (98.3 £ 1.33 % rH and 23.1 + 4.3 % rH) during the 24 h contact at 7 °C, the bacterial
counts were reduced to or near the detection limit on poly(TBAMS) film and growth on
reference material was observed (logio-reductions: 4.5-4.8 logio cfu ml?). At lower air
humidity, the maximal logio-reduction on poly(TBAMS), due to reduction to the detection
limit, was reached for S. aureus (4.2 logio cfu mlI™t) and P. fluorescens (4.9 logio cfu mit). But
incubation at higher humidity conditions results in a decreased reduction for both bacteria, the
behavior on reference material stayed comparable to low humidity. Consequently, the logzo-
reduction for P. fluorescens is reduced to 1.5 logio cfu ml and for S. aureus to 3.0 logio
cfuml-L.

The reductions of S. aureus and E. coli on poly(TBAMS) films at different pH-values are
shown in figure 3.5. Both bacteria were reduced under the detection limit within 2 h at 35 °C
under acidic and neutral conditions on the poly(TBAMS) film resulting in logio-reductions of
4.8-5.8. While the antimicrobial activity of the material against S. aureus was not affected at
pH-values of 8 or 9, the reduction of E. coli decreased at these alkaline conditions in comparison
to pH-values of 5-7. E. coli was reduced about 2.2 logio-units at a pH-value of 8 and 2.3 logo-
units at a pH-value of 9; thus, antimicrobial activity according to test standard was also achieved
at these conditions after 2 h contact.
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Figure 3.5 Reduction [logio cfu ml*] of S. aureus (white symbols) and E. coli (grey symbols) applied
on reference material (squares) or poly(TBAMS) (circles) after 2 h contact at 35 °C as a function of pH-
value. The values are changes from initial concentration.

The effect of the presence of food ingredients are shown in figures 3 and 4. It became evident
that with increasing concentration of the mineral nutrient calcium the antimicrobial activity of
poly(TBAMS) films decreases for both tested bacteria (Figure 3.6). The maximal reduction to
detection limit was only reached for S. aureus at a calcium concentration of 4 mmol I'2, but at
all magnesium concentrations. No effect of magnesium on the antimicrobial activity of
poly(TBAMS) could be observed for S. aureus. For E. coli the reduction at a concentration of
20 mmol I was lower than at 4 mmol I, All reductions, even at high concentrations of mineral
nutrients, were highly significant.
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Figure 3.6 Reduction [logio cfu ml'] of S. aureus (white symbols) and E. coli (grey symbols) applied
on reference material (squares) or sample material (circles) after 2 h contact at 35 °C as a function of
concentration of mineral nutrients (a: calcium, b: magnesium). The values are changes from initial
concentration.

Figure 3.7 shows the antimicrobial activity of poly(TBAMS) if high counts of bacteria are
present on the material. Even if high counts of bacteria are present, gram-positive bacteria were
reduced to the detection limit within 2 h at 35 °C, resulting in logio-reduction of 7.8 for
L. monocytogenes and 7.5 logio cfu ml? for S. aureus. The differences in bacterial counts on
poly(TBAMS) and reference material of E. coli (p=0.002), P. fluorescens (p=0.034) and
S. enterica (p=0.002) were also significant. However, the antimicrobial activity of
poly(TBAMS) films was reduced if the gram-negative bacteria were inoculated with high initial
counts in nutrient rich media. Thus, S. enterica were reduced 0.6 logio cfu ml on the sample,
while on the reference material a growth of 0.4 logio cfu mI™* was observed. For P. fluorescens
a slight logio-reduction of 0.3 logio cfu ml** was reached. The initial count of E. coli was the
highest (9.4 logio cfu mIt) and the reduction was 3.0 log cfu mI* within 2 h at 35 °C.
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Figure 3.7 Reduction [logio cfu ml?] of overnight cultures of bacteria in nutrient broth applied on
reference material (dark grey bars) or poly(TBAMS) (light grey bars) incubated at 35 °C for 2 h. The
values are changes from initial concentration (8.1-9.4 logio cfu ml?). The delta values are the differences
between the surface counts on reference material and on poly(TBAMS) after incubation (logio-
reduction). Asterisks indicate significant differences (** p<0.005, * p<0.05) between poly(TBAMS) and
reference material.

3.5 Discussion

Various antimicrobial systems were introduced to improve the hygienic status of food contact
materials, but the activity proven under standard test conditions often cannot withstand the
practical conditions during food processing and preparation [7—9]. Moreover, for a sustainable
and effective use as food contact material, the activity of the materials must be long-lasting.
Therefore, this study focused on the long-term stability of poly(TBAMS)-containing materials
as well as their activity under conditions typical during the processing and preparation of meat.

Warnes and Keevil [36] emphasize a constant killing of microorganisms for a long period and
under changing environmental conditions as a major requirement for active surfaces. This
aspect is especially important for food contact surfaces which should be used over longer
periods, like preparation equipment (e.g. cutting boards, handles of knives), storage boxes or
machine surfaces. It must mention however, that long-term studies regarding this are mostly
missing. A reason could be that long-term studies are time intensive and that materials are
developed for application fields in which long-term stability over years often is not necessary,
e.g. packaging material. The antimicrobial activity of the tested poly(TBAMS)-films retained a
high antimicrobial activity over a period of 3 years. Highly significant differences between the
reference and test material were detected independently of environmental storage conditions.
This emphasizes the advantage of a contact-killing system over biocide-releasing systems [8,
9]. For example, a study of Maretrg [26] showed a reduced activity of a triclosan-containing
cutting board after regular washing in a dish washer, due to release of active agents.

The long-term study of poly(TBAMS)-containing materials observed that the composition of
the material can define the potential application. Modeling the relative logio-reductions showed
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that copolymerization as well as the kind of copolymer led to more pronounced changes in
activity. Environmental conditions during the long-term storage had no significant effect on the
activity of the homopolymer and the copolymer with vinylopyridin. Hence, the materials could
be used in cold environments like those prevalent in the meat industry as well as in domestic
use with ambient room temperature conditions around 22 °C. Models of relative logio-reduction
of the copolymer poly(TBAMS):acrylonitrile [1:1] revealed that the lower the storage
temperature (-20, 5, 22 °C on average) the more stable the antimicrobial activity was. Madkour
et al. [37] showed for a facially amphiphilic, cationic polymer a complete loss of antimicrobial
activity after heating at 80 °C for 4 days, but a stability in activity if stored at low temperature
(-20 °C). At higher temperatures, chemical reactions are faster; hence, the results might be
caused due to chemical modification or rearrangement of the polymer [37]. Additional
investigations (data not shown) suggested that internal rearrangement between poly(TBAMS)
and the copolymer component lead to a decrease of antimicrobial activity assumedly due to
regression of active groups on the surface over time. Thus, after one year of storage under
ambient conditions, a copolymer, poly(TBAMS:acrylonitrile) with an increased amount of
acrylonitrile up to 70 % showed, no changes in antimicrobial activity was detected; a decrease
in activity was detected if the amount of acrylonitrile was 90 %.

A further possible explanation is the humid conditions during the storage, which were lowest
at ambient conditions. Additional experiments (data not shown) revealed a slightly better
activity against gram-negative P. fluorescens if the material was stored under high humidity
(96.7 = 3.8 % rel. rh, 24 h) before antimicrobial tests were conducted. It can be hypothesized
that, due to the higher relative air humidity, more carbon dioxide was dissolved in the aqueous
film on the polymer, which led to protonation of the functional amino groups of poly(TBAMS)-
film.

The results of the antimicrobial tests with adjusted air humidity during the contact between
bacteria and antimicrobial materials showed a reduction of all bacteria by poly(TBAMS) at
high relative air humidity (98.3 + 1.3 % rH) as well as low humidity conditions (23.1 £
4.3 % rH) after 24 h contact at 7 °C. Thus, an antimicrobial effect of poly(TBAMS) films is
ensured both during processing or cleaning with high humidity conditions and during
drying/production stop, when humidity decreases. However, the activity against P. fluorescens
and S. aureus was reduced with high relative air humidity during contact time. Also, a study of
Magretrg et al. [26] detected a higher activity at 70 % rH than at 100 % rH on a triclosan-
containing cutting board when the initial count was 6.7 to 7.0 cfu mI™. The authors assumed
that the dry conditions generate osmotic stress which sensitized the bacteria for the
antimicrobial agent.

The results of humidity tests already showed good antimicrobial activity on the different
bacteria under cold conditions after 24 h. The temperature was often identified to affect the
antimicrobial activity of different materials [1, 15-19], but despite the possible use for
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refrigerated products, most tests for antimicrobial activity are conducted at 35°C like prescribed
in the standard test method. This study showed a temperature dependent activity of
poly(TBAMS) for S. aureus, S. enterica and P. fluorescens with a reduced activity at cold
temperatures. For migrating systems, the effect is caused by the slower release of active
components into the environment at lower temperatures [38]. The lower activity of contact
active materials like poly(TBAMS) can be explained by changes in bacteria cell structure due
to adaptation in gene regulation depending on environmental conditions [39, 40]. Cell surface
structures have a direct influence on the interactions between bacteria and surfaces. This is
traced back to changes in the hydrophobicity or electrophoretic mobility of bacteria cells [39,
41, 42]. Bonaventura et al. [39] showed a positive correlation between cell surface
hydrophobicity and temperature. Furthermore, Briandet et al. [41] described that the
electrophoretic mobility of L. monocytogenes decreased if the growth temperature was reduced
from 15 to 8 °C due to more carboxyl groups and the presence of flagella at 15 °C. Studies of
Dohlen et al. [34] and Braun et al. [35] showed that the electrophoretic mobility of the bacteria
surfaces is a key factor for the antimicrobial activity of poly(TBAMS). This was also confirmed
by the results of this study: the antimicrobial activity of both poly(TBAMS)-films is higher for
the comparatively more negative bacteria (E. coli, L. monocytogenes, S. aureus) than for
bacteria with lower electrophoretic mobility (P. fluorescens, S. enterica) [43-46]. Thus, even
after 1 h contact at 35 °C, S. aureus and L. monocytogenes is reduced to the detection limit on
both materials, resulting in a logio-reduction of around 4.5 logio cfu mIt, whereas the logio-
reduction of P. fluorescens and S. enterica is 1.7 logio cfu ml™.

The antimicrobial activity of releasing systems can be improved by prolonging the contact time.
Similar results were mentioned for contact-active materials [34, 47]. A reason could be that,
over time, even weak interactions could be generated. Moreover, during bacterial growth, the
composition, and accordingly the charge, of bacterial surface changes. For example, the
hydrophobicity of bacteria surfaces increases during the exponential phase of growth [48]. For
S. enterica it was noticeable that the effectiveness of the homopolymer increased parallel to
growth on the reference material.

The effect of bacterial surface charge also became evident in the tests with high initial counts
in nutrient rich media. The more negatively charged gram-positive bacteria L. monocytogenes
and S. aureus were maximally reduced while the less negatively charged gram-negative
bacteria were less effected. Both the high initial counts and the nutrient rich media might
contribute to the more distinct effect on activity in comparison to previous results in
antimicrobial screening. Former investigations with low nutrient inoculum also showed an
effect of high initial bacterial concentration on the antimicrobial activity of poly(TBAMS) for
some gram-negative bacteria [35]. A lower activity of triclosan-containing cutting boards
against higher initial counts was also described by Meretrg et al. [26]. Studies with cast copper
alloys showed faster killing and better activity if the inoculum concentration was reduced [18].
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The influence of nutrient rich media can be explained in different ways. Maretrg et al. [21]
assumed that the osmotic stress for bacterial cells in media with low ionic strength is perhaps
higher than for cells in nutrient rich media. In the studies of Noyce et al. [49] and Cutter [50]
fatty acids seem to provide a protective matrix for microorganisms, leading to reduced activity
of cast copper alloys as well as triclosan-incorporated plastics. Studies of silver-containing
materials showed that the antimicrobial activity is inhibited in the presence of proteins [21, 23,
24]. Dohlen et al. [34] concluded that the presence of proteins is the limiting factor for
antimicrobial activity of poly(TBAMS). In their study, a negative effect of meat extract and
BSH on the antimicrobial activity of poly(TBAMS), especially on gram-negative bacteria, was
shown. Proteins can interact with the antimicrobial agents and occupy the functional amino
groups. Furthermore, in the presence of nutrients, the electrical charge of the bacteria is affected
[34]. Additionally, for different cationic antibiotics and cationic polymers, whose modes of
action are related to membrane disruption, it was shown that those divalent cations inhibit the
antibacterial activity [28, 29, 51, 52]. In the study of Lenoir et al. [29], the antimicrobial activity
of poly(TBAEMA) was completely inhibited by adding an excess of calcium ions compared to
the secondary amino groups of poly(TBAEMA) in LLDPE. In the experiments, an effect of
calcium ions on the antimicrobial activity of poly(TBAMS:acrylonitrile) was detected. The
effect decreased with rising calcium concentration for E. coli and S. aureus. A negative effect
on the activity against E. coli was also measured for magnesium ions, but not for S. aureus.
Divalent calcium and magnesium ions are structural elements of bacteria membranes and of
numerous foods. One announced thesis for the mode of action is that SAM®-Polymers displace
these divalent cations resulting in a disruption of the membrane [29]. If divalent cations are
represented in bacteria solutions, the membrane is stabilized, or rather the mineral cations are
in competition with protonated amino side chains of the polymer and are preferentially
integrated into the membrane. This effect was more pronounced for calcium, because it is a
more frequent membrane component than magnesium [52]. Due to the additional outer
membrane, magnesium protected the gram-negative bacteria E. coli against poly(TBAMS)
while antimicrobial activity against S. aureus persisted. However, an antimicrobial activity of
the copolymer poly(TBAMS:acrylonitrile) is maintenance even under concentrations of
mineral nutrients which exceed concentrations in meat.

The presence of organic ingredients determines the characteristics of bacterial cell surfaces.
The hydrophobicity and electrophoretic mobility changes subject to organic content of growth
media of bacteria. For example, E. coli grown under minimal media conditions had a lower zeta
potential and hence were more negative compared to those grown in rich media [45, 53]. Van
Loosdrecht et al. [48] assumed an increase of electrophoretic mobility with decreasing salt
concentration. Furthermore, E. coli grown in nutrient broth was more hydrophobic than in TSB
[53]. These surface changes led, like mentioned before, to reduced interaction between
antimicrobial surfaces and bacteria, but the effect is dependent on bacterial strain.
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In additional to bacteria surface charge, the charge of the polymer surface affects the
antimicrobial activity. During processing as well as cleaning and disinfection, food contact
surfaces are exposed to a variety of pH-values [9], which influence the charge of both surfaces.
The activity of the homopolymer of poly(TBAMS) was reduced against E. coli at alkaline
conditions. This conforms with the investigations of poly(TBAEMA) by Buranasompob [47].
A possible explanation was mentioned by Seyfriedsberger et al. [54] who showed a decreasing
zeta potential of compounds of LLDPE and TBAEMA at increasing pH-value. Also, Chang et
al. [17] substantiated a negative correlation of pH and zeta potential and a positive correlation
of zeta potential and antimicrobial activity of chitosan. For SAM-Polymers® a certain degree
of protonation of the amino groups is essential for activity [47]. Comparing the results of the
homo and the copolymer showed a slightly better antimicrobial activity for the homopolymer,
caused by the higher number of active groups and consequently more protonation on the
surface. This also explains the higher activity under acidic conditions. At pH-values of 8 and 9,
the surface of poly(TBAMS) is presumably mostly neutrally charged. Caused by the more
negative charge of S. aureus, the interactions between S. aureus and poly(TBAMS) surface is
more pronounced than for E. coli, resulting in no significant changes in activity even under
acidic test conditions [43, 46]. The same effects were shown in the long-term studies. Due to
the assumed rearrangements, the surface charge of the copolymer poly(TBAMS:acrylonitrile)
is reduced, and the difference in bacterial surface charge lead to a previously mentioned
decrease in activity against E. coli.

3.6 Conclusion

The tested polymer films based on poly((tert.-butyl-amino)-methyl-styrene) show a good
antimicrobial activity under certain processing conditions and a very promising long-term
effectiveness. The long-term stability under various environmental conditions is advantageous,
especially over migrating systems. The extensive investigations used several factors typical
during the processing and preparation of meat which influence the bacteria or the polymer itself,
leading to changed interactions and hence to divergent antimicrobial activity.

Subjected to the individual bacterial strain, a decrease in surrounding temperature leads to a
decrease in antimicrobial activity of poly(TBAMS)-material, which can be improved by
prolonging the contact time. Furthermore, the presence of food ingredients effects the
antimicrobial activity. In comparison to many antimicrobial agents, the tested SAM-Polymers®
also show a good antimicrobial activity against a wide range of relevant bacteria under
conditions predominant in meat processing and preparation companies. In addition, factors like
extreme values of pH occuring during sanitation, or of air humidity have marginal effects on
the polymeric activity.

Thus, poly(TBAMS) has a great potential to be used as an antimicrobial agent in food contact
materials, facilitating a reduction of surface contamination and therefore improvement of the
hygienic status of food contact surfaces, consequently reducing cross-contamination. In a next
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step, the direct impact of poly(TBAMS)-containing materials on bacterial loads during cross-
contamination scenarios will be studied.
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4 Effect of antimicrobial treated cutting-boards on cross-
contamination of pathogens during preparation of meat and
ready-to-eat food

4.1 Abstract

The objective of this study was to evaluate the effect of antimicrobially treated cutting-boards
on the bacterial transfer during food preparation.

The activity of one biocide-releasing (polypropylene with Microban®) and two contact-active
(LLDPE with poly(tert-butyl-amino-ethyl)-methacrylate (poly(TBAEMA)) and poly((tert-
butyl-amino)-methyl-styrene) (poly(TBAMS)) cutting-boards against Listeria monocytogenes,
Staphylococcus aureus and Salmonella enterica serovar Thypimurium was investigated at
different temperatures and contact times. Transfer rates were determined in cross-
contamination scenarios: inoculated pork to board (1), inoculated board to cucumber (2),
inoculated pork via board to cucumber (3). The effect of poly(TBAMS) on cross-contamination
were determined by comparing transfer rates between sample boards with and reference boards
without antimicrobial treatment.

Just the contact-active boards showed antimicrobial activity, which is dependent on the
material, bacterium and decreases with decreasing temperature and time. Bacterial transfer and
effect of poly(TBAMS) varies depending on bacterium and food component. Listeria crossed
over in higher rates than Staphylococcus. Transfer rates from reference boards to cucumber are
higher than from pork to board. Poly(TBAMS)-boards could reduce transfer of Listeria, but no
significant effect on Staphylococcus-transfer could be identified. The highest effect was
measured in scenario 2 with a reduction of transfer rates from 59.82+3.05 % on the reference
to0 0.49+0.09 % on the sample. Effects were lower in scenarios with pork.

Poly(TBAMS) offered the most promising antimicrobial profile, but the effect on pathogenic
transfer is restricted.
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4.2 Introduction

Microorganisms can adhere to and persist on food contact surfaces for long times [1-5]. This
often leads to food safety and quality problems caused by cross-contamination in all stages of
the food chain [4, 6-14]. Several studies determined high transfer rates of bacteria from food
to food contact surfaces and vice versa even after very short contact times of 5 sec and
independent of the applied pressure of food on the surfaces [3, 15-19]. Therefore, the hygiene
of food contact surfaces (e.g. conveyers, cutting boards, containers) is necessary to reduce the
risk of transfer of pathogens. However, unsafe and risky handling of food often facilitates cross-
contaminations during meal preparation in domestic kitchens as well as in restaurants [10, 20].
According to a study of Josephson et al. [21], which investigated the prevalence of bacteria in
kitchens in the U.S., cutting boards belong to the top five sites most contaminated with
heterotrophic bacteria and therefore are perceived as fomites in cross-contamination of
foodstuff with pathogens [12, 13, 17, 22-26]. Redmond and Griffith [20] reviewed several
studies of consumer food handling in Europe, the U.S., Australia and New Zealand. They
indicated that 30-71 % of the respondents reported to using the same equipment (utensils,
cutting boards, surfaces) to prepare raw meats and other products. Also, 40 % of interviewed
restaurant food manager declared that they do not designate certain cutting boards for raw
chicken consistently [27]. Besides, even if cutting boards are rinsed with water after use,
bacteria are often not significantly removed; only via scrubbing with detergent and hot water
sufficient reduction in bacterial count be reached [17, 28]. In the food industry, bacterial load
on food contact surfaces is reduced by extensive cleaning and disinfection treatments after
processing. But during the processing step of food, the contamination increases significantly on
food contact surfaces and leads to transfer of bacteria to food [29, 30]. And often the treatments
are insufficient, thus, investigations in a salmon fillet processing plant detected spoilage
bacteria on 75 % of tested equipment surfaces after cleaning [14], and pathogens like S. aureus,
S. enterica and L. monocytogenes were recovered from food contact surfaces being persistent
for several days [3, 31, 32].

To reduce cross-contamination, the application of antimicrobial food contact surfaces is gaining
more interest [4, 33, 34]. In the last decade, different antimicrobial materials have been
developed, especially, commonly used polymers like polyethylene and metallic materials like
stainless steel were antimicrobially treated [35]. In general, these materials can be classified
according to their bactericidal mechanism in biocide releasing and contact-active materials. The
most frequently used antimicrobial agents in biocide releasing food contact material are silver
components as well as triclosan [24, 35-37]. The use of those systems is critically discussed,
because biocides are released uncontrolled into the environment as well as into the food
products, and furthermore, the effectivity of such materials is limited over a short time period
[14]. Contact-active materials are favored regarding these topics. As a new class of those
materials, sustainable active microbiocidal polymers (SAM-Polymers®) were introduced into
the market. Compounding of the SAM-Polymers® poly(tert-butyl-amino-ethyl)-methacrylate
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(poly(TBAEMA)) and poly((tert-butyl-amino)-methyl-styrene)  (poly(TBAMS)) with
established polymers is a new approach to produce surfaces combining sustainable
antimicrobial activity and low costs as well as good mechanical properties due to the contingent
of commonly used polymers [33, 38—40].

The general antimicrobial activity of both mentioned approaches in food contact materials were
proven in numerous studies. The general antimicrobial activity of the different polymers is
dependent on several factors like humidity, temperature, contact time, presence of food
components and the amount of antimicrobial active agent [24, 40—45]. The influence of the
different named parameters depends on the material itself, thus, especially for biocide releasing
systems, a decreased activity was proven at low temperatures and in the presence of food
components, which limits the potential to reduce cross-contamination [42, 46-48]. Even if the
general antimicrobial activity of different materials has been studied, limited research is
available about the effect of antimicrobial treated polymers on bacterial cross-contamination

Hence, the objective of this study was to investigate the potential of three kinds of cutting boards
to reduce pathogenic cross-contamination during food processing and preparation. One of the
cutting boards was treated with Microban®, in which activity is based on the biocide-releasing
effect, while the two other boards were contact-active due to incorporation of two different
SAM-Polymers®.

4.3 Materials and Methods

To evaluate the potential of antimicrobially treated cutting boards to reduce cross-
contamination, two experimental series were conducted. In the first one, the antimicrobial
activity of one biocide releasing material (polypropylene with Microban®) and two contact-
active materials (LLDPE with poly(TBAEMA) or poly(TBAMS)) were screened and
compared. Therefore, the materials were tested on the basis of the Japanese standard (JIS)
2801:2000 against selected pathogens (Staphylococcus aureus, Listeria monocytogenes and
Salmonella enterica subsp. enterica serovar Typhimurium) under defined conditions, which
were different in temperature and time to consider the unequal environmental conditions in the
different stages of food processing and preparation as well as the varying value of contact
between food and antimicrobial surface. A high antimicrobial activity is an important
requirement for the reduction of cross-contamination. Therefore, in the second experimental
series, only the material which showed the most promising antimicrobial activity was selected
for the detailed experiment studying the effect on pathogenic cross-contamination during
preparation of meat and ready-to-eat food. Three cross-contamination scenarios with pork filets
and cucumber slices were simulated: in the first scenario pork was contaminated with pathogens
and placed on the cutting-board; in the second one the cutting boards was inoculated with
pathogens and the transfer to a cucumber was investigated; in the last scenario the transfer from
inoculated pork via cutting-board to cucumber was tested. In all scenarios the viable counts on
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food stuffs and cutting boards with or without poly(TBAMS) were determined and finally the
transfer rates were assessed.

4.3.1 Antibacterial test material

Three different test materials were used in the first experimental series of the study. The silver
releasing board is commercially available and was bought in a local discounter. According to
the manufacturer, the polypropylene (PP) material was treated with silver phosphate glass
(Microban®). The contact-active boards with SAM-Polymers® were prepared by the University
of Applied Sciences Miinster. Boards were made on a press out of the two different compounds
of the base polymer, linear-low density polyethylene (LLDPE) (Dowlex 2433, DOW, Edegem,
Belgium) combined with 10 % poly(TBAMS) and poly(TBAEMA) respectively. PP and
LLDPE boards were used as reference materials. All boards were cut into square cuboids (4 X
4 cm) and decontaminated by dipping in boiling water for 15 sec prior to use. After sterilization,
the materials were transferred into petri dishes.

4.3.2 Bacterial strains

Listeria monocytogenes (ATCC 19111), Staphylococcus aureus subsp. aureus (ATCC 6538),
and Salmonella enterica subsp. enterica serovar Typhimurium (ATCC 14028), as typical
pathogens involved in cross-contamination during meat processing, were used in the test series.
All strains, delivered by the German Resource Centre for Biological Material (DSMZ,
Braunschweig, Germany), were stored at -18 °C ina CRYOBANKTM system (Mast, Reinfeld,
Germany). Before starting this trial, a frozen culture was transferred to 10 ml nutrient broth
(Merck KGaA, Darmstadt, Germany) and incubated overnight at 37 °C. The inocula were
prepared via dilution in physiological saline solution with tryptone (1 g I'!) (Oxoid, Hampshire,
UK) to a final concentration of 10° cfu mI™.

4.3.3 Food products

Food products used in the second experimental series of the study were pork filet and cucumber.
Both were purchased at a local retail shop. Cucumbers were washed with water and wiped with
tissue paper soaked with ethanol, after air drying they were sliced into pieces with an
approximate surface area per side of 12.5cm? and a weight of around 25g. To attain
comparable surface areas of meat and cucumber, the filets of pork were wrapped in plastic wrap
and tin foil forming filets with diameters similar to those of the cucumbers and were deep-
frozen for 24 h. Afterwards they were cut in approximately equal thick pieces of about 15 g.
Pieces were defrosted overnight in the refrigerator.

4.3.4 Test performance
Screening of antimicrobial activity of treated cutting boards

Antimicrobial screening was done based on the test standard JIS 2801:2000. To test the
antimicrobial activity in each single trial, the surfaces of 3 treated boards (samples) and 6
untreated boards (references) were inoculated with 400 ul of S. aureus, L. monocytogenes or
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S. Thypimurium solutions applied in 8 drops of 50 pl which were spread over the surface with
a pipette tip. Afterwards the 3 samples and 3 references were transferred to incubators (Sanyo
model MIR 153, Sanyo Electric Co., Ora-Gun, Gumma, Japan) and exposed to different
temperature conditions (7 °C, 20 °C, 35 °C) for different time intervals (2 min, 2 h, 24 h). The
initial count of inoculum was determined by washing out the remaining 3 references
immediately after inoculation with soybean-casein digest broth with lecithin polysorbate (Roth,
Karlsruhe, Germany) via pipetting. After exposure, the samples and references were handled in
the same way. Viable counts were determined by counting the colonies on plate count agar
(Merck KGaA, Darmstadt, Germany) using drop plate technique; to lower the detection limit,
the lowest dilution of samples were also determined by pour plate technique. Agar plates were
incubated for 24 h (drop plate technique) or 48 h (pour plate technique) at 37 °C. Detection
limits were determined to be 1.0 logio cfu mI™ for pour plate technique and 2.0 logio cfu ml?
for drop plate technique. All experiments were conducted two-fold for each type of cutting
board.

Reduction or growth on material after incubation was calculated by subtracting the logarithmic
average value of bacterial concentration on the reference material immediately after inoculation
(Ni) from the average value of bacterial concentration on the material after incubation (Nc)
(Eq. 4.1)

f(N;, Ne) = logyo(N;) —logso(Ne). (4.1)

Standard errors (dfrc) were calculated following the Gaussian propagation of uncertainty
(Eq. 4.2)

1

fre = \/ (ﬁ X dNi)z + ( NexInio dNC)Z (4.2)

where Nij=average of bacterial concentration on reference material immediately after
inoculation; d=standard error, and Nc=average of bacterial concentration on reference,
respectively sample material, after incubation, In= natural logarithm base e.

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 (Eqg. 4.3):

log,, — reduction = log;o(N¢cg/Ncs) (4.3)
with Ncr= average of bacterial concentration on reference material, and Ncs= average of
bacterial concentration on sample material both after 2 h incubation.

Simulation of cross-contamination scenarios

Three different scenarios of cross-contamination were simulated using the poly(TBAMS)
containing LLDPE-board (Figure 4.1). For each pathogenic bacterium, each scenario was
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conducted in at least two replicates with bacterial counts determined on at least two cutting
boards.

Scenario 1: inoculated pork (source) to board (recipient)

initial concentration A
of inoculated pork

bacterial load pork A]
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Scenario 3: inoculated pork (source) via board to cucumber (recipient)
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Figure 4.1 Shematic representation of cross-contamination the three scenarios. Processes with
poly(TBAMS)-treated cutting boards (S) are presented in light grey and processes with untreated
LLDPE (R) are presented in white and with dashed lines.

In scenario 1, each of the 14 pieces of pork was inoculated with a total of 200 pl (4 drops of
50 pl each) of bacterial solution (L. monocytogenes or S. aureus) to reach a final bacterial
concentration on the meat of 10° cfu cm2. After spreading the inoculum with a pipette tip, the
filet pieces were stored for 2 minutes to let the bacteria attach to the surface. To control the
initial concentration 2 filet pieces were sampled immediately. The remaining 12 pieces were
placed with the inoculated surfaces half on treated and half on untreated cutting boards. To
standardize contact area between cutting board and pork fillet, the gap between the pork and
the lid of the petri dishes were filed with circular sterile LLDPE disks. On top of the petri lids,
weights (350 g) were placed to generate similar pressure. After 2 min and 2 h contact at 20 °C
the total viable counts, which consist of the natural flora and the inoculated bacteria, as well as
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individual bacterial counts of the inoculated pathogens of filet pieces and the surface count of
cutting boards were determined.

In the second part of the cross-contamination study (scenario 2), the transfer from a
contaminated cutting board to cucumber was simulated. Cutting boards were inoculated with
400 pl (8x50 ul) of the bacterial solutions, which was spread via pipette tip, resulting in a
concentration of 10° c¢fu cm 2. After 2 minutes, 2 boards were used to determine the initial
bacterial level. With the remaining boards (3 treated and 3 untreated boards for each pathogen
and contact time), a slice of cucumber was placed on each. Like scenario 1, contact between
the boards and food was induced. The bacterial counts of the cutting boards and the cucumber
slices were enumerated after 2 h at 20 °C for L. monocytogenes and for S. aureus after 2 min
and 2 h at 20 °C.

In the last scenario, the two prior scenarios were combined into a two-stage cross-
contamination. The inoculated filet pieces were prepared analogous to scenario 1. They were
stored on cutting boards for 2 minutes at 20 °C and then replaced by cucumber slices. After
following incubation at 20 °C for 2 h, the bacterial counts on treated and untreated cutting
boards and on the cucumber slices were determined.

To determine the viable counts on the cutting boards, the boards were initially rinsed with 10 ml
sodium chloride with tryptone and washed several times via pipette. The washing solution was
collected carefully and transferred to sterile test tubes. Afterwards, the cutting boards were
swabbed with moistened cotton swabs. The swabs were allowed to stand in the collected
washing solution for 1 minute and mixed by vortexing for one further minute.

The filet pieces and the cucumber were transferred to a filtered, sterile stomacher bag and filled
with sodium chloride solution with tryptone (135 ml for filets of pork and 225 ml for cucumber
respectively). Samples were homogenized with a Stomacher 400 (Kleinfeld Labortechnik,
Gehrden, Germany) for 60 seconds.

Total viable counts of the homogenate of food and of the washing solution of the cutting boards
were enumerated by drop plate technique and pour plate technique on plate count agar (Merck
KGaA, Darmstadt, Germany). Both were incubated at 37 °C for 24 h for dropped plates and
48 h for pour plates. Individual counts of L. monocytogenes were counted on ALOA-plates
(Merck KGaA, Darmstadt, Germany) and S. aureus on Baird Parker-plates (BDH Prolabo®
VWR Chemicals, Leuven, Belgium) by drop plate technique. All petri dishes were incubated
for 48 h at 37 °C.

The detection limit for cutting boards (cb) was defined as 0.7 logio cfu cb™® for total viable count
and 2.0 logio cfu cb® for individual counts. For pieces (p) of meat and cucumber the detection
limits were 2.0 logao cfu p™* for total viable counts and 3.0 logio cfu p* for individual counts.
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The transfer rates of bacteria were assessed for the three scenarios: Inoculated filet of pork to
cutting board; inoculated cutting board to cucumber, inoculated filet of pork to cucumber via
cutting board.

The transfer rates were calculated as follows (Eq. 4.4):

count on recipient [cfu]

Transfer rate [%] = x 100 (4.4)

(count on source [cful+count on recipient [cfu])
Statistical analysis

Statistical significance (n>3) in reduction-levels was tested using Mann-Whitney U test in
SPSS 22 (IBM Corp. 1989, 2013, New York, USA). Significance was defined as p<0.05 and
highly significant as p<0.005. Figures were generated with the statistical software program
Origin 8.0G (OriginLab Corporation, Northampton, USA).

4.4 Results and Discussion

4.4.1 Antimicrobial activity

The changes of bacteria count on the different reference materials (PP, LLDPE) and sample
materials (poly(TBAMS)/LLDPE, poly(TBAEMA)/LLDPE, Microban®PP) within 2 h at
20 °C are shown in figure 4.2. On both reference boards, just marginal growth of the three
bacteria was detected. Changes of the bacterial counts on antimicrobial boards are dependent
on the bacterial strain and the type of antimicrobial agent. In general, L. monocytogenes was
most sensitive to the three different treated boards. Counts of L. monocytogenes were decreased
under the detection limit on both SAM-Polymer®-boards, resulting in a logio-reduction of 4.5
logio cfu mI. The Microban®-board led to a difference between reference and sample material
of 0.3 logio cfu ml™. Bacterial counts of S.aureus and S. Thypimurium do not differ on
Microban®-containing and untreated polypropylene boards. On poly(TBAMS)-containing
boards, bacterial counts of both microorganisms were reduced significantly (p<0.001), although
higher logio-reduction for S. aureus (2.7 logio-steps) than for S. Thypimurium (0.4 logio-steps)
was detected. Reduction of S. aureus on LLDPE-boards with poly(TBAEMA) was comparable
with reduction on poly(TBAMS)-containing boards (2.4 logio-steps), but the bacterial count of
S. Thypimurium was unchanged.
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Figure 4.2 Reduction [logio cfu ml] of bacterial counts after 2 h incubation at 20 °C applied on LLDPE
and PE as reference cutting boards and antimicrobial treated sample cutting boards:
LLDPE/poly(TBAMS) (n=18), LLDPE/poly(TBAEMA) (n=15), PP/Microban® (n=3).

Contrary to the biocide releasing board the contact-active boards showed, after 2 h contact at
20 °C, an antimicrobial activity, but the value of reduction was variably pronounced regarding
pathogen used. These findings are confirmed in various studies, which also identified bacterial
strain dependent antimicrobial activity of poly(TBAEMA) and poly(TBAMS) [38, 39, 43, 44,
49, 50]. Dohlen et al. [43] argued that the electrophoretic mobility of gram-positive bacteria is
more negative than in gram-negative bacteria resulting in more intensive interactions with
antimicrobial surface for gram-positive bacteria than for gram-negative ones. S. Thypimurium
exhibits a considerably more neutral electrophoretic mobility than L. monocytogenes or
S. aureus [51]. The Microban®-board did not influence the bacterial count of the pathogens.
The temperature as well as the contact time are known factors affecting the activity of
antimicrobial materials [52]. In the case of releasing systems, this is caused by slower release
of antimicrobial agents with a decrease of the temperature [46, 47]. But neither the decreased
temperature nor the shortened contact time when compared with the required conditions of the
test standard JIS 2801 was responsible for the missing antimicrobial activity of the silver-
releasing board. Even at the JIS required temperature of 35 °C and contact time of 24 h no
significant differences in S. aureus count on the reference and sample materials (p=0.171) were
detected. On references as well as samples, the bacterial count increased (reference: 2.4 + 0.05
logio cfu mI, sample: 2.3 +0.16 logio cfu mIt). Thus, the tested Microban®-board did not
show a potential to reduce cross-contamination during meal preparation.

The antimicrobial screening of the SAM-Polymer®-containing boards was continued to
evaluate if these boards also show an antimicrobial activity under cold temperature conditions,
which are present in different steps of food production and processing. The results of the
antimicrobial activity tests at 7 °C are presented in figure 4.3. As detected by Dohlen et al. [43],
the extent of temperature effect on the antimicrobial activity is dependent on the bacterial strain.
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The antimicrobial activity of both materials against L. monocytogenes is not influenced by
temperature. The activity at 7 °C against S. aureus is reduced compared with 20 °C. However,
logio-reductions of 1.2 logio cfu mI? for boards with poly(TBAMS) and 1.5 logio cfu mI for
poly(TBAEMA)-boards were measured. An antimicrobial effect of the treated boards against
S. typhimurium was lacking on both boards. The reduced activity could be attributed to a lower
bacterial surface charge at lower temperatures [43].
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Figure 4.3 Reduction [logio cfu mlI] of bacterial counts after 2 h incubation at 7 °C applied on reference
cutting boards (LLDPE) and antimicrobial treated sample cutting boards (LLDPE/poly(TBAMS),
LLDPE/poly(TBAEMA), n=6).

Since the contact time during processing is normally very short, the influence of such short
contact time was tested with the poly(TBAMS)-containing board. After a 2 minutes contact
with the cutting boards at ambient temperature conditions (20-22 °C) a reduction of 0.7 logzo-
steps for L. monocytogenes was detected. Bacterial counts of S. aureus were just marginally
reduced.

The antimicrobial action of SAM-Polymers® is traced back to chemical reactions of the amino
functionalized groups leading to local changes in pH-value and physical interactions between
the positively charged polymer surface and the negatively charged surfaces of the bacteria [49].
To enhance the antimicrobial effect of the SAM-Polymer®-boards for a broader spectrum of
microorganisms and for short contact times, the number of active groups on the surface of the
polymer has to be increased [38, 53]. Possible ways are to increase the amount of poly(TBAMS)
and poly(TBAEMA), respectively, in the bulk composition or the improvement of material
elaboration leading to accumulation of SAM-Polymers®at the interface.

From the results, it became evident that poly(TBAMS) showed the highest potential to reduce
pathogen transfer during food preparation, but, in this material composition, only under ambient
conditions with temperatures around 20°C.
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4.4.2 Cross-contamination scenarios

In the second part of the study three different test scenarios were conducted to assess the effect
of the poly(TBAMS)-containing cutting boards on cross-contamination of L. monocytogenes
and S. aureus during food preparation. Table 4.1 summarized the total viable counts and
transfer rates in the different scenarios after 2 h contact time.

The transfer of bacteria in the different scenarios ranges between 4.02 and 59.82 % on reference
LLDPE boards. This confirms the results from other studies, where similar rates were found [3,
15, 19, 54-56]. This wide range clarifies that cross-contamination is a multifactorial process,
which is influenced by different factors like contact time, bacterial strain, bacterial load, food
type as well as surface material and its properties [57-59]. In our experiments, a clear influence
of the bacterial strain as well as the kind of food was observed, but no significant effect of
contact time (2 h, 2 min) was observed.

Table 4.1 Transfer of bacteria (total viable counts) after 2 h in different scenarios with untreated LLDPE
material and LLDPE with 10 % poly(TBAMS). Different superscript letters in one line indicate
significant differences in total viable count on LLDPE and LLDPE+10 % poly(TBAMS) (p<0.05),
capital letters mark highly significant differences (p<0.005).

Scenario Organism Total Viable Counts [log,, cfu surface™] Transfer rate [%]
Source Recipient
LLDPE LLDPE+TBAMS LLDPE LLDPE+TBAMS
min  max mean *SE min  max mean *SE min  max mean * SE mean * SE mean + SE

(1) inoculated meat to L. monocytogenes 5.02 631 592 +0.00 434 452 443 +0.05° 400 437 421 +0.11° 17.06+ 3.42 1093 +3.15
cutting board S.aureus 447 5.05 473 +0.13 349 421 3.80 £0.137? 352 406 3.87 +£0.08° 1044 + 496 12.05 + 4.20

(2) inoculated cutting L. monocytogenes 5.19 526 522 +0.01 5.16 555 539 +0.06° 2.69 269 291 +0.07° 59.82+ 3.05 049 * 0.09
board to cucumber

S.aureus 488 495 491 +002 442 476 4.64 +0.06° 427 476 456 +0.08° 3484+ 2.88 31.18 + 4.04

3) inoculated meat L. monocytogenes  5.85 631 6.00 +0.08 434 540 4.84 £0.19° 348 529 463 +036° 651+ 245 4.14 +2.38
via cutting board to

S.aureus 462 721 687 +071 501 601 549 +0.14° 465 634 569 +031° 402+ 287 619 +6.04

cucumber

Table 4.2 summarizes the total viable counts and the individual counts of the inoculated S.
aureus as well as the determined transfer rates after 2 min contact time between bacterial source
and recipient. The transfer rates on reference boards range between 2.01 and 50.65 % for TVC.
In comparison, the transfer rates of TVC after 2 h are 4.02-34.84 %. The rates for individual
counts reached values between 0.27 and 34.20 % after 2 min and 1.55 % and 36.8 % after 2h.
The results of the Mann-Whitney U test determined no significant effect of prolonging the
contact time from 2 min to 2 h on the transfer of S. aureus. This was also confirmed in other
studies: Gkana et al. [59] tested the transfer of different inoculum levels of L. monocytogenes
from beef filet to polyethylene boards after 1 and 15 min and determined no significant
difference in transfer rates. Dawson et al. [60] could not detect a significant effect of food
contact time on contaminated surfaces, but the residence time of bacteria on the surface prior
to food contact affected the transfer to food. Thus, the prolonged rest time of bacteria on meat
in the study of Gkana et al. [26] can explain the lower bacterial transfer from inoculated meat
to a cutting board in comparison to our results.
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Table 4.2 Transfer of bacteria (total viable counts and individual counts of S. aureus) after 2 min in
different scenarios with untreated LLDPE material and LLDPE with 10 % poly(TBAMS). Different
superscript letters in one line indicate significant differences in total viable count on LLDPE and
LLDPE+10 % poly(TBAMS) (p<0.05), capital letters mark highly significant differences (p<0.005).

Scenario Bacterial Counts [log,, cfu surface™] Transfer rate [%]
Source Recipient
LLDPE LLDPE+TBAMS LLDPE LLDPE+TBAMS
min  max mean * SE min  max mean *SE min  max mean *SE mean * SE mean * SE
(1) inoculated meatto ~ TVC 447 5.05 473 +£0.09 3.26 4.02 3.73 +0.07* 3.40 400 3.76 £+0.06* 897 * 225 9.66 * 2.30

cutting board Individual count ~ 4.56 5.16 4.86 +0.10 3.18 424 384 +009° 336 398 3.75 £005° 888 + 255 7.33 £ 1.84

(2) inoculated cutting ~ TVC 488 495 491 +002 449 543 492 +£0.18° 407 479 452 +0.13° 50.65 + 1405 29.27 + 569
board to cucumber |ndividual count ~ 4.81 4.93 4.85 % 0.03 4.45 4.69 457 +005° 410 441 432 £006° 3420+ 3.09 2269 *2.32

inoculated meat via Ve 462
cutting board to
cucumber

(3) 721 6.87 +0.71 468 555 518 +0.12° 441 559 510+020% 201+ 127 1.68 +1.29

Individual count 472 692 6.60 +063 3.30 436 4.03 +0.24° 330 4.18 3.74+0.15% 0.27 + 020 0.14 £0.10

While the contact time was insignificant, differences in the transfer rates between the two
pathogens as well as between the two food types were apparent. In all 2 h scenarios with the
reference boards, the transfer rates of S. aureus are always lower than for L. monocytogenes
(Table 4.1). Regarding the food participation, it was shown that the transfer rates of both
bacteria from inoculated cutting board to cucumber (scenario 2: L. monocytogenes:
59.82+3.05 %, S. aureus: 34.84+2.88 %) were clearly higher than from inoculated meat to
cutting board (scenario 1: L. monocytogenes: 17.06+£3.42 %, S. aureus: 10.44+4.96 %).

These findings corroborate what other studies have observed with those of other authors. It can
be explained by the surface characteristics of the bacteria as well as of the food or plastic
respectively, which influenced the attachment strength of bacteria to the surfaces and
consequently the probability of transfer to other surfaces [6, 16, 26, 58, 61-63]. Gkana et al.
[59] and Zilelidou et al. [64] detected that the transfer rates of L. monocytogenes are higher in
comparison to those of S. typhimurium and E. coli. A study of Dickson [62] showed that
L. monocytogenes as well as S. aureus attached more preferably to fatty muscle tissue than to
lean surfaces. Studies observed that bacteria on meat surfaces are not only attached but also
trapped between muscle fibers and collagen bundles and are therefore difficult to remove. Next
to the beneficial surface topography, the moisture content on the cucumber slices positively
affects the transfer of bacteria [3, 58]. An additional experiment (data not shown), determining
the transfer of Listeria from an inoculated cucumber slice to a cutting board, confirmed this
explanation, because the measured transfer rate of 35.05+£3.96 % is higher than the mentioned
transfer from inoculated meat to cutting board (scenario 1). The high transfer rates of pathogens
to fresh vegetables, like tomatoes or cucumber, were also observed by other authors [3, 17, 26,
28, 55, 58].

The effect of antimicrobial surfaces with poly(TBAMS) on the transfer rates of the pathogens
is pronounced variably and depends on bacterial strain, food stuff and contact time between
source and recipient, with the pathogenic strain showing the most apparent influence. As
expected, based on the antimicrobial survey in the first experimental series, the effect on
transfer of L. monocytogenes in cross-contamination scenarios was higher than for S. aureus.
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Contrary to antimicrobial screening, prolonging contact time did not clearly lead to reduced
transfer to poly(TBAMS)-containing boards in comparison with the reference boards.

For all scenarios with S. aureus, no significant effect of the antimicrobial cutting board on the
total viable count after 2 h (Table 4.1) as well as after 2 min (Table 4.2) could be determined.
After just 2 min contact of the inoculated cutting board and the cucumber (scenario 2) the
individual S. aureus count was significantly (p=0.008) lower on antimicrobially treated
(4.32+0.06 logio cfu p?) than on untreated boards (4.57 + 0.05 logio cfu pt). The total viable
count was not significantly affected. A possible explanation could be a variable accompanying
natural flora of the cucumber, which is reflected in the high standard error of total viable counts
on the cucumber after the transfer. A significant but marginal reduction of S. aureus counts
after 2 min contact was also detected in antimicrobial assays mentioned before. It could be, that
the reduced transfer of S.aureus (LLDPE: 34.2+3.09%, LLDPE/poly(TBAMS):
22.69+2.32 %) is caused by stronger interactions between bacteria and the poly(TBAMS)-
containing board, which inhibited the transfer. This is supported by the fact that the remaining
bacterial counts on the cutting boards after the contact with the cucumber did not significantly
differ. The highest positive effect on pathogen transfer was mentioned in scenario 2, during the
transfer of L. monocytogenes from an inoculated cutting board to a cucumber slice. The
antimicrobial polymer reduces the cross-contamination highly significantly (p=0.004) about 2.5
logio-steps leading to a reduction of transfer rate from about 60 % for untreated board to 0.5 %
for the treated board. A comparable effect on cross-contamination was determined if an
inoculated cucumber was in contact with a cutting board (data not shown).

The investigations with L. monocytogenes showed the influence of the presence and the
nutritional composition of food on the transfer rate in general, but also on the activity of
antimicrobial treated surface. Many studies demonstrate a decrease or even an absence of
antimicrobial activity in the presence of food debris [24, 42, 43, 65-67]. This is caused due to
two effects: first the external preconditions for survival of bacteria are better, and second, the
food ingredients, especially proteins, interact with the antimicrobial agents [67]. Therefore, the
presence of pork filet enhances the survival of bacteria to a greater extent than cucumber does.
Thus, in scenario 3, the TVC on cucumber, after contact with cutting board which was
contaminated via contact with inoculated meat, only differ about 0.2 log-steps (p=0.046),
leading to a reduction in transfer rate of 2 %. And the difference in transfer of L. monocytogenes
from inoculated meat to cutting board (scenario 1) was not even significant after 2 h.
Interestingly, after 2 min contact, total viable counts determined on poly(TBAMS)-containing
cutting boards were significantly lower (1.3+0.28 logio cfu cb®, p=0.005) as populations
retrieved from reference boards (4.51+0.16 logio cfu ch™). These findings are not explainable
with our investigations. Maybe the transfer to the antimicrobial cutting board in the first 2 min
is low because of electrostatic interactions and the bacteria are not killed but rather are attached
on the meat. Therefore in further experiments, the remaining bacterial count on the filet piece
should be determined.
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The antimicrobial screening of the antimicrobial treated cutting boards showed, that the activity
is affected by the factors bacterial strain, contact time and contact temperature. The SAM-
Polymer® poly(TBAMS) was identified to have the highest potential to reduce cross-
contaminations during food preparation. However, the cross-contamination scenarios observed
that, despite the good antimicrobial properties of poly(TBAMS), the effect on the transfer of
the pathogens is highly limited and varying in dimension, and dependent on involved
microorganisms, food stuffs and environmental conditions. But the integration of antimicrobial
food contact surfaces can have an indirect positive effect on cross-contamination, due to
improvement of the hygienic status of the surfaces. During food processing, particularly when
cleaning is insufficient, the bacterial load on contact surfaces increases; this could be inhibited
or deferred via antimicrobial materials. In a study by Dohlen et al [43], it was shown that
prolonging the contact time lead to a very high reduction of bacteria, even in the presence of
meat extract and under low temperature conditions. Thus, poly(TBAMS) may support the
inactivation of pathogens until the next contact with food. But it is unquestioned that the use of
these antimicrobial food contact surfaces cannot replace hygienic measures.

4.5 Conclusion

The antimicrobial screening of the investigated cutting boards confirmed the varying activity
of different kinds of active materials. The lowest activity was shown for the commercially
available silver phosphate glass containing cutting board, and the highest activity was reached
with LLDPE containing 10 % poly(TBAMS). It became evident that even if a material shows
a high antimicrobial activity, the potential to reduce cross contamination is influenced by
several other factors, like bacterial strain and type of food stuff. The study shows, that the
reduction of transfer of bacteria during direct contact of food and food contact surfaces is
restricted, but the use of those surfaces could contribute to the hygienic status of the food contact
surfaces, leading to a lower risk of cross-contamination of products. Further studies are
necessary to investigate if an optimization of the boards, for example by higher content of
poly(TBAMS), can enhance the antimicrobial activity, leading to a higher effect on cross-
contamination.
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5 Potential of antimicrobial treatment of LLDPE with poly((tert-
butyl-amino)-methyl-styrene) to reduce biofilm formation in
food industry

5.1 Abstract

Antimicrobial surfaces are one approach to prevent biofilm formation in the food industry. The
aim of this study was to investigate the effect of poly((tert-butyl-amino)-methyl-styrene)
(poly(TBAMS)) incorporated into linear low-density polyethylene (LLDPE) on the formation
of mono and mixed-species biofilms. The biofilm count on untreated and treated LLDPE was
determined after 48 and 168 h. The comparison of the results indicated that the ability of the
pathogen Listeria monocytogenes to form biofilms was completely suppressed by
poly(TBAMS) (Atesh 3.2 logio cfu cm™) and colonization of the pathogens Staphylococcus
aureus and Escherichia coli was significantly delayed, but no effect on biofilms built by
Pseudomonas fluorescens could be observed. Results of dual-species biofilms showed the
complex interactions between the microorganisms, but comparable effects on the individual
bacteria by poly(TBAMS) were identified. Antimicrobial treatment with poly(TBAMS)
showed great potential to prevent biofilm formation of polymeric surfaces in the food industry.
However, a further development of the material is necessary to reduce the colonization of strong
biofilm formers like Pseudomonas fluorescens.

PUBLISHED IN BIOFOULING- THE JOURNAL OF BIOADHESION AND BIOFILM RESEARCH SEE LIST
OF PUBLICATIONS (HUWE ET AL. 2018)
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5.2 Introduction

In food processing environments, bacteria attach to food contact surfaces, where they can
survive for long periods, grow and form biofilms, especially when supported by the presence
of food debris [1-8]. Biofilms are defined as assemblages of microorganisms, which interact
with each other and are embedded in self-produced, extracellular, polymeric substances (EPS)
and adhere to surfaces [9]. Most bacteria reside in multispecies biofilms, because this sessile
form offers advantageous over the planktonic form like protection against environmental stress
[2, 8, 10, 11]. Hence, it is widely accepted that sessile forms of bacteria exhibit an up to 500-
fold increased resistance to antimicrobial treatment in comparison to planktonic individuals [6,
7, 12]. Furthermore, interactions in multispecies biofilms were shown to enhance the
colonization and persistence of pathogens on food contact surfaces [8, 13-19]. Spoilage bacteria
like Pseudomonas spp., known as good biofilm formers, as well as pathogens like Listeria
monocytogenes, Escherichia coli and Staphylococcus aureus, which are often involved in
outbreaks of foodborne diseases, were proven as members of biofilm communities in the food
industry [4, 6, 8, 20-26]. These biofilms present a permanent source of microbial contamination
of food leading to accelerated spoilage and reduced safety [1, 11, 21, 27, 28]. Furthermore,
biofilms contribute to biofouling of work surfaces, which can adversely affect the function of
the interface [12, 29]. In addition, the removal of biofilms is more demanding than planktonic
cells due to the increased tolerance, up to resistance, against sanitizers of bacteria embedded in
biofilms, and stronger physical force is also necessary [3, 5, 30-32].

For these reasons, the prevention of biofilm formation is of great concern in the food industry.
To improve the effectiveness of cleaning and disinfection, three approaches are discussed to
inhibit the adhesion of bacteria and the subsequent formation of a biofilm [29]: optimizing
equipment design, altering surface chemistry and treating materials with antimicrobial agents
[2, 7, 32-34]. The first one can hinder bacterial attachment and improve sanitation measures;
the second approach includes different concepts, such as hydrophilicity, to modify surface
characteristics that lead to repelling of microorganisms from the interface. Finally, the treatment
of materials with antimicrobial agents leads to killing of microorganisms, either near surfaces
due to the release of biocides from the material or due to proximity to contact-active biocidal
materials [35]. The application of biocide releasing systems is limited in the food industry,
because of possible carry over of biocides into food and only temporary effectiveness [31].
Contact-active surfaces are superior concerning these facts. Thus, various technologies were
explored to immobilize different antimicrobial active agents such as essential oils, enzymes,
antimicrobial peptides and quaternary ammonium on surfaces [34, 36, 37]. Although good anti-
biofilm properties of some approaches were shown [38], the durability and stability of the
immobilization are often still a challenge. Thus, intrinsically antimicrobial active materials
offer great potential for the use as food contact surfaces, which are exposed to strong forces
especially during cleaning processes. Sustainable Active Microbiocidal (SAM)-Polymers®
belong to this class of antimicrobial materials. The SAM-Polymer®, poly((tert-butyl-amino)-
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methyl-styrene) (poly(TBAMS)) has good antimicrobial activity against a broad spectrum of
bacteria, even at low temperature and in the presence of food components [39-42]. Hence,
poly(TBAMS) shows potential for application in food contact surfaces, but antimicrobially
active surfaces do not necessarily inhibit biofilms [43, 44].

Up to now, no information about the ability of poly(TBAMS) to inhibit biofilm formation are
available. Thus, the aim of this study was to determine the effects of poly(TBAMS), which was
incorporated into LLDPE, on the formation of mono and mixed-species biofilms of different
microorganisms relevant to the food industry.

5.3 Materials and Methods

The potential of poly(TBAMS) to reduce biofilm formation on polymeric food contact surfaces
was investigated in two experimental series. In the first experimental series, the cell count in
mono-species biofilms of Escherichia coli, Listeria monocytogenes, Staphylococcus aureus
subsp. aureus and Pseudomonas fluorescens on neat LLDPE surfaces and LLDPE surfaces with
incorporated poly(TBAMS) were determined and compared after 48 and 168 hours of biofilm
formation. The second experimental series was conducted with heterogeneous cultures,
composed of two bacterial strains each in all possible combinations of the four bacterial strains
used in mono-culture experiments.

5.3.1 Bacterial strains

The mentioned bacteria are typical members of biofilm communities in the food industry and
were therefore chosen as test organisms for the two different trials. All strains, delivered by the
German Resource Centre for Biological Material (DSMZ, Braunschweig, Germany), were
frozen in cryogenic pellets for preservation. A stock solution was prepared by transferring a
frozen culture to 10 ml of nutrient broth (Merck KGaA, Darmstadt, Germany) and afterwards
incubated overnight at the optimal growth temperature for each bacterium per the instructions
of DSMZ (Table 5.1). For the inoculum, the stock solutions were diluted in physical saline
solution with tryptone (1 g I') (Oxoid, Hampshire, United Kingdom) to an end concentration
of 102 cfu mI. For experiments with the heterogeneous inoculum, each bacteria culture was
initially prepared and diluted separately, and the two different cultures were mixed in the final
dilution step to the desired concentration.
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Table 5.1 Summary of used bacteria, cultivating as well as enumeration temperature and selective media
in mixed cultures

Bacteria Strain Temperature Selective medium

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

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

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

Pseudomonas fluorescens ~ ATCC 25°C  Pseudomonas agar with cetrimide fucidin
13525 cephaloridine (CFC) selective supplement

(Oxoid, Cambridge, United Kingdom)

5.3.2 Test material

Materials were prepared by the University of Applied Sciences Munster. Poly(TBAMS) was
synthesized as described in Brodkorb et al. [39]. Test surfaces were processed from the linear-
low density polyethylene (LLDPE) (Dowlex 2433, Dow plastics, Midland, USA) mixed with
10 % poly(TBAMS) in a double screw extruder. The resulting compounds from the extrusion
process were pressed to polymer discs (diameter: 4.0 cm, thickness: 0.2 cm) by a fully hydraulic
injection moulding machine (Babyplast Typ 6/10 PT, CHRISTMANN Kunststofftechnik
GmbH, Kierspe, Germany). Discs of raw LLDPE were produced identically as a reference
material. The discs were divided in half and decontaminated by dipping in boiling water for
15 s prior to use.

5.3.3 Biofilm development

The prepared polymer surfaces were placed individually in Falcon® tubes (50 ml,
polypropylene, Corning, NY, USA) and 20 ml of the bacteria solution were added. Each
experiment was conducted with 6 references and 6 sample test pieces respectively, and
additional blank tests with the reference material and pure sodium chloride were done to assure
sterility. For the development of biofilms, the tubes were incubated at 15 °C for preassigned
time intervals (48 h, 168 h). In the case of 168 h, the growth medium was renewed after 48 and
120 h to support biofilm formation, which was proven in pre-tests. For this purpose, the present
bacterial solution and the test pieces were aseptically removed. The polymer slices were washed
with 10 x 1 ml sodium chloride with tryptone via pipette on each side to remove unattached
cells and were afterwards reinsert into the falcon tube with 20 ml fresh sodium chloride with
tryptone.

5.3.4 Enumeration of biofilm

To enumerate biofilm cells after incubation the bead vortexing method, described by Lindsay
and Holy [45] as well as by Dorou et al. [22], was used. After 48 h and 168 h the slices were
washed in the same way mentioned before and placed in a new Falcon® tube with 20 ml sodium
chloride with tryptone and 10 glass beads (3 mm, Paul Marienfeld GmbH & Co KG, Lauda-
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Konigshofen, Germany). To remove the biofilm cells from surfaces the tubes were vortexed for
2 min (2700 rpm). Immediately after this procedure the polymer slices were removed and the
bacterial counts of the solutions were enumerated. Plate count agar was used for enumeration
of biofilm cells in experiments with mono-cultures of bacteria and for total viable counts (TVC)
of mixed-species biofilms. To determine the individual counts of the two bacteria involved in
mixed-cultures, selective media were used (Table 5.1). Plate count agar plates in mono-culture
experiments as well as selective media for individual counts in mixed-cultures tests were
incubated at the cultivating temperatures mentioned in table 1 for 48 hours; plate count agar
plates for TVC in mixed-species experiments were incubated at 30 °C for 48 hours.

5.3.5 Statistical analyzing

Statistical significance in the difference of viable counts of biofilm cells on reference and
sample material was tested using the Mann—Whitney U test in SPSS 22 (IBM Corp. 1989, 2013,
New York, USA). Significance was defined as p<0.05 and highly significant as p<0.005.
Figures were generated with the statistical software program Origin 8.0G (OriginLab
Corporation, Northampton, USA).

5.4 Results

5.4.1 Mono-species biofilms

After 48 h incubation, all four tested bacteria formed a biofilm on the untreated LLDPE
surfaces. The counts ranged between 2.0 and 6.1 logio cfu cm; the lowest count was detected
for S. aureus, and P. fluorescens showed the highest density of cells. Figure 4.1 illustrates the
distribution of viable counts of biofilm cells of the various microorganisms on the reference
and the sample material. Except for P. fluorescens, significantly less biofilm (p<0.005) was
formed by the three remaining bacteria on the poly(TBAMS)-containing LLDPE surfaces after
48 h than on untreated LLDPE. The highest difference (A 2 logio-steps) in mean biofilm cell
counts was shown for L. monocytogenes. In contrast to untreated LLDPE, nearly no S. aureus
cells adhere to the poly(TBAMS) samples (A 0.9 logio-steps).

The biofilms of all microorganisms increased during the following 5 days of incubation on
untreated LLDPE. Thus, after 168 h more than 6 logio cfu cm™ were detected for E. coli and
P. fluorescens (Figure 5.1b). Likewise, growth of the biofilm on poly(TBAMS)-containing
surfaces except for L. monocytogenes was proven. No L. monocytogenes cells could be
recovered from the poly(TBAMS) surfaces, while a biofilm of 4.2 logio cfu cm™ formed on the
reference material (p=0.002). Also, the highly significant difference of E. coli (p=0.002;
A 3.6 logio-steps) indicates an inhibition of biofilm formation due to poly(TBAMS). No
significant difference after 168 h could be determined for S. aureus and for P. fluorescens.
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Figure 5.1 Box plots of viable counts of biofilm cells on untreated LLDPE compared to poly(TBAMS)-
containing LLDPE after 48 h (a) and 168 h (b) incubation in solution of various microorganisms in
mono-culture. Asterisk indicate significance of biofilm counts between the two used materials
(p<0.005).

5.4.2 Mixed-species biofilms

The results of total viable counts of biofilm formed by heterogeneous cultures on LLDPE
material with and without poly(TBAMS) are shown in figure 5.2, the individual counts of the
two bacteria used are summarized in table 4.2. In general, results are comparable with those of
the mono-species biofilms, with higher biofilm counts of the gram-negative bacteria than of the
gram-positive one. Most biofilms were formed by heterogeneous cultures in which
P. fluorescens was present, with around 6 logio cfu cm2 after 48 h and 6.5 logio cfu cm™2 after
168 h on both materials, corresponding with the count of monoculture biofilm of P. fluorescens
after both time intervals (Figure 5.1). Also, the individual counts of two microorganisms
indicate that the count of the heterogeneous biofilm is based on the density of Pseudomonas
cells. No S.aureus cells could be detected in the presence of P. fluorescens after both
incubation periods on the reference and sample material. Similarly, L. monocytogenes was not
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present after 48 h on either material, but after 168 h, the biofilm consisted of both species on
untreated LLDPE (P. fluorescens 6.49 logio cfu cm™, L. monocytogenes 4.19 logio cfu cm?)
whereas still no Listeria were proven on poly(TBAMS)-containing surfaces. The mixture of
E. coli and P. fluorescens formed a heterogeneous biofilm, with higher counts of P. fluorescens
both on the reference material (P. fluorescens: 6.66 logio cfu cm2, E. coli: 5.39 logio cfu cm?)
and sample material (P. fluorescens 6.54 logio cfu cm?, E.coli 2.31 logio cfu cm?). The
difference of E. coli counts between both types of material is significant (p<0.005) after 48 h
as well as 168 h. Also, a significant decrease (48 h: p=0.002, 168 h: p=0.01) of biofilm
formation on LLDPE with poly(TBAMS) was detected for E.coli in the presence of
L. monocytogenes. In addition, due to the absence or minimal count of L. monocytogenes on
the sample material, the difference of total viable counts is also significant after both times
(p=0.002). As in the case of mono-culture biofilm, the biofilm cell counts of S. aureus cells
were low compared with the other microorganisms. If the material was incubated with the
mixture of E. coli and S. aureus, the detected biofilm was formed only by E. coli, no S. aureus
could be proven on either material after either incubation period. Unlike the mono-culture
results of E. coli, the difference in cell counts after the long incubation period were still not
significant. The highest difference (A 4.7 logio cfu cm™) in mean total viable count between the
two materials was detected for the biofilm formed by S.°aureus and L. monocytogenes after
168 h. On LLDPE with poly(TBAMS), no cells of the pathogens could be measured, whereas
both pathogens were components of the biofilm formed on untreated LLDPE.

Table 5.2 Quartiles and mean value of individual counts in heterogeneous biofilms on LLDPE and
LLDPE with 10 % poly(TBAMS) after 48 and 168 h incubation. Asterisks indicate significance of
biofilm counts between the two used materials (*: p<0.05; **: p<0.005).

Individual microorganism count in biofilm
[logyo CFU cm?
48 h 168 h
Q1 median Q3 mean Ql median Q3 mean Q1 median Q3 mean Ql median Q3 mean

microorganisms E. coli** + P. fluorescens* E. coli** + P. fluorescens
neat LLDPE 4.31 4.42 4.81 4.52 5.86 595 6.03 593 523 524 539 534 6.52 6.69 6.81 6.66
LLDPE/poly(TBAMS) 1.00 1.00 1.33 1.31 5.73 5.75 580 575 2.03 233 261 231 6.49 6.52 6.52 6.54
microorganisms E. coli** + L. monocytogenes** E. coli* + L. monocytogenes**
neat LLDPE 3.65 3.78 3.90 3.78 1.98 2.18 2.48 217 5.87 6.02 6.18 6.04 411 4.37 4.46 4.29
LLDPE/poly(TBAMS) 1.00 1.00 1.82 1.44 1.00 1.00 1.00 1.00 1.63 2.32 2.76 2.69 1.13 1.18 1.22 1.16
microorganisms P. fluorescens + S. aureus P. fluorescens + S. aureus
neat LLDPE 5.85 6.00 6.32 6.05 1.00 1.00 1.00 1.00 6.30 6.47 6.49 6.41 1.00 1.00 1.00 1.00
LLDPE/poly(TBAMS) 5.84 5.93 6.00 5.92 1.00 1.00 1.00 1.00 6.50 6.55 6.64 6.59 1.00 1.00 1.00 1.00
microorganisms P. fluorescens + L. monocytogenes P. fluorescens + L. monocytogenes**
neat LLDPE 5.80 5.90 6.10 5.88 1.00 1.00 1.00 1.00 6.52 6.52 6.54 6.49 4.07 4.23 4.28 4.19
LLDPE/poly(TBAMS) 5.76 5.91 6.07 5.92 1.00 1.00 1.00 1.00 6.45 6.47 6.50 6.48 1.00 1.00 1.00 1.00
microorganisms S. aureus + E. coli** S. aureus + E. coli
neat LLDPE 1.00 1.00 1.00 1.00 3.23 3.28 3.36 3.27 1.00 1.00 1.00 1.00 6.08 6.27 6.34 6.16
LLDPE/poly(TBAMS) 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 594 6.05 6.18 6.07
microorganisms S. aureus + L. monocytogenes S. aureus** + L. monocytogenes**
neat LLDPE 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.14 3.33 3.46 3.57 3.47 3.12 3.18 3.39 3.23
LLDPE/poly(TBAMS) 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

Asterisks indicate significance of biofilm counts between the two used materials (*: p<0.05; **: p<0.005)
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Figure 5.2 Box plots of total viable counts of biofilm cells on untreated LLDPE compared to
poly(TBAMS)-containing LLDPE after 48 h(a) and 168 (b) incubation in solution of various
microorganisms in mixed-culture. Asterisks indicate significance of biofilm counts between the two
used materials (p<0.005).

5.5 Discussion

It is established, that biofilms, which built a reservoir of bacteria, are a major source of
contamination of food products [34]. Hence, the inhibition of biofilm formation is of concern
in the food industry. The results of this study show that poly(TBAMS) compounded with
LLDPE can reduce and delay the formation of biofilms of the pathogens S. aureus,
L. monocytogenes and E. coli, but no effect on biofilm formation of the spoilage bacterium
P. fluorescens could be detected. The study confirms on the one hand the general antimicrobial
profile of poly(TBAMS), and on the other hand, the complex process of biofilm formation,
which is depended on the general ability of the individual bacteria strains to form biofilms, and
furthermore the interactions between bacteria in heterogeneous cultures [40, 41, 46, 47].
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When biofilms were formed by mono-cultures, most biofilm cells were recovered from
P. fluorescens from both materials after both incubation periods. Also, Sommer et al. [48]
detected that a stable level of P. fluorescens was reached even after short contact times. The
higher biofilm formation of gram-negative compared to gram-positive bacteria can be attributed
to the surface charge, hydrophobicity and higher propensity to produce EPS [46, 48-50]. This
EPS production and the general antimicrobial activity of poly(TBAMS) could be the cause of
the different effects of the poly(TBAMS)-treated surfaces on the biofilm formation of the
different bacteria. Studies regarding the antimicrobial profile of poly(TBAMS) detected a lower
activity against the gram-negative bacteria E. coli and especially Pseudomonas spp. than
against the gram-positive bacteria S. aureus and L. monocytogenes, which is attributed to the
different surface charges of the bacteria species, leading to varying interaction strength [40, 41].
If cells survive on poly(TBAMS)-containing surfaces, they can produce exopolymer matrix
films, which afterwards protect further bacteria from interaction with the antimicrobial active
groups of poly(TBAMS). This results in no significant difference in biofilm formation on
reference and sample material for P. fluorescens, because the activity of poly(TBAMS) is time
dependent and the production of EPS by this fast biofilm former already starts 15 minutes after
first contact with inert surfaces [13, 40, 51, 52]. As previously mentioned, the activity of
poly(TBAMS) is higher against E. coli than against P. fluorescens. This led to significantly
lower E. coli biofilm counts on the sample material than on untreated LLDPE, but due to EPS
production of the surviving cells, the biofilm grew between the two investigation points.
However, the treated surface led to a delay in biofilm formation by E. coli. The gram-positive
S. aureus showed the poorest biofilm formation, which likewise was delayed on the
antimicrobial surfaces. The highest effect of poly(TBAMS) on biofilm formation, with no
detectable cells on 50-100 % of treated surfaces, was detected for L. monocytogens. This is
caused primary by the high antimicrobial activity of poly(TBAMS) against L. monocytogens
under various conditions as well as the short contact time and poor EPS production of
L. monocytogens [40, 41, 47].

In nature, biofilms are most often a community of different bacteria species. Studies proved
that mixed-species biofilms are often thicker and more stable than mono-species biofilms and
that interactions between the biofilm community members influence the growth and survival of
individual bacteria species [8, 10]. These facts could also have an influence on the effect of
poly(TBAMS) on biofilm formation. In previous studies [41] we investigated the general
antimicrobial activity of poly(TBAMS)-containing surfaces against bacteria in mono and
mixed-culture after 2 h contact. The antimicrobial activity against the individual strains in
mixed-culture showed the same behavior as in mono-culture. Thus, interactions between the
bacteria strains or different electrostatic interactions between bacterium and antimicrobial
surfaces seems to have no effect on the antimicrobial activity against the individual bacteria
species. Although the results on the reference surfaces showed interactions between the bacteria
species during biofilm formation of mixed-cultures, the tendential effect of poly(TBAMS) on
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the colonization of the individual bacterial strains was not affected by the mixed-culture
colonization.

The good antimicrobial activity of poly(TBAMS) against L. monocytogenes and S. aureus led
to no biofilm formation when these two gram-negative bacteria were co-cultured on the sample
material, while a biofilm was detected on the reference material. But in comparison to the results
of mono-cultures, the biofilm formation on untreated LLDPE was also clearly delayed. Hence,
it could be possible, that the concurrence between the bacteria stresses the individual cells.
Moreover, this can explain the higher effect on S. aureus after 168 h incubation compared to
mono-culture results, because it is known that the effect of antimicrobial systems is often
enhanced when no optimal growth conditions leading to osmotic stress are present [53]. If the
gram-positive bacteria were co-cultured with one of the gram-negative bacteria, a general
suppression of the gram-positive bacteria was detected. On both materials, no S. aureus cells
could be recovered and therefore no additional effect of the antimicrobial material could be
achieved. The biofilm colonization of L. monocytogenes was delayed on the untreated LLDPE,
but on the poly(TBAMS)-material it was nearly completely inhibited.

A dominance of E. coli over S. aureus in biofilms was also proven in various studies [49, 50,
54, 55], and an E. coli secreted, biofilm-associated, anti-adhesive polysaccharide, which
hinders S. aureus cells in integrating in multispecies biofilms, was identified by Rendueles et
al. [56]. Also, the clear dominance of Pseudomonas spp. over co-cultured species in biofilms,
which was obvious on both materials, conforms with results of other authors. Thus, biofilms
consist of up to 98 % Pseudomonas spp., while Salmonella enterica, L. monocytogenes or
E. coli were less represented [17, 50, 57]. But our results do not confirm the findings that
Pseudomonas spp. is a pioneering species in surface colonization, facilitating the attachment of
less adhesive species [13, 16, 17, 52, 58-62]. Furthermore, the high biofilm production of
P. fluorescens on both materials had no negative effect on the inhibition of colonization of the
co-cultured bacterium on the antimicrobial surface.

This could be originated not only by the suppression of co-cultured bacteria, but also by the
time dependence and strength of interaction of the bacteria species with the active groups of
poly(TBAMS) [40, 41]. Within the first 48 h, P. fluorescens suppressed the colonization of
L. monocytogenes on both materials, but after 168 h, L. monocytogenes adapted to the stress
factors that come along with co-culturing, leading to a clear presence of Listeria on the
reference material. In contrast, on the antimicrobial treated surface, the fast and strong
interaction led to a complete suppression of L. monocytogenes before the EPS formed by
P. fluorescens could protect cells from the contact with poly(TBAMS). In addition, this electro-
negativity of the cells is also mentioned as one factor, next to growth rate and exopolymer
production, which affects the structure of biofilms [49, 54, 63]. In a study by Almeida et al.
[54], E. coli was found in the top layer of a biofilm, while L. monocytogenes was found close
to the material surface. The author reasoned that the bacteria on the bottom are discriminated
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against concerning nutrients and oxygen, leading to lower growth and explaining the reduced
formation of a biofilm by L. monocytogenes in the presence of E. coli after 48 h on untreated
LLDPE. Combined, the stronger interaction of S. aureus with poly(TBAMS), the assumed
presence of E. coli in the top layer of the biofilm and the production of EPS could explain the
higher biofilm production of E. coli on antimicrobial surface in co-culture with S. aureus, when
compared with the results of mono-species culture. Similar results of a negative effect of the
SAM-Polymer® poly(TBAEMA) on the biofilm formation of S. aureus, S. mutans as well as
against an undefined mixed culture of river organisms were found by Seyfriedsberger et al. [43]
and Marra et al. [64]. For releasing systems, the results are more inconsistent. For silver-ion
impregnated PE-material, no difference in L. monocytogenes and P. putida biofilm formation
was detected [65]. In contrast, a study of Roe et al. [66] showed that silver-coated plastic
catheters inhibited the biofilm formation of different bacteria over a defined period of 72 h.
Chaw et al. [67] identified that the activity of silver is limited on the peripheral areas of the
biofilm, due to constricted penetration in these areas. The exposure of bacteria to sublethal
concentrations of migrated biocides in those areas, as well as the irregular release of biocides,
IS supposed to contribute to resistance development and therefore, the use of releasing systems
is critically discussed [12, 66, 68]. In contrast, no resistance development of bacteria is expected
for contact-active materials [35]. A further advantage over releasing systems is the long-term
activity of poly(TBAMS)-containing surfaces, whereas the activity of releasing systems is time-
limited.

The results indicated that an implementation of poly(TBAMS) in food contact surfaces is a
promising approach to reduce biofilm formation in the food industry. Especially the fact that
the colonization of the pathogens in biofilms is inhibited or deferred, emphasizes the potential
to improve the hygienic status of food contact surfaces.

The influence of cleaning and disinfection treatments of the surfaces was not part of this study.
Thus, further investigation should clarify if the removing of condition films and frequent
interruption of biofilms could maintain the effect of the contact-active antimicrobial surface.
Furthermore, the integration of higher amounts of poly(TBAMS) should be studied to find out
if an increase of active groups enhances the effect on biofilm formation, especially of strong
EPS formers.

5.6 Conclusion

Biofilms represent a chronic source of microbial contamination in the food industry. Thus, the
inhibition of biofilm formation is a matter of importance. A treatment of LLDPE with 10 % of
the antimicrobial SAM-Polymer® poly(TBAMS) showed negative effects on biofilm formation
of food related pathogens both in mono and mixed-species cultures. The tested material showed
no effect on the colonization of P. fluorescens, but a further improvement of poly(TBAMS)
containing materials could lead to an effectiveness even against such strong biofilm formers.
The implementation of poly(TBAMS) treated materials can extend the time frame until
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pathogens colonize food contact surfaces. Hence, the materials contribute to the reduction of
pathogenic cross-contamination during food production and processing, leading to improved
food safety. The use of antimicrobial surfaces does not substitute efficient cleaning and
disinfection treatments but can improve the hygienic status of food contact surfaces.
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6 Summary

Colonization of food contact surfaces with spoilage and pathogenic bacteria is of great concern
in all steps of the processing and preparation of fresh meat from the food industry to the
domestic kitchen, because bacteria can cross-over from contaminated surfaces to food products.
Such cross-contamination can have far-reaching consequences for the environment, public
health and causes extensive economic losses. Cleaning and disinfection measures are performed
to achieve a hygienic status of food contact surfaces. But those hygienic operations are often
not fully effective in removing all bacteria from food contact surfaces, allowing remaining
bacteria to form biofilms, which present a long-term reservoir of bacteria. In addition, the
measures are only performed in defined intervals, in the interim the surfaces are unprotected
against the colonization with bacteria.

The application of antimicrobial materials can be a further hurdle for bacteria to attach to food
contact surfaces. Several antimicrobial systems were developed, but most systems are
unsuitable for use during the processing and preparation of fresh meat, because the
antimicrobial activity is considerably reduced or even lacking under the prevalent
environmental and processing conditions. Furthermore, material properties are often inadequate
and release of biocides out of materials is seen critical. The intrinsically antimicrobial active
SAM-Polymer® poly(TBAMS) bears a great potential as contact-active antimicrobial material,
however until this thesis no results regarding the antimicrobial activity and long-term activity
under conditions prevalent during meat processing and preparation; furthermore, no data about
the reduction of cross-contamination and biofilm formation were available.

Thus, the main objective of this thesis was the investigation of the potential of intrinsic
antimicrobial active polymers to improve the hygienic conditions during the processing and
preparation of fresh meat. The antimicrobial activity and the long-term stability was assessed
under relevant conditions and the effect of poly(TBAMS) on cross-contamination and biofilm
formation was investigated. Therefore, five research questions were proposed.

The first research question was focused on the antimicrobial spectrum of poly(TBAMS) as a
homopolymer as well as a copolymer (poly(TBAMS):acrylonitrile [1:1]) which offered
improved material properties. The antimicrobial activity against spoilage and pathogenic
bacteria (S. aureus, E.coli, L.monocytogenes, Salmonella spp., Pseudomonas spp.,
B. thermosphacta) typically present on processing and preparation surfaces of fresh meat was
determined based on the Japanese Industrial Standard (JIS) 2801:2000. The tests were
conducted with mono-species cultures in moderate as well as high bacterial counts.
Furthermore, tests were conducted with mixed-species cultures considering natural incidence
of bacterial flora. The results indicated a good antimicrobial activity of both poly(TBAMS)-
containing films against the mentioned bacteria at 35 °C after 2 h, the copolymer showed a
slightly lower activity. Especially tests with high bacterial counts revealed a higher sensitivity
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of gram-positive bacteria than of gram-negative on the materials. This can be attributed to the
more neutral charge of the surface of gram-negative bacteria, which leads to weaker interactions
with the positive charged polymer surface in comparison to the more negatively charged gram-
positive bacteria. The tests with mixed species confirmed this tendency, but the reduced
antimicrobial action against the gram-negative P. fluorescens did not affect the activity against
the other co-cultured pathogens L. monocytogenes, E. coli, S. aureus and S. enterica.

The second research question aimed at the detection of effects of different environmental and
processing factors on the antimicrobial activity of poly(TBAMS)-containing materials. This
question focused on the ability of the application as antimicrobial material during the processing
and preparation of fresh meat. Therefore, the test method of the JIS was modified regarding the
contact time, temperature, air humidity, pH-value and presence of food components. The effect
of investigated parameters was differently pronounced for the individual bacterial strains, with
higher impairment for gram-negative bacteria. This was particularly evident if high bacterial
counts in nutrient rich solutions were in contact with the material. In this test series the counts
of gram-positive bacteria were reduced to the detection limit within 2 h at 35 °C, while the
activity in comparison to the results of the first part of the thesis was decreased for gram-
negative bacteria. Mineral nutrients seem to stabilize the outer membrane of bacteria, thus,
higher concentrations of calcium led to a decrease of the reduction rate, but even at high calcium
concentrations, irrelevant to contact with meat, the logio-reductions were higher than 2.4 logzo-
reductions after 2 h at 35 °C. A retarding effect of low temperature on the antimicrobial activity
was proven, thus, lowering the temperature led to a decrease in the reduction of bacteria, but
this could be counteracted by prolonging the contact time. An exception was the activity against
L. monocytogenes. After 1h at low temperature of 4°C the maximal reduction of
L. monocytogenes to the detection limit was reached. This maximal reduction was proven for
all bacteria under low humidity conditions at 7°C after 24 h, but under high humidity conditions,
the activity against S. aureus and P. fluorescens was reduced compared to standard conditions.
The variance of the pH-value during the contact with the pathogens S. aureus and E. coli from
neutral tending toward acidic conditions had no effect on the reduction at 35 °C after 2 h. Under
alkaline conditions, the poly(TBAMS)-containing surface is more neutrally charged, leading to
decreased activity. However, significant reductions of E. coli were still determined.

The third research question was focused on the long-term stability of different poly(TBAMS)-
containing surfaces. The materials were stored under different environmental conditions and
the activity was proven over a period up to 3 years. The relative logio-reduction were modeled
via linear regression to predict the expected changes in activity during use solely due to
application in food contact materials under those conditions. The investigations showed that the
lower the storage temperature (-20, 5, 22 °C on average), the more stable the antimicrobial
activity was and that copolymerization as well as the kind of copolymer led to more pronounced
changes in activity. Linear modelling of the relative logio-reduction over the period of 3 years
showed that, for the homopolymer poly(TBAMS)-film, a decrease of maximal 0.5 % a* could
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be expected (97.5% quartile). The highest loss of activity was determined for the copolymer
with acrylonitrile which was stored at ambient conditions. The previous antimicrobial tests
revealed the general potential as antimicrobial active food contact material during processing
and preparation of fresh meat.

The remaining research question was focused on the application as food contact material to
improve the hygienic status of food contact materials and to reduce cross-contaminations. As a
typical food contact material, LLDPE was co-extruded with poly(TBAMS). To check if this
process caused an impairment of antimicrobial activity, the material was tested according to the
standard test method. This antimicrobial screening showed a highly significant reduction of
pathogenic counts of S. aureus, L. monocytogenes and S. enterica at ambient conditions after
2 h contact. The previously detected outstanding sensitivity of L. monocytogenes against
poly(TBAMS) was confirmed, after 2 minutes contact at ambient temperature conditions the
counts were reduced about 0.7 logio-units. Due to reduced activity of LLDPE with 10 %
poly(TBAMS) at cold temperature, the material was preferentially qualified for the application
as food contact surfaces used in the domestic environment.

The comparison with other antimicrobially treated cutting boards indicated the superiority of
poly(TBAMS)-containing LLDPE over the other poly(TBAEMA)-containing LLDPE as well
as a commercially available PP-board with Microban®. For the last board, no reduction of
bacterial load was detected even under the standard tests conditions of the JIS (24 h, 35 °C).

However, the cross-contamination scenarios using the poly(TBAMS)-containing boards
detected that the effect on the transfer of bacteria during the preparation of food was highly
limited and varied in dimension dependent on microorganism and food stuff. For scenarios with
S. aureus no significant effects could be detected, while for L. monocytogenes the impact was
dependent on the food stuff. A highly negative influence on cross-contamination of
L. monocytogenes was measured for the transfer from an inoculated cutting board to a cucumber
slice. The transfer rate from the untreated board to the cucumber was nearly 60 %, whereas less
than 1% of bacterial count was transferred from the poly(TBAMS)-containing board.
However, the involvement of fresh meat inhibited this effect. Hence, the transfer rate of
L. monocytogenes from an inoculated pork filet slice to a cucumber via a cutting board only
exhibited a difference of 2 % between the reference and the antimicrobial material.

The last research question was also focused on the ability of poly(TBAMS) to reduce the
colonization of food contact surfaces with bacteria in the form of biofilms. Biofilms were
allowed to grow on LLDPE with and without 10 % poly(TBAMS) by culturing up to 7 days in
a bacterial suspension. The suspension consisted in a first experimental series of one bacterial
species and in a second series of mixtures of two bacteria each in all possible combinations.
The reduction of biofilm formation on the poly(TBAMS)-containing material was regulated by
the antimicrobial activity of the material against the individual bacteria strains. Thus, nearly no
Listeria-biofilm was formed on the antimicrobial material caused by the effective killing of
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bacteria by the material. For S. aureus and E. coli the antimicrobial activity was not as
pronounced as for L. monocytogenes. Hence, over time bacteria attached to the surface and built
a biofilm, the produced exopolymer substances presumably protect the bacteria from the
necessary contact with the active groups of the antimicrobial polymer, resulting in growth of
biofilm. However, the treatment of LLDPE with 10 % poly(TBAMS) delayed the formation of
biofilms of S. aureus and E. coli. No effect on biofilm formation of P. fluorescens was detected,
which could also be explained by the minor antimicrobial activity of poly(TBAMS) against this
bacterium and furthermore, Pseudomonas is known to produce a high amount of exopolymer
material even after a short time. The investigation with mixed cultures emphasized the
complexity of formation as well as of interactions in mixed biofilms. Thus, interactions between
the two bacterial strains used led to changed behavior of individual strains in colonization of
the untreated surfaces, like suppression of S. aureus colonization by gram-negative bacteria.
The effect of poly(TBAMS) on the colonization of bacteria co-cultured in mixed-species on the
LLDPE surface was comparable to mono-species results. The colonization with
L. monocytogenes and of S. aureus was nearly completely suppressed on the antimicrobial
material, although P. fluorescens formed strong biofilms.

The overall results of this thesis revealed the complexity of a sustainable application of
antimicrobial contact surfaces with the aim to improve the hygienic conditions during the
processing and preparation of fresh meat. Poly(TBAMS) fulfill a lot of requirements on
antimicrobial food contact surfaces, like long-term effectiveness under various conditions and
a broad antimicrobial profile under standard test conditions. Furthermore, due to the contact-
activity, the development of resistances as well as a harmful effect on humans and the
environment is minimized. However various environmental and processing factors were
identified that influence the antimicrobial activity. But in comparison to other antimicrobial
materials, poly(TBAMS) reduces the bacterial counts more effectively under conditions typical
during processing and preparation of fresh meat.

The processing of poly(TBAMS) as a copolymer or a compound led to a loss of activity. Thus,
the effect of material with a poly(TBAMS) content of 10 % is certainly limited for the use in
contact with fresh meat, but by increasing the availability of active groups on the surface, e.g.
by increasing the amount of poly(TBAMS) in bulk material, or the use of other basis materials,
the effect could potentially be increased. In addition, other fields of the food processing and
preparation industry (e.g. vegetables, juice) could be expected to be favored as application fields
because of the environmental and processing factors like higher temperature and less proteins.

Despite the limitation due to the low content of poly(TBAMS) it was proven that the
colonization of surfaces was delayed for pathogens on the material. Thus, the application of
poly(TBAMYS) in food contact materials has the potential to improve the hygienic conditions of
the surfaces, especially during holding times, and could simplify as well as enhance the
effectiveness of cleaning and disinfection methods. This would affect the persistence of

105



Summary

pathogens in the food industry and consequently lead to a reduction of cross-contamination,
even if the direct transfer of pathogens during typical preparation scenarios in domestic kitchens
was only marginal effected. But for a sustainable and effective application of the SAM-
Polymer® poly(TBAMS) as a food contact material further development of the material as well
the legitimate validation is necessary.
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