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ABSTRACT

LAYER-by-LAYER ANTIMICROBIAL N-HALAMINE POLYMER COATINGS
FOR FOOD CONTACT MATERIALS

FEBRUARY 2015

LUIS JAVIER BASTARRACHEA GUTIERREZ, B.S., INSTITUTO TECNOLOGICO
Y DE ESTUDIOS SUPERIORES DE MONTERREY

M.S., WASHINGTON STATE UNIVERSITY PULLMAN

Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST

Directed by Prof. Julie M. Goddard

Cross contamination during food processing represents a risk for public health
and financial burden. Surface modification of food contact materials to render them
antimicrobial can be an effective tool to minimize such risk and improve higyene
throughout the food chain. The objective of the present work was to develop
antimicrobial coatings with the potential to be applied in a variety of food contact
materials. The polymer coatings developed achieved their antimicrobial character by
incorporation of a unique type of chlorinated compounds called N-halamines, which are
capable of regenerating their antimicrobial activity enabling many cycles of disinfection.

Two layer-by-layer (LbL) assembly surface modification procedures were
followed. In the first procedure, multiple bilayers of branched polyethyleneimine (PEI)

and poly(acrylic acid) (PAA) were applied onto stainless steel and polyethylene (PE). As

Vi



the number of bilayers applied increased, so did the number of antimicrobial N-halamines
the coatings were able to harbor. Similarly, increasing the number of bilayers also
translated into greater antimicrobial efficacy against the pathogen Listeria
monocytogenes. The maximum level of inactivation achieved was > 99.999%, which was
comparable to the equivalent concentration of free chlorine in solution. The kinetics of
inactivation was also studied. Coatings gave inactivation kinetics with a sigmoidal
behavior, showing a substantially slower biocidal effect as compared to free chlorine in
solution. The PEI-PAA coating was also challenged against multiple cycles of
regeneration of N-halamines (rechlorinations) and washing under different levels of pH,
and exhibited stability and ability to be regenerated.

Although robust and effective, the preparation of the PEI-PAA coating was time
consuming and required the use of expensive crosslinkers. As an alternative method for
N-halamine surface modification, two bilayers of PEI and styrene maleic anhydride
copolymer (SMA) were coated onto polypropylene (PP). The coating exhibited intrinsic
antimicrobial properties against L. monocytogenes due to its cationic nature, being able to
achieve approximately 3 logarithmic cycles (~ 99.9%) in reduction as prepared, and more
than 5 logarithmic cycles (> 99.999%) when chlorinated in the form of N-halamines. This
method showed to be more advantageous than the previous one involving PEI and PAA
given the fact that no carbodiimide crosslinkers were needed. In addition, the coating
didn’t result in a significant change in surface energy (P > 0.05) as compared to PP. The
coating was also challenged against multiple rechlorinations, and the results showed that

it has the potential to be reused.
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The results of the present research suggest that the surface modification methods
studied possess the potential to be applied on a variety of materials used in food
processing to avoid microbial contamination. Future research will focus on developing N-
halamine antimicrobial coatings with improved stability and more efficient preparation,

and in the development of new antimicrobial N-halamine materials.

Keywords: Antimicrobial coatings, N-halamines, surface modification, microbial

inactivation, food safety.
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CHAPTER 1

INTRODUCTION

Every year in The United States of America about 48 million people get sick from
foodborne diseases. From that number, 128,000 are hospitalized, 3,000 of which die
(Centers for Disease Control and Prevention 2013). Microbial contamination of surfaces
in utensils and food processing equipment is among the top risk factors that can provoke
foodborne outbreaks (Food and Drug Administration 2000). In the food processing
environment, food contact surfaces are capable of harboring and potentially transferring
microorganisms into finished food products. The transmission of such microorganisms is
a significant risk to food safety and spoilage. One of the most important factors involved
in the retention of microorganisms relates to the intrinsic contact surface’s characteristics,
like topography, charge, chemistry, hydrophobicity, etc. (Brooks and Flint 2008; Verran
and others 2008; Araujo and others 2010). To avoid retention of microorganisms,
industry employs chemical and physical methods. Chemical methods involve cleaning
with detergents to remove residual organic matter generated during the processing
operations, followed by disinfection with different types of substances that include
oxidizing agents, chlorine based compounds, hydrogen peroxide, etc. Physical methods
involve the application of heat, ultrasound, irradiation, etc. (Van Houdt and Michiels
2010). However, research has shown that the mentioned methods can be insufficient to

control surface microbial cross contamination (Brooks and Flint 2008).



One strategy to minimize microbial contamination of food contact surfaces has
been to modify the surface of food contact materials, by coating or other surface
modification techniques. Stainless steel is one of the most used materials for construction
of equipment commonly found in food processing facilities. Its mechanical, chemical and
thermal properties make it ideal to resist the conditions given by the unit operations
involved in food processing, as well as the repeated cleaning and washing cycles that are
necessary (Brooks and Flint 2008; Verran and others 2008). Plastic surfaces are also
widely used in food processing facilities, but they represent some disadvantages in terms
of durability and easiness to be cleaned. In addition, scratches and abrasion that occurs
during their use and cleaning make them more prone to microbial contamination (Verran
and others 2008). For these reasons, there is an increased interest for the development of
new materials and coatings that can help improve hygiene and prevent microbial cross-
contamination (Mgretrg and Langsrud 2011). Surface modification is a technique in
which the surface chemistry of different materials is altered by the addition or chemical
attachment of molecules (e.g. nanoparticles, monomers, polymers), resulting in the
application of a layer ranging in thickness from a few nm to several um. Such change in
surface chemistry is expected to be small enough to retain the bulk properties of the
modified material (mainly thermal and mechanical properties) (Ratner 1995). The types
of changes that can be applied on contact surfaces include those that involve
increase/decrease in hydrophobicity, an increase in mechanical strength, those that impart
steric hindrance (blocking of unwanted reactions within a system), the attachment of
bioactive substances like enzymes, and the addition of antimicrobial properties (Brooks

and Flint 2008; Verran and others 2008; Araljo and others 2010)).



Due to safety concerns and limited standard methods to prove efficacy, the
development and extensive use of this type of antimicrobial technology have been slow
(Kenawy and others 2007). There are two main methods to provide a surface with
antimicrobial properties. The first one consists of applying a coating on to the treated
surface, from which the corresponding antimicrobial substance will be released over
time. The second approach involves immobilization through covalent bonds between the
antimicrobial substance and the treated material. The first migratory method exhibits the
advantage of a fast antimicrobial effect and facile application, which may be increased as
temperature rises since that is a temperature-dependent phenomenon, and that also results
advantageous given the fact that microorganisms proliferate at higher rates as
temperature increases. However, the risk given by residual toxicity, eventual loss of
activity and development of resistance against the corresponding antimicrobial is the
main limitation of the first method. The second non-migratory method exhibits as an
advantage the reduced risk for developing resistance as the antimicrobials are
immobilized on the modified material’s surface, but the antimicrobial effect is limited to
direct contact with the microorganisms and the modified material’s surface (Kenawy and
others 2007; Bastarrachea and others 2011).

In the present work, the surface of materials commonly used in the food industry
has been modified through LbL assembly of multiple layers of polyethyleneimine (PEI)
alternating with poly(acrylic acid) (PAA) or styrene maleic anhydride copolymer (SMA)
in order to render them antimicrobial. Antimicrobial character was imparted by
introduction of N-halamine moieties, a type of antimicrobial which can regenerate

antimicrobial activity with each exposure to a halogen source, such as bleach. The main



approach followed was the surface functionalization of food contact materials like
stainless steel, polyethylene and polypropylene followed by the application of
polyelectrolites that would harbor N-halamines (Figure 1.1). These modified materials
were successfully challenged against L. monocytogenes, showing biocidal effect. When
PEI and PAA were used and the coatings were fully chlorinated, more than 5 logarithmic
cycles in reduction were possible to achieve. The PEI-SMA coatings exhibited cationic
antimicrobial properties able to reduce L. monocytogenes in approximately 3 logarithmic
cycles, and in more than 5 logarithmic cycles when fully chlorinated. The kinetics of
microbial inactivation exhibited a sigmoidal behavior when the modified surfaces were
chlorinated, and a Weibullian behavior when not chlorinated in the form of cationic PEI-
SMA. The changes in surface chemistry were also assessed through different techniques
like ATR-FTIR, FTIR, XPS, SEM, AFM, etc. The durability and reusability of N-
halamine surface modified PE towards simulated washing cycles and continuous
rechlorination were also evaluated, showing stability of the coating consisting of PEI and
PAA. Rechlorination was also studied when PP was coated with PEI and SMA, and the

results showed potential of the material to be reused.
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CHAPTER 2

ANTIMICROBIAL FOOD EQUIPMENT COATINGS: APPLICATIONS AND
CHALLENGES!

2.1 Introduction

During the food processing operations, food products are under constant risk of
becoming contaminated with microorganisms. The large surface areas found within the
food production facilities can be prone to microbial proliferation (e.g., surfaces of
gaskets, converyor belts, work tables, etc.) (Cools and others 2005; Vorst and others
2006; Wilks and others 2006; Rodriguez and others 2007). These surfaces can be cleaned
and sanitized constantly to prevent accumulation of harmful microorganisms and the
consequent transfer to the foods. However, these operations do not eliminate the risk of
microbial cross contamination (Brooks and Flint 2008).

Materials surface and bulk modification represents a promising tool to diminish
the risk of microbial cross-contamination during food processing. However,
implementing this type of technology in such environment is still a challenge, given the
conditions found during the food processing operations (extreme levels of pH, high
temperatures, mechanical stress, cleaning, etc.), which may eliminate in the middle or
long term their effectiveness. In this chapter, the most frequently applied methods for
surface modification are reviewed, as well as the types of antimicrobial compounds most
commonly chosen for antimicrobial surface modification reported in the literature, which

leads to concluding remarks with perspectives about challenges and opportunities.

! Submitted to Annual Review of Food Science and Technology.
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2.2 Coating technologies

A wide range of surface modification technologies have been studied to render a
variety of materials antimicrobial. The reported techniques possess diversity in terms of
easiness to be applied, cost, durability, etc. Figure 2.1 shows a graphic summary of some

of the most extensively evaluated approaches. Some techniques are explained below.
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Figure 2.1 Schematic summary of the studied coating technologies.



In graft polymerization, materials of organic and inorganic nature can be
functionalized (often by gamma, UV, and electron beam irradiation, or by plasma, corona
and ozone treatments) in order to promote growth of polymer chains from their surface,
with diverse characteristics and functions (Cleland and others 1992; Chan 1993; Yang
and Lin 2002; Dargaville and others 2003; Ratner 2004; Zhao and others 2005; Murata
and others 2007; Roman and others 2014). In most of the studies the approach followed
involves growth of the polymer chains from the surface of the modified materials
(“grafting from”), although it has been possible to first build the polymer chains of a
predetermined length to later bind them to the corresponding substrate (“grafting to”)
(Zhao and Brittain 2000).

In another technique called cross-linkable coatings, polymers are commonly
applied onto the surface of a substrate along with a crosslinker that can create covalent
bonds within their matrix. This bond formation can be promoted through exposure to heat
(curing) or irradiation. Cross-linking can take place in the form of free radical or
condensation reactions (Goldschmidt and Streitberger 2003). Different antimicrobials
have been tested using this approach, like N-halamines (Bhattacharya and others 2009;
Ahmed and others 2011) and chitosan (Periolatto and others 2012). Due to its simplicity,
this method offers the advantage of easiness of application at a large scale.

In the method of self-assembled monolayers (SAMs), molecules form bonds with
reactive groups on the surface of a previously functionalized substrate creating ordered
layers with a thickness usually measured in several nanometers. Some examples include
reaction of silanes with hydroxyl groups in a surface, thiol groups with gold, etc. (Raynor

and others 2009). Antimicrobial peptides like Magainin | have been studied using this



surface modification technique, showing antimicrobial effectiveness and durability
(Humblot and others 2009). In a different approach called Langmuir-Blodgett films, the
molecules are deposited through physisorption rather than through covalent bonds, which
makes them less stable. However, the deposited molecules can later be crosslinked
through covalent bonds (Zasadzinski and others 1994; Ratner 2004).

Layer-by-layer (LbL) assembly is probably the most studied surface modification
technique. It has been used to provide antimicrobial activity to materials and for a variety
of other purposes. In this technique, polyelectrolytes of opposite charge are alternatively
deposited onto the surface of a material to which a charge has been previously created.
An indefinite number of polymer layers may be applied, with the corresponding rinsing
steps between each application in order to remove not strongly bound chains. The
polyelectrolytes may have intrinsic antimicrobial nature, or antimicrobial compounds
may be incorporated within the layers throughout the deposition process (Decher and
others 1998; Ratner 2004). The polymer chains can be applied through dip coating or
spray coating (lzquierdo and others 2005). Different antimicrobials have been tested
using this approach, like silver nanoparticles (Grunlan and others 2005; Dubas and others
2006), N-halamines (Cerkez and others 2011; Bastarrachea and others 2013), quaternary
ammonium compounds (QAC) (Grunlan and others 2005; Dvoracek and others 2009),
and chitosan (Gomes and others 2013). The main advantage of this technique is its
easiness to be applied and its versatility in terms of the types of substrates in which it can
be tested (organic and inorganic). However, as it will be explained later, some coatings

applied using this approach can also exhibit pure durability.



In chemical vapor deposition (CVD) a thin film is applied from a gaseous phase
onto a solid support by means of heat, plasma or photons. By varying temperature and
pressure, uniform coatings can be applied on irregular surfaces (Pierson 1999). However,
this technique is not suitable to apply polymers, and possesses the risk of residual toxicity
and physical and chemical hazards from the by-products of the process (Park and
Sudarshan 2001; Irikura and others 2003; Alf and others 2010). In a subcategory of this
technique called initiated chemical vapor deposition (iCVD), lower temperatures may be
used. Few antimicrobial materials haven been developed using this method. In a research
work, a coating of poly(dimethylaminomethyl styrene) applied through iCVD was
effective against Escherichia coli, reducing it in more than 6 logarithmic cycles (Martin
and others 2007).

In electroplating, an electric current enhances the deposition of a metal on the
surface of another metal in solution. In contrast, in electroless plating, a reducing agent
promotes the deposition of the metal without the need to apply an electric current
(Mallory and Hajdu 1990). During the deposition process, particles present in the solution
can be incorporated along with the metals on the surface to be modified (Barish and
Goddard 2013). This can include particles with antimicrobial activity such as copper and
silver (Zhao and others 1998; Ghodssi and Lin 2011). In a study that involved
modification of carbon fibers through electroplating with silver and copper it was
possible to inactivate in more than 2 lolarithmic cycles Staphyloccocus
aureus and Klebsciella pneumonia (Kim and Park 2008). Bacteriostatic activity has also
been given to polyurethane by silver coating (Gray and others 2003). The main advantage

of this approach is the availability of large-scale equipments for surface modification
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(Ghodssi and Lin 2011). However, research is needed in terms of stability against

deteriorating agents like extreme levels of pH, cleaning agents, etc.

2.3 Antimicrobials

A range of antimicrobial agents have been explored for use in preparation of
antimicrobial coatings by the technologies described above. In addition to antimicrobial
effectiveness, factors such as mechanism of activity, efficacy for long-term repeated use,
and stability against pH/temperature extremes and cleaning/sanitization regiments, must
be considered in selecting an antimicrobial agent. Below we describe the major classes
of antimicrobial agents used in antimicrobial materials and coatings and discuss their
advantages and limitations in adoption by food processing equipment manufacturers.
Figure 2 shows a schematic summary of the effects the studied antimicrobials have on

microbial cells.
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Figure 2.2 Summary of the main effects given by the studied antimicrobials on microbial
cells.

2.3.1 Metal based

Metals have been used to impart broad spectrum antimicrobial activity to
materials for thousands of years, yet their exact mechanism is still not unanimously
agreed upon. Most interpretations explain that penetration of cells by metal ions can
affect microbial membrane integrity, generate free radicals, denature vital proteins,

disrupt cell reproduction and multiplication through DNA chemical deterioration, and
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interfere with the generation of energy through the leakage of protons from the cell
membrane by ionic interchange (Llorens and others 2012; Lemire and others 2013).
Antimicrobial effectiveness is therefore dependent on migration of the metal ion or
particle from a coating. Among the metals that have been studied for antimicrobial
applications are silver (Marambio-Jones and Hoek 2010; Yun and others 2013; Maillard
and Hartemann 2013), copper (Chen and others 2013; Wang and others 2013; Stranak
and others 2014), titanium (Chen and others 2013; Yu and others 2013; Stranak and
others 2014) and zinc (Llorens and others 2012).

Metal-based antimicrobial materials have been prepared as bulk alloys (Noyce
and others 2006), incorporated as nanoparticles in coatings (Mauter and others 2011; Liu
and others 2012), and embedded in the matrix of different carriers (like polymers,
zeolites and resins) for subsequent coating (He and Chan 2010; Lee and others 2011;
Vignesh and others 2012). Metal nanoparticles have been explored for preparation of
metal based antimicrobial surfaces, with enhanced activity resulting from both their small
size (enabling direct penetration of cell membranes) and improved surface area to volume
ratio (increasing the amount of released metal ions) (Marambio-Jones and Hoek 2010;
Lemire and others 2013). Nanoparticles of metals like silver and copper can be prepared
by chemical reduction of their corresponding salts resulting in nanometric aggregates of
the metal ions followed by subsequent surface modification or incorporation into
different media to prevent aggregation (Llorens and others 2012; Lemire and others
2013). Antimicrobial metal nanoparticles and ions can also be loaded into zeolites,
nanoporous materials prepared from alkaline earth metallic compounds and

aluminosilicate (Rai and others 2009; Marambio-Jones and Hoek 2010).
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The effectiveness of antimicrobial metal based surfaces has been demonstrated
against Gram positive and Gram negative bacteria, as well as yeasts and fungi. Materials
are typically challenged by direct contact with microbial suspensions followed by
quantification of the number of surviving microorganisms or zone of inhibition assays. In
one study, plasma functionalized rubber and stainless steel substrates were coated by thin
layers of silver nanoparticles by reduction of Tollen’s reagent, resulting in a 5 log
reduction in Listeria monocytogenes populations after 5 hours exposure (Jiang and others
2004). In other work, up to 7 log reductions in Escherichia coli 0157:H7 was
demonstrated by copper alloys depending on percentage of copper in the alloy,
temperature, and presence of organic matter (Noyce and others 2006).

Silver and silver zeolite based antimicrobial materials and coatings have been
commercially manufactured, mainly in consumer goods, healthcare, and cutlery.
Applications in food contact materials are somewhat more limited, largely due to public
health and environmental concerns about ‘nanosilver’, given their necessary migration
for activity (Rai and others 2009; Marambio-Jones and Hoek 2010; Llorens and others
2012; Lemire and others 2013). Some applications of silver based coatings are currently
listed in the “Inventory of Effective Food Contact Substance (FCS) Notifications” by the
Food and Drug Administration (FDA) (Food and Drug Administration 2014), however
consumers are increasingly demanding stronger federal regulation on nano-based
materials, particularly in food applications. Indeed, the recent order issued by the U.S.
Environmental Protection Agency (EPA) for a U.S. manufacturer to stop sale of
nanosilver-based storage containers suggests that commercial production of silver-based

antimicrobial materails is likely to see increased regulatory scrutiny (Environmental
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Protection Agency 2014). In addition to toxicity and regulatory concerns, the
effectiveness of this type of antimicrobials can be reduced in the presence of organic
matter, which can react with metallic ions (Noyce and others 2006). Finally, no extensive
stability studies have been reported on metal based antimicrobial materials. Because the
metal ions must migrate from the materials to be effective, in addition to toxicity
concerns, such coating may not retain effectiveness after frequent washings as seen by

food processing surfaces.

2.3.2 Quaternary ammonium compounds

Quaternary ammonium compounds (QAC) are salts of quaternary ammonium
cations that possess a protonated nitrogen atom with an anion (a halogen). The rest of the
bonds the nitrogen atom shares are with alkyl groups normally. Biocidal activity relates
to chain length of the alkyl groups bound to the nitrogen (R;R.R3R4sN"X). At least one of
the substituents must be alkyl, between 5 and 17 carbons in length, to be biocidal (Gilbert
and Moore 2005; Buffet-Bataillon and others 2012), with chain length requirements
different for Gram positive and Gram negative bacteria due to differences in wall
structure (Gilbert and Moore 2005; Kenawy and others 2007). QAC may inactivate
microorganisms by disrupting the cell membrane and the cytoplasmic membrane through
hydrophobic interactions, causing release and/or denaturation of vital biomolecules
(Ikeda and others 1986; Murata and others 2007; Mgretrg and Langsrud 2011; Buffet-
Bataillon and others 2012). Another commonly reported interpretation explains that QAC
promote an ionic exchange in which cations that are electrostatically bound to negatively

charged phospholipids in the cell membrane are displaced by the positive charges QAC
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contain, which subsequently affects cell integrity and microbial viability (Kugler and
others 2005; Murata and others 2007). The exact antimicrobial mechanism of QACs
likely varies based on QAC chemistry, microbial membrane structure, and mode of
application (in solution vs. in a coating). Membrane disruption due to QAC induced
ionic exchange is likely the mechanism by which QACs bound to or impregnated into
surfaces exert their antimicrobial efficacy, although the exact mechanism of immobilized
QACs remains unclear (Asri and others 2014).

QAC have been prepared from a very diverse group of compounds, generally
organic, which can be low molecular weight structures or polymers. The preparation of
QAC typically involves nucleophilic substitution of a nitrogenous compound (general
formula R;R;R3N) with a halogenoalkane (R4X) to form the QAC R;R,R3R4sN*"X". The
resulting compound can be modified from any of the alkyl groups R for subsequent
crosslinking onto a solid support or a polymer. QAC can also be incorporated into
coatings by ionic exchange (Khalil 2013). It may therefore be possible to prepare
‘rechargeable’ antimicrobial coatings in which QACs electrostatically adsorb onto an
anionic solid support and can be refreshed with subsequent exposure to QAC based

sanitizers.

Antimicrobial activity of QACs has been tested by a range of methods including
zone of inhibition or incubation with microbial suspension followed by quantification of
number of survivors. QAC have been demonstrated to be biocidal towards Gram positive
and Gram negative bacteria, as well as yeasts and fungi. In a recent study (Khalil 2013)
QAC used in food processing facilities were incorporated into montmorillonite through

ionic exchange. The modified clay was challenged against Escherichia coli, Listeria
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monocytogenes, Pseudomonas aeruginosa, Staphylococcus aureus and Salmonella
Tennessee, exhibiting more than 1 log reductions. In another study (Asri and others
2014), a silicon surface was silane functionalized for subsequent reaction with
polyethyleneimine. The coated polyethyleneimine was alkylated through nucleophilic
substitution to form a QAC resulting in a material capable of reducing microbial
populations of Staphylococcus epidermis by more than 4 log cycles. Silanized stainless
steel surfaces were also coated with QAC via alkylation of immobilized ethylene diamine
resulting in antimicrobial activities of nearly 2 log cycles of Staphylococcus aureus and
Klebsiella pneumonia (Jampala and others 2008).

As typical of antimicrobial materials literature, effectiveness of QAC modified
materials are usually performed under conditions that maximize their biocidal efficacy,
generally in bacterial suspensions in buffer or saline solutions. However, being charged
substances, QAC have the potential of reacting and/or precipitating with organic
molecules that can also exhibit charge, like proteins (Buffet-Bataillon and others 2012),
which in turn may impact their antimicrobial activity. However, some works have
reported that immobilized QACs retain antimicrobial activity even in the presence of
proteins (Beyth and others 2010; Tiller 2011; Asri and others 2014), which suggests QAC
may possess a versatile antimicrobial mechanism or a preferential affinity of microbial
cells. Nevertheless, commercial applications of QAC modified food processing surfaces
may be limited by fouling/charge neutralization by complex food components. Research
on effectiveness in the presence of such food components, as well as effectiveness after
exposure to chemically reactive cleaning and sanitization agents common in food

processing, remains a need to demonstrate the commercial potential of QAC based
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antimicrobial materials and coatings. It may also be possible to design new QACs (by
careful R-group selection) that maximize their effectiveness in food equipment coating

applications.

2.3.3 Cationic polymers

As with QAC, cationic polymers exert antimicrobial activity by destabilization of
microbial membranes by ionic interchange with divalent cations present in the
membranes. Unlike QAC, the positive charges provide (Feng and others 2006; Bratskaya
and others 2007; Chua and others 2008; Elsabee and others 2008) antimicrobial activity
regardless of the presence of hydrophobic alkyl chains (Kugler and others 2005; Lichter
and others 2009). Among the polycations that have been studied for antimicrobial
activity are polylysine (Fang and others 2014), chitosan (Mansilla and others 2013) and
polyamines like polyethyleneimine and polyamidoamine (Wang and others 2010; Xia and
others 2011). Their antimicrobial effectiveness has been widely demonstrated against
Gram positive and Gram negative bacteria. Given their charged nature, they are
commonly coated via layer-by-layer deposition (Feng and others 2006; Bratskaya and
others 2007; Chua and others 2008; Elsabee and others 2008). They have also been
covalently crosslinked onto surfaces (Yudovin-Farber and others 2010; Xia and others
2011). In a study that involved LbL deposition of carboxymethyl chitosan and
carboxymethyl chitin onto corona activated polypropylene, both antifungal and
antibacterial activity were demonstrated, achieving up to 5 log reductions (Elsabee and
others 2008). In another study in which polyethyleneimine was covalently crosslinked

with glutaraldehyde on silane-modified glass slides, it was possible to inactivate 5 log
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Escherichia coli and Bacillus subtillis per cm? of modified material (Xia and others
2011).

Despite the well published demonstration of the antimicrobial efficacy of cationic
polymers, when such materials are challenged by presence of particulates or organic
matter, antimicrobial efficacy can be drastically diminished. In a study that involved
surface modification of sands with polyethyleneimine (Onnis-Hayden and others 2011),
antimicrobial activity was tested against both aqueous and waste-water containing
suspensions of the same microbial load of Escherichia coli. Suspension in waste-water
reduced antimicrobial efficacy from 5 to 2 log reductions. The observed reduction in
antimicrobial effectiveness was likely a result of fouling by anionic compounds in the
suspended organic matter. In addition to diminishing antimicrobial efficacy, such fouling
could potentially condition a surface to promote bacterial adhesion and biofilm
formation. For these reasons, in addition to standard “log reduction” antimicrobial
activity assays, a proper evaluation of an antimicrobial coating should include
microscopy or other analyses to evaluate the influence of the coating chemistry on
fouling by food components and/or microorganisms. Integration of non-fouling and
antimicrobial character (by cationic polymers or other antimicrobial approaches) may

therefore represent a useful approach to overcome such challenges.

2.3.4 Antimicrobial peptides

Antimicrobial peptides impart antimicrobial activity against bacteria, viruses and
fungi in a similar way as cationic polymers and QAC. Given their generally low

molecular weight, they are believed to be able to interact with microbial cell membranes
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and get entrapped within their structure, increasing their porosity and causing leakage of
essential biomolecules which ultimately leads to cell death. These peptides are
synthesized generally by microbial cells as a way to compete and survive in the
environment. Over 800 naturally derived antimicrobial peptides have been studied
(Glinel and others 2012; Perez Espitia and others 2012). Another approach that has been
explored is the design and synthesis of biomimetic peptides (through techniques like ring-
opening metathesis polymerization) with biological activity that mimic the antimicrobial
effect of the natural origin peptides, and those synthetic substances may or may not
contain amino acids (Sgolastra and others 2013).

Antimicrobial peptides can be covalently linked to food contact material surfaces
by amines, carboxylic acids, thiols and hydroxyls inherent in their structure. Their ionic
nature also enables them to be deposited through layer-by-layer assembly. A range of
surfaces including silicon (Wang and others 2014), glass (Chen and others 2012),
magnetic nanoparticles (Zhang and others 2012), titanium (Gao and others 2011),
polystyrene (Han and others 2011) and stainless steel (Hequet and others 2011) have
been explored for covalent immobilization of antimicrobial peptides. Some antimicrobial
peptides have also been loaded through electrostatic interactions into anionic polymer
carriers for subsequent deposition onto different substrates (Wang and others 2012). The
well-studied antimicrobial peptide nisin has also been blended with polymers through
solution casting technique (Bastarrachea and others 2010). In another study, the peptides
magainin and nisin were attached to the surface of stainless steel and decreased adhesion
of Listeria ivanovii by more than 60% (Hequet and others 2011). However, there are

several limitations to be overcome prior to application in antimicrobial coatings for food
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processing. They can be prone to hydrolysis and denaturation under pH and temperature

extremes, which ultimately eliminates their antimicrobial effect.

2.3.5 Essential oils

Essential oils are natural, low molecular weight compounds possessing functional
groups such as phenols, aldehydes, ketones, alcohols and hydrocarbons. They are
produced by plants for protection against microorganisms and have been found to be
antimicrobial against Gram positive and Gram negative bacteria, as well as against
yeasts, fungi and viruses (Glinel and others 2012; Saad and others 2013; Seow and others
2014). Given their structural diversity, the mechanism of their biocidal activity is not
completely understood, but is believed to include hydrophobic and hydrophilic
interactions with the microbial cell membranes. This increases membrane permeability,
leading to loss of vital molecules and ions, disruption to the production of energy and
finally cell death (Bakkali and others 2008; Glinel and others 2012; Saad and others
2013). Much of the research in essential oil based antimicrobial materials has been in the
form of edible films (Oussalah and others 2004; Avila-Sosa and others 2010; Avila-Sosa
and others 2012; Da Rocha and others 2014). In this approach, the essential oils are
mixed with polymers like chitosan, polysaccharides, cellulose derivatives or proteins, and
materials are prepared by solution casting. Modification of surfaces of different materials
that can be in direct contact with food has been done mainly in plastics like polyethylene
and polypropylene, either through bulk modification (blending of the corresponding
essential oil with the polymer) or by coating of the essential oil with a carrier. In a recent

study, linalool and methylchavicol were incorporated into polyethylene films through
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extrusion and antimicrobial activity was demonstrated against Escherichia coli (Suppakul
and others 2011). In other work, polypropylene was coated with microcapsules
containing thymol and carvacrol, and antimicrobial activity was shown against
Escherichia coli O157:H7, Staphylococcus aureus, Listeria innocua, Saccharomyces
cerevisiae, and Aspergillus niger) (Guarda and others 2011). Despite their demonstrated
effectiveness, a major hindrance to the commercial application of essential oils is their
native odor, particularly at concentrations necessary to achieve efficacy. Further, as with
many low molecular weight antimicrobial agents, essential oils must necessarily migrate
from the coating to be effective, meaning the coating would lose effectiveness over time.
Finally, their antimicrobial activity can be substantially reduced in the presence of
polysaccharides, proteins, lipids, oxygen, as well as exposure to high temperatures, light,
and high pH levels (Glinel and others 2012; Seow and others 2014). Nevertheless, with
increasing consumer demands for replacing synthetic additives with natural compounds,
there is opportunity if research can overcome the stated limitations in essential oil based

antimicrobial materials and coatings.

2.3.6 Light activated antimicrobials

Light activated antimicrobials refer to a wide range of photoactivated compounds
which can be organic, aromatic compounds (e.g. porphyrin or chlorophyll derivatives
(Huang 2005)) or inorganic oxides (e.g. titanium dioxide, TiO;). Their antimicrobial
activity can be achieved by exposure to light of a particular wavelength, resulting in
generation of reactive oxygen species which can react with biomolecules (cell

membranes, enzymes, nucleic acids) affecting microbial viability (Huang 2005; Noimark
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and others 2013a). A range of such light activated antimicrobials have been explored for
biomedical applications in treatment of localized, drug resistant infections, and recent
research has explored their incorporation into materials for applications in polymer
coatings and textiles (Sun and Hong 2013).

Light activated antimicrobials have been incorporated into polymers through
solution casting, in which a solution of a dissolved polymer and the corresponding
antimicrobial are poured into a mold followed by evaporation of the solvent (Decraene
and others 2008a). They have also been incorporated into different polymers through
swell encapsulation (Perni and others 2009; Ismail and others 2011; Noimark and others
2012; Noimark and others 2013b). TiO, based light activated antimicrobial materials
have been prepared by oxidizing bulk metallic alloys containing titanium (Chrzanowski
and others 2010) and deposition through arc ion plating (Chung and others 2008). In
another work, a solid support was dip coated in an emulsion containing TiO, and
subsequently thermally treated to promote TiO, crystallization on the surface (Yu and
others 2003).

The biocidal efficacy of light activated antimicrobials embedded in different
materials has been demonstrated to achieve several log reductions. In a study that
involved incorporation of methylene blue into polysiloxane, up to a 3.5 log reduction in
Staphylococcus aureus and Escherichia coli populations were achieved after short
exposure to light at the corresponding wavelength (Perni and others 2009). In this work,
addition of gold nanoparticles enhanced the activity of the photosensitizer by providing
an additional source of reactive oxygen species. In another study, toluidine blue and rose

Bengal were incorporated into cellulose acetate through solution casting and the light
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activated modified material was able to inactivate up to 3 log cycles of Staphylococcus
aureus, depending on the amount and presence of organic matter (Decraene and others
2008a). In a study involving surface modification of stainless steel with a thin film of
TiO,, it was possible to inactive Bacillus pumilus (a resistant Gram positive rod) by more
than 0.5 log cycles (Yu and others 2003). A limitation of light-activated antimicrobials is
their non-specific activity against organic matter. When the test conditions include some
exposure to different levels of organic matter, antimicrobial activity can be drastically
diminished to less than 1 log reduction (Decraene and others 2008b). In addition, no
extensive stability studies have been made to evaluate robustness of photoactivated
antimicrobials after incorporated into coatings. Nevertheless, their ability to repeatedly
‘self-clean’ on exposure to light makes them a promising opportunity for incorporation

into coatings for food contact applications.

2.3.7 N-halamines

N-halamines are a class of antimicrobials in which one or more nitrogen atoms
can be reversibly halogenated with chlorine, bromine or iodine. The mechanism behind
their biocidal activity is not completely understood but there is general agreement that
there is an oxidizing effect on microorganisms’ membrane functions imparted by the
nitrogen-stabilized halogen. Another possibility is the penetration of free (dissociated)
halogen into the microbial cells, and subsequent disruption of the functions of vital
biomolecules (Eknoian and others 1998; Kenawy and others 2007). A major interest in
the application of N-halamines (particularly for food applications) is that after imparting

their antimicrobial effect, N-halamines can be recharged by exposure to a halogen source
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(most commonly chlorine) to provide repeated cycles of disinfection. Numerous
nitrogenous structures are capable of forming antimicrobial N-halamines, with stabilities
decreasing in the order of amine > amide > imide (Qian and Sun 2003; Tan and Obendorf
2007). Chlorine halogenation of N-halamines is most commonly studied because of the
higher stability of the N-CI bond as compared to N-Br or N-I bonds (Worley and
Williams 1988). N-halamines can be part of an inorganic or organic compound (Worley
and Williams 1988). Inorganic N-halamines are generally referred to as chloramines, and
exhibit lower antimicrobial effect than free chlorine but are less reactive towards organic
matter than free chlorine. Organic N-halamines can be classified in several groups
including isocyanurates, hydantoins, N-chlorosuccinimide, Glycolurils,
Sulfonchloramides, acyclic N-halamines and polymeric N-halamines (Williams and
others 1987; Worley and Williams 1988; Williams and others 1991; Goddard and
Hotchkiss 2008; Bastarrachea and others 2011; Bastarrachea and Goddard 2013).

A wide range of methods have been reported for the preparation of monomeric N-
halamines, typically as cyclic organic compounds (Williams and others 1987; Williams
and others 1991; Lauten and others 1992; Worley and others 1992; Kou and others 2009).
Because of the potential toxicity of low molecular weight N-halamines, additional
research has been performed in development of higher molecular weight, polymeric N-
halamines. Cyclic N-halamines have been functionalized for subsequent covalent
bonding to an already formed polymer substrate or surface (Worley and Sun 1996;
Eknoian and others 1998; Williams and others 2005; Liang and others 2007; Kou and
others 2009; Kocer and others 2010). In other work, acrylate derivatized hydantoin-

containing monomers were copolymerized with methyl methacrylate or acrylamide (Sun

25



and Sun 2001; Sun and Sun 2003; Cao and Sun 2009; Kocer and others 2011b; Kocer
2012). Such N-halamine containing polymers could be dispersed in paints (Kocer and
others 2011a), incorporated into nanostructures as electrospun nanofibers (Tan and
Obendorf 2007; Ren and others 2013), or copolymerized onto nanoparticles (Dong and
others 2011). Incorporation of N-halamine moieties into nanostructures enables high
surface area (and therefore increased effectiveness per unit mass of material) however
would likely need additional converting steps to be suitable for coating onto food
processing equipment.

Recently, N-halamine containing coatings have been applied onto a range of
substrates via layer-by-layer assembly, in which N-halamine functionality may come
from one of the polyelectrolytes, bonds formed between polyelectrolytes, or N-halamine
containing nanostructures entrapped between layers (Goddard and Hotchkiss 2008;
Cerkez and others 2011; Bastarrachea and Goddard 2013; Bastarrachea and others 2013;
Bastarrachea and others 2014). Deposited bilayers can be covalently cross-linked to
improve coating stability, as would be needed in applications (such as food processing
equipment) that are exposed to a range of pH values, surfactants, and exposure to ionic
constituents (e.g. proteins, salts, hydrocolloids) which may impact stability of
electrostatically bound coatings. N-halamines have demonstrated biocidal efficacy
towards a range of Gram positive and Gram negative bacteria. A “sandwich” test is
commonly used to quantify the antimicrobial activity of N-halamine coated materials, in
which a small volume of (typically aqueous) inoculum is sandwiched between two
coupons of modified material (Williams and others 2005; Tan and Obendorf 2007; Kou

and others 2009; Cerkez and others 2011; Lee and Whang 2011; Kocer and others 2011a;
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Kocer 2012). This sandwich method has been used to demonstrate inactivation rates of
up to 8 log cycles (99.999999% reduction) (Kou and others 2009). Although a frequently
reported method, it has significant practical limitations in terms of application to true
environmental conditions, as the surface area to volume ratio between the N-halamine
coated material and the bacterial suspension is typically in the 500 — 800 range, well
beyond realistic ratios experienced by food processing equipment. Rotating submersion
assays provide more commercially translatable antimicrobial activity data, in which
coupons of coated material are submerged in larger volumes of inoculum and rotated to
ensure continuous contact between material and inoculum for the course of the study
(Bastarrachea and Goddard 2013; Bastarrachea and others 2013; Bastarrachea and others
2014).

The stability of N-halamine coatings has been investigated more thoroughly than
that of other antimicrobial materials and coatings, likely because their interest is due to
their rechargeable nature. N-halamines stability has been tested by imitating conditions
of repeated usage or continuous exposure to cleaning agents, sources of light, repeated
halogenation, etc. It has been reported that N-halamines exhibit optimal stability when
their nitrogen atoms neighbor methyl groups and/or form part of a hydrophobic structure
(Sun and Sun 2001; Cerkez and others 2011; Kocer and others 2011b). Kocer and others
(2010) evaluated the stability of a hydantoinyl siloxane N-halamine coated onto cotton
which suffered decomposition after continuous exposure to UV light when chlorinated. It
was concluded that the chemical deterioration was due to breakage of an alkyl bond
contained in the silane cross-linker used to attach the N-halamine on the cotton’s surface.

Stability of the bond linking antimicrobial moieties to a food processing equipment’s
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surface is therefore a critical factor in evaluating the commercial application of a
particular coating. Continuous halogenation may also provoke breakage of the chemical
bonds that hold N-halamine structures on modified substrates due to the oxidizing effect
of halogen sources, particularly at high concentrations. It is therefore important to
evaluate N-halamine stability under conditions typical of a food processing environment.
For example, while researchers often evaluate N-halamine chlorination at concentrations
exceeding 3000 ppm, the maximum concentration allowable for sanitation of food
contact equipment is 200 ppm, which is likely to be less degradative to N-halamine
modified surface, yet has been shown to effectively chlorinate N-halamine structures
(Bastarrachea and others 2014).

N-halamine antimicrobial materials and coatings represent a unique approach to
antimicrobial food processing equipment, as they regain activity after exposure to
halogenated solutions, such as common in food contact material sanitizers. Such
materials would therefore have enhanced potential for long-term usage in a processing
environment, compared to materials and coatings for which the antimicrobial agent must
migrate for effectiveness. As with other antimicrobial coatings, on-going research is
needed to demonstrate effectiveness of N-halamine containing coatings in the presence of
organic matter, after long term exposure to mechanical and chemical stresses, and at

surface area to volume ratios typical of food processing environments.
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2.4 Conclusions

The antimicrobial materials and technologies explored throughout this review still
face several obstacles to be of common use in industry, like the need for approval for
both the antimicrobial substance and the material in which it has been applied. As it was
explained, antimicrobials can be anchored covalently onto the surfaces of different
materials, which in theory would eliminate the risk of transfer onto the foods. However,
as research has shown, coatings and surfaces can deteriorate and become unstable, which
could lead to contamination of not approved antimicrobial substances onto the final food
products (Wang and others 2010; Lee and Whang 2011; Kocer and others 2011b). This
phenomenon also harbors the risk of development of antimicrobial resistance by the
microorganisms, as well as environmental negative impacts (Das and others 2009; Munro
and others 2009). Another obstacle relates to cost. The effectiveness of many approaches
to render materials antimicrobial has been successfully studied and confirmed at a
laboratory scale, but the cost of scaling them up makes their industrial application
unrealistic. In addition (as it was also confirmed throughout this review), many
technologies have proved to be effective at a laboratory scale under ideal conditions
(chosen to maximize the antimicrobial effectiveness of the studied substance) that don’t
take into account several characteristics of the food processing environments (presence of
organic matter, extreme levels of pH, oxidizing agents, physical stress, extreme
temperatures, etc.) and that can hardly be extrapolated to real situations in industry. This
brings the need for more extensive and challenging research to improve these
technologies and make them more efficient, as well as the need for developing standard

methods of antimicrobial evaluation in which industry can rely. There is also the need to
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conduct research that can generate antimicrobial materials and coatings with the potential

to be used continuously or to be regenerated, with limited or no loss of activity.
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CHAPTER 3

DEVELOPMENT OF ANTIMICROBIAL STAINLESS STEEL VIA SURFACE
MODIFICATION WITH N-HALAMINES: CHARACTERIZATION OF
SURFACE CHEMISTRY AND N-HALAMINE CHLORINATION?

3.1 Abstract

N-halamine modification of materials enables the development of antimicrobial
materials whose activity can be regenerated after exposure to halogenated sanitizers.
Surface and bulk modification of polymers by N-halamines has shown great success,
however modification of inorganic substrates (e.g. stainless steel) remains an area of
research need. Herein we report the covalent surface modification of stainless steel to
possess rechargeably antimicrobial N-halamine moieties. Bilayers of branched
polyethyleneimine and poly(acrylic acid) were immobilized onto the surface of stainless
steel and the number of N-halamines available to complex chlorine was quantified.
Samples were characterized through contact angle, Fourier Transform Infrared
Spectroscopy (FTIR), ellipsometry, dye assay for amine quantification, and X-ray
photoelectron spectroscopy (XPS). Increasing the number of bilayers from one to six
increased the number of N-halamines available to complex chlorine from 0.30 + 0.5 to
36.8 + 5.0 nmol cm™. XPS and FTIR confirmed successful covalent layer-by-layer
deposition of the N-halamine bilayers. The reported layer-by-layer deposition technique

resulted in a greater than seven-fold increase of available N-halamine compared to prior

2 Submitted to Journal of Applied Polymer Science.
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reports of N-halamine surface modifications. The N-halamine modified steel
demonstrated antimicrobial activity (> 99.9% reduction) against the pathogen Listeria
monocytogenes. Such surface modified stainless steel with increased N-halamine
functionality, and therefore potential for rechargeable antimicrobial activity, supports
efforts to reduce cross-contamination by pathogenic organisms in the food and

biomedical industries.

Keywords: biological applications of polymers, ESCA/XPS, FTIR, surface modification,

nanolayers
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3.2 Introduction

Cross-contamination of pathogenic microorganisms is a major concern in the food
and biomedical industries because of the impact to public health as well as the resulting
financial impact of medical expenses (Centers for Disease Control and Prevention 2003;
Centers for Disease Control and Prevention 2004). In the food industry, the growth and
cross-contamination of pathogens like Listeria monocytogenes, Escherichia coli, and
Salmonella spp. on the surface of food contact materials (work tables, conveyor belts,
processing equipment) as well as non-contact materials (ventilation ducts, door knobs,
etc.) pose a public health risk. There is also a substantial potential for economic losses
due to the proliferation of spoilage microorganisms and resulting product loss. Further,
some microorganisms are able to form stable communities called biofilms, which
increases their resistance to traditional cleaning and sanitization methods (Maukonen and
others 2003; Simdes and others 2010; Mgretrg and Langsrud 2011).

Stainless steel is a commonly used material in food processing facilities as well as
in fabrication of biomedical devices (Maukonen and others 2003; Niinomi 2008; Gupta
and Kumar 2008). However, several studies have shown its ability to harbor biofilms
composed of microorganisms from different genera, including Listeria, Staphylococcus,
Escherichia, Bacillus and Pseudomona (Cloete and Jacobs 2001; Parkar and others 2004;
Sharma and others 2005; Kreske and others 2006; Marques and others 2007; Oulahal and
others 2008). Currently, there is no available strategy to totally prevent or control the
formation of biofilms. The most common techniques used are the application of

disinfectants and heat, which are less effective on microorganisms that have formed a
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stable biofilm (Simdes and others 2010). There is therefore a continued need to reduce
the adhesion, survival, and cross-contamination of pathogenic and spoilage organisms on
stainless steel. Development of antimicrobial materials for which the antimicrobial
activity is long-lasting and does not diminish via migration of the antimicrobial agent can
help to support current cleaning and sanitization protocols in improving food safety.
N-halamines are antimicrobial structures in which a stable nitrogen-halogen
complex can be rechargeably formed after contact with halogenated sanitizers (e.g.
sodium hypochlorite, bromophors/iodophors). N-halamines can exist as amines, amides
or imides and the halogen position can be occupied by an atom of chlorine, bromide, and
iodide. N-halamines composed by amines exhibit higher stability than those composed by
amides, which in turn are more stable than those composed by imides (Eknoian and
others 1998). The stability is given by the ability of the N-halamine to provide an electron
to the halogen atom, working as a sort of resonance system and avoiding the separation of
the halogen from the rest of the molecule due to the loss of one of its electrons. Probably
the most important feature of N-halamines is their ability to be regenerated with solutions
containing the corresponding halogen, which makes them able to provide antimicrobial
activity repeatedly. The halogen is released once it gets in contact with microorganisms,
inactivates them, and the N-halamines can be regenerated again (with sodium
hypochlorite/bleach commonly), making them ready for another cycle of disinfection
(Eknoian and others 1998). N-halamine functionalized materials have been developed for
a range of applications such as biocides in swimming pools and spas, disinfectants in
water filtration systems, disinfectants of recreation water, and so on (Worley and Sun

1996). They have also been incorporated in fabrics to be used in the production of
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different types of clothes (Sun and Sun 2002; Mgretrg and Langsrud 2011). Both soluble
and insoluble N-halamines have been developed with demonstrated activity against
microorganisms, and both bulk and surface modification techniques have been employed
to impart N-halamine activity to materials (Eknoian and others 1998; Sun and Sun 2002;
Liang and others 2007; Goddard and Hotchkiss 2008; Kocer and others 2010). Surface
modification in which the N-halamine moiety is covalently attached to a materials surface
decreases the likelihood of N-halamine migration from the substrate, a potential
regulatory benefit (Worley and Sun 1996). A few reports have been published on surface
modification of polymeric materials with N-halamines, however there are no reports of
such modifications on inorganic substrates like stainless steel.

The overall goal of the present work was to modify the surface of 316 stainless
steel to possess rechargeably antimicrobial N-halamine functionality, and to increase the
number of N-halamines by a sequential layer-by-layer deposition process. The objectives
were to modify the surface of stainless steel through the layer-by-layer deposition of
increasing number of bilayers of covalently linked branched polyethyleneimine (PEI) and
polyacrylic acid (PAA), to evaluate the capacity to retain and release chlorine, and finally
to characterize the materials through surface analytical techniques to confirm the
chemical modification. The number of N-halamines and primary amines increased with
the number of bilayers immobilized. Covalent bond formation between the applied
polymers and stainless steel was confirmed through FTIR, ellipsometry, and XPS. No
significant difference between control samples and treated samples was observed in
contact angle (P > 0.05). More than 3 logarithmic reductions were obtained after

challenging the 6 bilayer samples against L. monocytogenes.
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3.2 Materials and methods

3.2.1 Materials

Stainless steel 316L #2B and #8 finish (non-mirror and mirror polished,
respectively) was purchased from McMasterr-Carr (Chicago, IL). Isopropanol, acetone,
sulfuric acid, hydrogen peroxide, toluene, hydrochloric acid (12 N), sodium hydroxide,
HPLC grade water, and sodium chloride were purchased from Fisher Scientific
(Pittsburgh, PA). The silane coupling agent 3-Glycidoxypropyltrimethoxysilane
(GOPTS), sodium hypochlorite (5% chlorine), and AO7 dye (Orange (I1) (Cert)) were
purchased from Acros Organics (Fair Lawn, NJ). Branched polyethyleneimine (PEI,
25,000 Da) was purchased from Sigma-Aldrich (St. Louis, MO), and poly(acrylic acid)
(PAA, 450,000 Da) was purchased from Scientific Polymer Products, Inc. (Ontario, NY).
N-hydrosuccinimide (NHS) was purchased from Acros Organics. 1-(3-
Dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC-HCI) was purchased
from ProteoChem, Inc. (Denver, CO). DPD total chlorine reagent powder was from Hach
Company (Loveland, CO). Listeria monocytogenes FSL-J1-225 Scott A, was graciously
provided by the laboratory of Dr. Lynne McLandsborough. Tryptic Soy Broth (TSB),
Tryptic Soy Agar (TSA), and Neutralizing buffer (NB) were purchased from Becton,

Dickinson and Company (Sparks, MD).
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3.2.2 Stainless steel surface modification

Stainless steel 316L #2B finish was cut in 1 x 2.5 cm samples. Before surface
modification, samples were subjected to cleaning, first with isopropanol then with
acetone, and finally with deionized (DI) water under sonication (two 10 min cycles per
solvent). Samples were then dried with purified air and immersed in piranha solution,
prepared by mixing carefully sulfuric acid and hydrogen peroxide in a 7:3 volumetric
ratio of sulfuric acid and 30% hydrogen peroxide for 20 min in order to clean the surface
of the samples and create hydroxyl groups. After piranha solution treatment, samples
were rinsed with DI water, dried with purified air, and left shaking overnight in toluene to
precondition the surface prior to solvent-based silanization. Samples which had
undergone piranha treatment and toluene soaking were dried with purified air and stored
in clean glass Petri dishes as Control samples. Samples that were going to be subjected to
further chemical modification were then immersed in a solution of toluene containing 2%
(v/v) of the silane coupling agent GOPTS and shaken for 10 min. Once treated with
GOPTS, samples were rinsed with copious toluene, dried with purified air, and heated for
2 h at 80 °C in order to promote covalent bond formation between the oxidized stainless
steel surface and GOPTS. Cured, GOPTS treated samples were stored in clean glass Petri
dishes as “GOPTS” treatment. The rest of the samples were treated as follows: to apply a
single bilayer of polyethyleneimine and polyacrylic acid, samples were first immersed in
a 0.1 M phosphate buffer solution, pH 7.8, containing 5 mg mL™ of branched
polyethyleneimine (PEI), and the zero-length cross-linker EDC-HCI and NHS in a

concentration of 50 and 5 mM (respectively), and shaken for 30 min. Then, after having
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been rinsed in copious DI water and dried with purified air, samples were immersed in a
0.1 M phosphate buffer solution, pH 7.8, containing 5 mg mL™ of PAA and the same
concentrations of EDC-HCI and NHS, shaken for 30 min, rinsed in copious DI water, and
dried with purified air. The described procedure was repeated until completing up to six
bilayers. Samples were randomly selected after each bilayer deposition to be subjected to
surface analysis as described below. Figure 3.1 illustrates the overall chemistry of the

chlorinated N-halamine surface modified stainless steel.
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Figure 3.1 Schematic of chlorinated, N-halamine modified stainless steel prepared by
layer-by-layer deposition technique.

3.2.3 N-halamine activation and determination of chlorination

Samples from the different treatments prepared as explained earlier were shaken
for 15 minutes in individual test tubes containing DI water with 3000 ppm of chlorine,
prepared by making the corresponding dilution from a sodium hypochlorite solution
containing 5% of free chlorine. The chlorine content of the sodium hypochlorite solution

was confirmed previously through the standard method D 2022-89, in which the
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available chlorine content is determined through a iodometric titration with Na,S,03 0.1
N (American Society for Testing and Materials 2008). Samples were rinsed with copious
DI water after the 15 min of shaking, and dried with purified air. Then, the samples were
transferred to individual test tubes with DI water. The ability of N-halamines to complex
chlorine was determined through a modified N,N-diethyl-p-phenylenediamine (DPD)
assay. DPD reagent was prepared by mixing one packet of DPD total chlorine reagent
powder with 1 mL of DI water. A volume of 50 uL of DPD reagent was applied per
every mL of DI water contained in the individual test tubes. Then, the samples were
shaken for 2 min and the absorbance of the solutions in contact with them was measured
at 512 nm. The chlorine concentration of the solutions was determined from a standard
curve of sodium hypochlorite in DI water. The chlorination of N-halamines in nmol cm™
was calculated by taking into account the volume of DI water in contact with the samples
and the samples’ dimensions. This procedure was performed 3 times (3 replicates), with 4

samples per treatment in every replicate.

3.2.4 Contact angle

Advancing (6a) and receding (6k) water contact angles were determined with a
DSA100 (Kriss, Hamburg, Germany). A volume of 2.5 uL HPLC grade water was
applied at a rate of 15 pL min™ with an automatic dispenser. Measurements were
performed under atmospheric conditions and were analyzed using the Drop Shape
Analysis software, version 1.91.0.2 (Kriss, Hamburg, Germany). Hysteresis (H) was

obtained from the difference between 6, and é. A total of 3 replicates were performed

40



for this evaluation, with 3 samples per treatment in every replicate and 3 measurements

were done in every sample (9 measurements per replicate).

3.2.5 Fourier Transform Infrared Spectroscopy (FTIR)

Mirror polished stainless steel (316, 0.036" thick) was used as a substrate for
bilayer deposition for FTIR and ellipsometry measurements (described below), to avoid
artifacts resulting from inherent roughness in #2B finished stainless steel. Changes in
surface chemistry were determined with an IRPrestige 21 spectrometer (Shimadzu Corp.,
Tokyo, Japan). Absorbance was measured in 3 different spots of each of three samples
per treatment with a Monolayer Grazing Angle Accessory (Specac Ltd., Orpington Kent,
UK) at an angle of incidence of 60°. A resolution of 4 cm™ and a total of 200 scans were
applied for every spot using square triangle apodization. Control samples (ie: piranha
cleaned steel) were used as the background. The spectra were collected with IRsolution
software (Shimadzu Corp., Tokyo, Japan), and after baseline correction, atmospheric
correction and smoothing (20 points), spectra were analyzed with the Knowitall software
(Biorad Laboratories, Philadelphia, PA). The areas of representative peaks were
calculated with the IRsolution software. A total of 3 replicates were performed, with 3

samples per treatment in every replicate.
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3.2.6 Ellipsometry

Before determination of thicknesses by ellipsometry, the refractive indices of PEI,
PAA and GOPTS were confirmed with a digital refractometer from Sper Scientific model
300034 (Sper Scientific, Scottsdale, AZ). The thicknesses of the increasing bilayers of
the different treatments were determined with a Rudolph research model auto SL-II
automatic ellipsometer (Rudolph Research Analytical, Hackettstown, NJ) with an angle
of incidence of 70° from the normal. The light source was a He-Ne laser with A = 632.8
nm. Measurements were done in 3 different spots of a single sample. Three replicates

were done for this evaluation, with 3 samples per treatment in every replicate.

3.2.7 Acid Orange 7 (AOT7) dye assay

The quantification of primary amines on the samples’ surface was performed as
follows. Samples were immersed in individual test tubes containing 1 mM of AO7 dye
(Orange (I1) (Cert), Acros Organics, Fair Lawn, NJ) in DI water adjusted to a pH of 3 by
hydrochloric acid. After the 3 h of shaking, the samples were rinsed in copious DI water
(pH = 3) to remove noncomplexed dye. Samples were then transferred to individual test
tubes containing DI water adjusted to a pH of 12 by sodium hydroxide in order to desorb
the absorbed dye. Samples were then shaken for 15 min and the absorbance of the
solutions in contact with the samples was measured at 455 nm. The AO7 concentration
was determined from a standard curve of AO7 in DI water (pH = 12) and the primary

amines content on the surface of the samples was calculated based on such concentration
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and the samples’ dimensions (Uchida and others 1993). Three replicates were performed

for this assay, with 3 samples per treatment in every replicate.

3.2.8 X-ray photoelectron spectroscopy (XPS)

XPS analysis was performed with a Physical Electronics Quantum 2000 (Physical
Electronics, Inc., Chanhassen, MN) with Al Ko excitation at a spot size of 100 um at 25
W. Spectra were obtained at an angle of 45° relative to the samples’ plane. Survey scans
of every sample were collected at a pass energy of 187.85 eV with a step size of 1.6 eV.
High resolution spectra were collected at a pass energy of 46.95 eV and with a step size
of 0.4 eV. Atomic concentrations and high resolution spectra were analyzed with the
MultiPak software version 6.1A (Physical Electronics, Inc., Chanhassen, MN). After
linear background subtraction, high resolution spectra were fitted with the Gaussian-

Lorentzian model (90% Gaussian was applied).

3.2.9 Antimicrobial activity assay

Coupons were prepared as explained earlier but with a final dimension of 1 x 1
cm. L. monocytogenes was used as the model organism to demonstrate antimicrobial
activity because of its importance in food safety, having been reported to be the pathogen
responsible for the most foodborne illness related deaths (Mead and others 2000).
Bacterial suspensions were prepared by preparing a 1:100 dilution with sterile TSB from

an overnight culture grown in the same type of broth. This subculture would be incubated
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at 37 °C with rotation (150 rpm) for 4 h, time chosen basing on a previously prepared
growth curve (Figure 3.2) in order to make sure microorganisms remained multiplying
during the rest conditions. After the 4 h, a 1:1000 dilution from that culture would be

prepared to have a final concentration of approximately 10° CFU mL™.
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Figure 3.2 Growth curve of L. monocytogenes.

Stainless steel coupons from each treatment (1 x 1 cm?) were submerged in 0.5
mL of the mentioned aqueous suspension of L. monocytogenes and incubated with
rotation (35 rpm) at 32 °C in a carousel rotator. The position of the rotator was set in a
way that allowed the coupons inside the test tubes to flip after completing a single turn,

which allowed each side of them to be exposed to the bacterial suspensions (Figure 3.3).
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Samples from the suspensions in contact with the coupons were taken after 2 and 4 h and
serial dilutions were prepared with NB (the first dilutions to neutralize chlorine) and the
next serial dilutions were prepared in saline water (0.9% NaCl). Then, the serial dilutions
were plated on TSA and the plates were incubated for 48 hours at 37 °C. Colonies were
counted with and antimicrobial activity was recorded as the log reduction in CFU mL™.
Inoculation in TSA was done with an automated spiral plater Autoplater 4000 (Spiral
Biotech Inc., Norwood, MA), and colonies counting was performed with a plate reader
Scan® 500 (interscience, Saint-Non-la-Bréteche, France) in a range of 30 — 300 colonies

using the instrument’s software.
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Figure 3.3 Rotator position and guide used for the antimicrobial activity assay.

In this assay, bacterial suspensions without being in contact with any type of
coupons, not modified stainless steel, GOPTS, and not chlorinated 6 bilayers would serve

as controls.

3.2.10 Atomic Force Microscopy

Mirror polished stainless steel samples were prepared as described previously for
this analysis. Atomic Force Microscopy (AFM) was used to evaluate the roughness and

surface morphology of the modified stainless steel samples with a Dimension 3100
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Atomic Force Microscope (Digital Instruments, Inc., Santa Barbara, California). Tapping
mode tips (Veeco, phosphorus n-doped Si, fo: 312 — 342 kHz) were used on cantilevers
having a resonance frequency in the range of 290 — 410 kHz. AFM images were
flattened, filtered, and analyzed through the SPIP software (Scanning Probe Image

Processor, Image Metrology, Denmark).

3.2.11 Statistical analysis

One-way analysis of variance (ANOVA) followed by Tukey’s pairwise
comparisons was conducted between treatments using Minitab version 16.1.1 (Minitab
Inc., State College, PA) with a confidence interval of 95%. As appropriate, regression

analysis was also evaluated at a 95% confidence interval.

3.3 Results and Discussion

3.3.1 N-halamine activation and determination of chlorination

The ability of control and bilayer N-halamine modified stainless steel to complex
with chlorine after contact with 3000 ppm sodium hypochlorite was quantified by a
modified DPD assay (Figure 3.4). No chlorination was observed for the GOPTS treated
stainless steel, as expected. The Control (clean stainless steel) treatment exhibited trace
chlorination, likely due to hydrophilic behavior brought by the piranha solution, however

this trace chlorination was not significantly different from GOPTS treated (P > 0.05). The
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level of N-halamine content increased with increasing bilayer deposition, with a quadratic

relationship from 1 to 6 bilayers (P > 0.05).
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Figure 3.4 Relationship observed between the N-halamine content and the number of
covalently bound bilayers (data points represent the results of 3 replicates).

3.3.2 Contact angle

Water contact angles (advancing, receding, and hysteresis) were measured for
control and modified steel to determine the effect of N-halamine bilayer deposition on
wettability (Table 3.1). The only treatment that exhibited significantly different
advancing contact angle (&) (P < 0.05), when compared to the rest of the treatments was

GOPTS treated. Such behavior can be attributed to the hydrophobic nature of GOPTS,
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which made the stainless steel surface have a higher value of 8, compared to the rest of
the treatments. None of the treatments of steel modified with N-halamine forming
bilayers (one to six bilayers) was significantly different from the Control in &x. However,
the values of @x for 1 bilayer and 3 bilayers were significantly different (P < 0.05),
suggesting an increase in hydrophilicity as the number of bilayers increases from 1 to 3.
It is likely that the hydrophobic influence of the underlying GOPTS monolayer is more
evident with only a single bilayer than when several bilayers are immobilized. None of
the treatments of steel modified with N-halamine forming bilayers was significantly
different from the Control in & (P > 0.05). As observed with 6a, and the only treatment
significantly different from the rest was that of GOPTS treated steel (P < 0.05). A
substantial variability was observed from the bilayer modified steel in the measured
values of 6, and &k. The more heterogeneous or rough a surface is, the more evident the
fluctuations among contact angle measurements will be (Long and Chen 2006). The
reason behind this phenomenon may be related to a non-uniform distribution of the
introduced chemical species on the substrate’s surface (stainless steel in this case),
creating zones of varying hydrophilic or hydrophobic nature (Adamson AW 1997;
Makamba and others 2005). Such lack of uniformity may also explain the observed
variability in the values of H. Some areas in the sample may exhibit a higher tendency to
absorb water, whereas other areas will tend to repel it. Additionally, surface topography
can also increase or decrease adsorption of water, which relates to the surface roughness.
Hence, the effect in wettability caused by a change in surface chemistry can be amplified
by an irregular surface, leading to a less predictable behavior in H (Drelich and others

2011).
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Table 3.1 Advancing and receding water contact angle, and contact angle hysteresis.

Treatment Advancing Contact ~ Receding Contact Contact Angle

Angle Angle Hysteresis

6a (Degrees) 6k (Degrees) H (Degrees)

Control 37.1+4.5° 33.8 +4.0° 3.3+0.7°
GOPTS 65.0 + 3.0° 55.1+7.3° 9.9 +4.4°
1 bilayer 41.0 + 3.6 34.3+3.4° 6.7 +1.2°
2 bilayers 27.4 +6.8% 23.7+5.9° 36+1.7°
3 bilayers 23.6 +4.9° 20.0 + 5.0 3.6+0.8
4 bilayers 27.8 £0.9% 23.4 +0.6° 45+1.1°
5 bilayers 325+12.1% 27.2 +10.6° 45+ 15%
6 bilayers 28.6 + 3.9% 23.7 £ 4.4° 5.0 +0.6®

“Values are means of 3 replicates + 1 SD. Treatments with the same letter within the same column are not
significantly different (P > 0.05).

3.3.3 Fourier Transform Infrared Spectroscopy (FTIR)

The results from grazing angle FTIR analysis confirmed that the surface of the
treated stainless steel possessed increasing quantities of N-halamines with increasing
bilayer deposition. Figure 3.5 shows representative spectra from 0 (GOPTS treated) to 6
bilayers in the range from 1875 to 1365 cm™, which includes absorbance bands
characteristic of amine, amide, and carbonyl functionalities. A characteristic band was
observed at around 1535 cm™, which can be attributed to the N-H bond in plane bend of
secondary amides. An increasing absorbance in this band suggests the formation of
covalent bonds between the primary amines of PEI and the carboxylic acid groups of
PAA, an important observation which supports the covalent nature of the N-halamine
modification of stainless steel. A more subtle band was observed at about 1638 cm™,
which corresponds to the scissors vibration of primary amines. Another band formed at
about 1680 cm™, which can be related to the C=0 stretch of secondary amides. At about

1750 cm™, a band was exhibited which may suggest the formation of acid anhydrides.
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The chlorine from unreacted EDC-HCI may have favored the formation of acid
anhydrides, which can form from the condensation of the polar heads of two carboxylic
acids in the presence of chlorine. A less evident band was seen at 1420 cm™, belonging to
the O—H bond in plane bend of carboxylic acids (Smith 1999). The area beneath the
spectra in the range of 1680 — 1395 cm™ was calculated for stainless steel modified with
one to six bilayers (Figure 3.6). The area in the chosen range was observed to increase
with a quadratic relationship (P < 0.05) as the number of bilayers increased. This
observation is in good agreement with prior FTIR analysis of PEI attached to steel, which

show characteristic bands in the 1200 — 1600 cm™ range (Plagge and others 2007).
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Figure 3.5 Representative FTIR spectra between 1875 to 1365 cm™ of GOPTS treated
steel to steel modified with up to six N-halamine forming bilayers.
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Figure 3.6 Relationship between the area beneath the spectra and the number of bilayers.
Values are means of 3 replicates + 1 standard deviation.

3.3.4 Ellipsometry

Spectroscopic ellipsometry was performed to quantify the equivalent thickness of
increasing numbers of N-halamine forming bilayers after deposition onto stainless steel
(Figure 3.7). A non-linear behavior was observed between the number of bilayers and the
increasing thickness, in which a substantial increase in thickness took place from 3 to 4
bilayers. From 4 to 6 bilayers, there was a notably less pronounced increase in the
corresponding thickness with deposition of each sequential bilayer. Different phenomena
can explain this condition. From 1 to 3 bilayers, a higher proportion of reactive groups
from the PEI and/or PAA polymers may have bound with available surface groups on the
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stainless steel substrate, leaving fewer groups available for ionization and/or swelling
which leads to a less pronounced increase in thickness. This would imply that the
behavior shown by the increase in thickness as the number of bilayers increases depends
not only on the amount of PEI or PAA deposited, but in the spatial arrangement in which
such deposition takes place. At the pH of the phosphate buffer used (7.8), most of the
carboxylic acids of PAA have a negative charge (pK; = 4.8) (Guzman and others 2011a).
On the other hand, above a pH of 3, about 70% of the amine groups of PEI are protonated
(Zhao and others 2005). It can be assumed that as more available sites of interaction are
formed (after having covered must of the substrate’s surface), and more positively
charges from PEI are exposed, more negatively charged PAA chains will diffuse and be
attracted to the previously added PEI chains by electrostatic interactions, leading finally
to the formation of covalent bonds. This phenomenon may be another reason behind the
observed behavior in the increase of thickness. Additionally, a non-linear growth in the
thickness of polymer bilayers can be explained by the reorganization and interdiffusion of
any of the polymers within bilayer system. Another possible phenomenon is the
formation of “islands” from the application of the first layer or bilayer, instead of a
uniform layer. Such islands can later join together (coalesce) as more layers of polymers
are deposited. This has been observed in previous works involving layer-by-layer
deposition of PEI and PAA, which suggests an increase in roughness from the formation
of such islands with increasing number of deposited multi layers (Tsukruk and others
1997; Guzman and others 2011b).Our observations on bilayer thickness as determined by

ellipsometry are also in good agreement with previously published work. Deposition of
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carbon nanofibers in four PEI/PAA bilayers on polyurethane foam resulted in a total
thickness of 87 nm (Kim and others 2011).

A power relationship was found between area beneath spectra / thickness and
number of bilayers (Figure 3.8). This behavior may support the idea of the initial
formation of “islands” in the surface of the substrate, which represent a low initial
concentration of the chemical species attached. However, the average initial thickness is
low if it is correlated with the initial concentration of the polymers. Such ratio decreases
as the number of bilayers increases (at least in the analyzed range), as the thickness raises

in a non-linear behavior.
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Figure 3.7 Thickness of N-halamine forming bilayers as determined by spectroscopic
ellipsometry. Values are means of 3 replicates = 1 standard deviation.
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Figure 3.8 Relationship found between the ratio of the area underneath spectra and the

equivalent thickness and number of bilayers (data points represent the results of 3
replicates).

3.3.5 Acid Orange 7 (AO7) dye assay

An increase in the primary amine content was observed as the number of bilayers
increased (Figure 3.9), proportional to the increase in N-halamine chlorination (Figure
3.3). N-halamines are capable of forming on amines (both primary and secondary),
amides, and imides, with amines reported to stabilize the N-halamine:halogen complex
most strongly (Eknoian and others 1998). Branched PEI has a ratio of primary, secondary

and tertiary amines of 1:2:1. Our results suggest that approximately 50% of the available
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amines on the PEIl component of each bilayer were able to complex chlorine as

antimicrobial N-halamines.
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Figure 3.9 Relationship observed between the primary amine content and the number of
covalently bound N-halamine forming bilayers from 1 to 6 bilayers (data points represent
the results of 3 replicates).

3.3.6 X-ray photoelectron spectroscopy (XPS)

XPS survey scans as well as high resolution C 1s and Si 2p spectra were
performed to quantify the change in surface atomic composition and specific bond
formation after stainless steel was surface modified by GOPTS treatment and with each
layer-by-layer bilayer deposition (Table 3.2). The oxidation of stainless steel in the

control samples as a result of piranha treatment was confirmed by the high oxygen
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percentage. GOPTS treatment introduced 3.48% Si, as expected from successful
silanization. At an incidence angle of 45°, the applied beam has an analysis depth of
approximately 2.5 nm, whereas the first bilayer of PEl and PAA was determined by
ellipsometry to present a thickness of ~ 1.1 nm. As such, it is expected that the 1 bilayer
atomic composition will contain a small amount of silicon and chromium, as observed, as
the beam is interrogating the underlying GOPTS. From two to six bilayers however, the
overall thickness comprised of PEI/PAA exceeds the XPS sampling depth of 2.5 nm, and
the resulting atomic compositions are expected to be similar for each increasing bilayer.
Our experimentally determined atomic compositions support this hypothesis. The values
obtained closely approximated the theoretical proportion of carbon, oxygen and nitrogen
present in a mixture of equal amounts of PEI and PAA (neglecting the presence of
hydrogen, which is undetectable by XPS) and taking into account their monomeric
formulas:

—(C,H4sNHC,H4N(C,HsNH,)CoHiNH),— for PEI and —(CH,CH(COOH)),— for PAA.
Theoretical atomic percentages are calculated as follows: 52.5% C, 22% O, 16% N, and

9.5% H (58% C, 24.3% O, and 17.7% N taking only C, O and N into account).

Table 3.2 Representative atomic concentrations obtained from XPS (%).

Treatment C N (0] Si Cr Mn Co S Mo
Control 17.5 55.2 10.6 3.2 5.1 49 35
GOPTS 32.0 54.7 3.5 4.2 33

1 bilayer 54.6 8.7 32.2 1.8 2.7
2 bilayers 675 114 211
3 bilayers 678 13.7 185
4 bilayers 674 126 20.1
5 bilayers 65.7 13.7 20.6
6 bilayers 66.7 129 204
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Figure 3.10 shows representative survey XPS spectra obtained from Control,
GOPTS treated, single bilayer, and 2 — 6 bilayer modified stainless steel. Table 3.3
displays the relative percentages of the chemical species found from the high resolution

spectra of C 1s and Si 2p in the evaluated treatments.
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Figure 3.10 Representative survey XPS spectra of Control (A), GOPTS modified (B),
single bilayer modified (C), and characteristic spectrum from 2 — 6 bilayer modified
stainless steel (D).
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Table 3.3 Representative relative percentages obtained from the deconvolution of high
resolution C 1s and Si 2p XPS spectra.

Cls
285 — 284 eV 287 — 286 eV 288 — 287 eV 286 — 285 eV 288 — 287
Treatment (C-C/C-H) (C-0) (C=0/ (C-N/C-0O) eV
0-C=0) (N-C=0/
0-C=0)
Control 65.7 22.3 12.0
GOPTS 51.7 38.0 10.4
1 bilayer 50.6 33.6 15.8
2 bilayers 54.6 26.9 185
3 bilayers 50.9 29.2 20.0
4 bilayers 56.2 22.4 21.4
5 bilayers 57.3 22.7 20.0
6 bilayers 53.8 25.3 21.0
Si2p
Treatment 102 -101eV 102 - 101 eV
(Si-0-C) (Si-O-5i)
Control
GOPTS 91.6 8.4
1 bilayer 79.0 21.0
2 bilayers
3 bilayers
4 bilayers
5 bilayers
6 bilayers

For the case of the Control and GOPTS treatments, the deconvolution of the high
resolution spectrum of C 1s exhibited the presence of the chemical species C-C/C-H, C—
0, and C=0/0-C=0, in the binding energy ranges of 284 — 285 eV, 286 — 287 eV, and
287-288 eV, respectively (Figure 3.11 A and 3.11 B). The deconvolution of the high
resolution spectrum of Si 2p showed two bands of which the highest values fell
approximately at 102 — 101 and 104 — 103 eV, corresponding to the chemical species of
Si—O-C and Si—O-Si, respectively (Figure 3.11 C). This demonstrates the formation of
the covalent bond between the substrate (stainless steel) and GOPTS, as well as the
formation of covalent bonds between molecules of GOPTS. After piranha solution
treatment, —OH groups are formed, which are able to react with GOPTS forming covalent

bonds after curing. Then, the covalently attached molecules of GOPTS are able to
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crosslink with themselves. The high resolution spectrum of C 1s from the treatments with
1-6 bilayers presented 3 bands from its deconvolution, and that can be attributed to the
chemical species C-C/C-H, N-O/C-0O, and N-C=0/0-C=0/C=0, in the ranges of 284 —
285 eV, 285 — 286 eV, and 287 — 288 eV, respectively (Figure 3.11 D). Similar results
have been observed in previous studies involving the interaction between PEI and
substances containing carboxylic acids, as well as in studies involving GOPTS and its
incorporation in oxidized surfaces (Makamba and others 2005; Ma and others 2006;
Pollock and others 2007). This confirms the formation of amides from the reaction
between the carboxylic acid groups of PAA and the primary amines of PEI. Overall, the
XPS results support those of grazing angle FTIR. When interpreted in parallel with the
ellipsometry data, the experimentally determined atomic percentages gained by XPS
analysis closely match theoretical atomic percentages of the predicted surface chemistry,
suggesting that the desired layer-by-layer N-halamine surface modifications were

successfully achieved.
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Figure 3.11 Representative deconvoluted high resolution XPS spectra. A and B represent
the high resolution spectra of C 1s from Control and GOPTS modified steel, respectively;
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C represents the high resolution spectrum of Si 2p (GOPTS treatment); D shows a

representative high resolution C 1s spectrum of stainless steel modified by deposition of

1 to 6 N-halamine forming bilayers.

3.3.7 Antimicrobial activity assay

Table 3.4 shows the results of the antimicrobial activity assay. As it can be seen,
coupons having 6 bilayers were the only ones able to reach inactivation below the limit of
detection (Figure 3.12), generating a reduction of more than 3 logarithmic cycles (>

99.9% reduction). What is remarkable about this method is that it contrasts with the
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commonly used approach employed in previous works about modified surfaces with N-
halamines, in which a very small volume of bacterial suspension is put in contact with a
proportionally very large surface area of modified material (Sun and others 2001;
Williams and others 2005; Tan and Obendorf 2007; Kou and others 2009; Cerkez and
others 2011; Lee and Whang 2011; Kocer and others 2011a; Kocer and others 2011b;

Ren and others 2013).

Table 3.4 Antimicrobial activity assay results.”

. Log
Treatment Time (h) (CFUmL™)
. . 2 6.15+0.09"
Bacterial suspension a
4 6.14 +0.52
ab
2
Control stainless steel 3.64+ 0'32%
4 5.60 + 0.48
ab
2
GOPTS 5.99 + 0.21ab
4 5.94+0.10
ab
2
Not chlorinated 6 bilayers 6.00+0.26 a
4 6.15+0.14
ab
2
1 bilayer 5.70 £ 0.60ab
4 5.89+0.32
ab
2
2 bilayers 6.01 + 0'06ab
4 5.62 +0.25
ab
2
3 bilayers 570+ O.21ab
4 5.67 +0.53
ab
. 2 5.17+0.18
4 bilayers b
4 5.15+0.13
b
. 2 5.18+0.19
5 bilayers b
4 5.17 +0.20
2 C
6 bilayers <2.00+ O'OOC
4 <2.00 £ 0.00

“Values are means of 3 replicates + 1 SD. Treatments with the same letter within the same column are not
significantly different (P > 0.05).
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Figure 3.12 Petri dishes showing the reduction in microbial load given by 6 bilayers
coupons after 2 and 4 h (bacterial suspension at time 0 plated as 10, and at 2 and 4 h
dilution plated as107?).
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3.3.8 Atomic Force Microscopy

Figure 3.13 shows the images obtained from the AFM analysis. The results
suggest the formation of isolated patches at the beginning of the deposition of bilayers of
PEI and PAA. A non-uniform topography can be observed from 4 bilayers to 6 bilayers.
The vertical axis (Z coordinate) divisions in the images represent 30 nm. This confirms
the results obtained from ellipsometry. The values of roughness obtained were as follows
(in nm): 5.656 (Control), 2.656 (GOPTS), 3.530 (1 bilayer), 5.851 (2 bilayers), 3.738 (3
bilayers), 11.143 (4 bilayers), 10.036 (5 bilayers), 13.384 (6 bilayers). This suggests a
substantial increase in roughness as more bilayers are deposited, which can be related to
the variability observed earlier in the contact angle analysis for the values of €, & and

H.
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Figure 3.13 AFM analysis results.
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3.4 Conclusions

We have demonstrated the ability to modify the surface of 316 stainless steel
using a covalent layer-by-layer deposition of N-halamine forming PEI and PAA. Prior
work demonstrated that using similar chemistry, a single bilayer of PAA-PEI
immobilized onto polyethylene film surfaces exhibited significant antimicrobial activity
(Goddard and Hotchkiss 2008). In addition to developing a surface modification
technique to adapt such N-halamine modification to stainless steel, our goal in this work
was to evaluate the influence of increasing bilayers on the number of available
antimicrobial N-halamines. However, in order to retain bulk material properties, we
wanted to limit the changes in surface chemistry to the top 100 nm or less. For this
reason, we limited the number of bilayers evaluated in this study to six. Formation of
covalent bonds was confirmed through FTIR and XPS between PEI and PAA, as well as
the covalent attachment of GOPTS to the substrate’s surface. Results of surface analysis
in this work are in agreement with other reports in which PAA and PEI are immobilized
onto supports in a layer-by-layer fashion.

Chlorination assays confirmed that the increasing quantity of amides and amines
which present with increasing bilayer deposition were able to be chlorinated to form
antimicrobial N-halamine moieties. The N-halamine modified steel with 6 bilayers
demonstrated antimicrobial activity (> 3 logarithmic reductions or > 99.9% reduction in

viable organisms) against L. monocytogenes, an important food borne pathogen.
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CHAPTER 4

INACTIVATION OF LISTERIA MONOCYTOGENES ON A POLYETHYLENE
SURFACE MODIFIED BY LAYER-BY-LAYER DEPOSITION OF THE
ANTIMICROBIAL N-HALAMINE?®

4.1 Abstract

Modification of food contact surfaces to be antimicrobial represents an approach
to address the problem of cross-contamination in the food industry. The effect of
increasing levels of surface modification on low density polyethylene (LDPE) through
application of N-halamines on the inactivation kinetics of Listeria monocytogenes Scott
A was evaluated. Increasing levels of modification were applied through layer-by-layer
deposition on LDPE surface (1 to 5 bilayers of polyethyleneimine and poly(acrylic acid)).
Surface modification was achieved and confirmed through Fourier transform infrared
spectroscopy (FTIR). From 1 to 5 bilayers, the N-halamine content ranged from 3.42 +
1.2 to 27.30 + 3.5 nmol cm™. More than 4 logarithmic cycles (> 99.99%) reduction was
reached against L. monocytogenes Scott A after different contact times depending on the
level of modification, that varied from 50 to 110 minutes (from 5 to 2 bilayers).
Inactivation kinetics followed a sigmoidal behavior. A reusability evaluation was
performed with coupons having 5 bilayers. The coupons were able to inactivate in more
than 4 logarithmic cycles the initial microbial load in the first 2 cycles, but from the third
cycle the antimicrobial activity had been lost. FTIR analysis exhibited loss of the applied

bilayers after 5 cycles. Then, another regeneration study was carried on in which coupons

® Submitted to Journal of Food Engineering.
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with 5 bilayers were chlorinated, dechlorinated and rechlorinated for 10 cycles using 2
concentrations of chlorine (200 and 3000 ppm), for a shorter period of time for
chlorination (5 min). FTIR results showed a less detrimental effect on the surface

chemistry from using a shorter chlorination time.

Keywords: N-halamines, surface treatment, layer-by-layer deposition, surface

modification, inactivation kinetics, antimicrobial materials.

70



4.2 Introduction

Cross contamination of pathogenic microorganisms from food contact surfaces
continues to be a concern in the food industry in terms of both the potential health risk
and financial burden (Centers for Disease Control and Prevention 2003; Centers for
Disease Control and Prevention 2004). Surfaces on which food products get in contact
during the production process (conveyor belts, work tables, processing equipment, and so
on) are probably the most common source of cross contamination, since different
pathogenic microorganisms exhibit ability to adhere to such surfaces and form stable
biofilms. This increases their resistance against different methods of disinfection, such as
the application of chemicals and heat (Maukonen and others 2003; McLandsborough and
others 2006; Simdes and others 2010; Mgretrg and Langsrud 2011). Polyethylene is one
of the most versatile polymers, with broad applicability in the food industry. It can be
found in pipes, tubing, fittings, trays, industrial containers, industrial sheets (conveyor
belts) and so on (Carraher 2010).

Listeria monocytogenes (L. monocytogenes) is a well-known foodborne pathogen
of special concern among the vulnerable population. It is able to survive and grow under
refrigeration temperatures. Additionally, some strains are able to survive milk
pasteurization, present adaptability to diverse environments, tolerance to salts and acids,
and competitiveness against other microorganisms (Elkest and Marth 1988b). For these
reasons, L. monocytogenes, is a good target microorganism for evaluation of new

antimicrobial materials technology (Jin et. al., 2009).
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In the food industry, hypochlorites are highly effective disinfectants, able to
inactivate a wide range of microorganisms. In addition, they don’t represent a risk against
humans at the concentrations normally applied (0.6 — 200 ppm), are cheap and easy to
use. They are the most common source of chlorine as a disinfectant. Sodium hypochlorite
(NaClO) is probably the most common choice. It decomposes into hypochlorous acid
(HCIO) and sodium hydroxide (NaOH) in aqueous solutions. HCIO is thought to provide
the germicidal effect by entering the cell’s cytoplasm, and once there, a possible
liberation of nascent oxygen provokes cell’s death. Other possible inactivation
mechanisms include enzymatic inhibition and cell wall disruption (Elkest and Marth
1988a).

N-halamines are halogenated nitrogenous structures with antimicrobial activity.
The most common halogen used to generate N-halamines is chlorine, and they can be
chlorinated with NaClO solutions. lodine and bromine also form N-halamine structures.
In addition to inactivating microorganisms, a unique feature of N-halamines is their
ability to be reused repeatedly; the halogen atom is released in presence of organic matter
and/or microorganisms, inactivates them, and the N-halamine structure can be
regenerated after subsequent exposure to a halogen solution (Eknoian and others 1998).
This class of antimicrobials has been used in different applications such as water
filtration systems, disinfectants in pools, fabrics for clothing, and so on (Worley and Sun
1996). However, their potential application in the food industry has not been explored
extensively (Goddard and Hotchkiss 2008; Bastarrachea and Goddard 2013). The
effectiveness of N-halamines has been evaluated by applying them in a variety of

materials (Worley and others 2003; Williams and others 2005). Their concept is
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promising given the fact that chlorine is prone to react with organic matter, which could
be overcome by making it possible to be available from surfaces (and be regenerated)
(Mgretrg and Langsrud 2011).

Microbial inactivation has been usually assumed to be a process that exhibits first
order Kinetics, in which the number of microorganisms decreases exponentially with time
(Peleg 2006). However, a number of studies have shown that this is not always the case
(Linton and others 1996; Juneja and others 1997; Huemer and others 1998; Ingham and
Uljas 1998; Penna and Moraes 2002; Van Boeijen and others 2008). To the best of our
knowledge, no inactivation kinetics work has been reported on N-halamines. The
objectives of the present work are to surface modify low density polyethylene (LDPE)
with increasing levels (bilayers) of N-halamines, evaluate the chemical modification of
their surface, challenge them against L. monocytogenes, and evaluate the effect of

increasing levels of bilayers on the inactivation kinetics.

4.3 Materials and Methods

4.3.1 LDPE surface modification

Low density polyethylene (LDPE) was rendered antimicrobial by N-halamine
surface modification using a layer-by-layer deposition process, modified from that
reported in previous works (Goddard and Hotchkiss 2008; Bastarrachea and Goddard
2013). LDPE film with a thickness of 125 um (kindly donated by Honam Petrochemical

Corp., South Korea) was cut into 1 x 1 cm coupons and cleaned under sonication at 40
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kHz, first with isopropanol (Fisher Scientific, Pittsburgh, PA), then with acetone (Fisher
Scientific, Pittsburgh, PA), and finally with deionized (DI) water (2 cycles per solvent
and 10 min per cycle). Then, the coupons were left drying overnight in a closed chamber
at room temperature with a relative humidity (RH) of < 20%. Once dried, each side of the
coupons was subjected to UV irradiation for 15 min with a Jelight Co. model 42 UVO
Cleaner (Irvine, CA). After UV irradiation, the coupons were subjected to a layer-by-
layer deposition process described as follows. Coupons were shaken at room temperature
for 30 min in a 0.1 M phosphate buffer solution (pH 7.8) containing 5 mg mL™ of
branched polyethyleneimine (PEI, 25,000 Da, Sigma-Aldrich, St. Louis, MO), and the
zero-length cross-linkers 1-(3-Dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride
(EDC-HCI, ProteoChem, Inc., Denver, CO) and N-hydrosuccinimide (NHS, Acros
Organics, Fair Lawn, NJ) at a concentration of 50 and 5 mM (respectively). After rinsing
in copious DI water, the coupons were immersed in a 0.1 M phosphate buffer solution
(pH 7.8) containing 5 mg mL™ of poly(acrylic acid) (PAA, 450,000 Da, Scientific
Polymer Products, Inc., Ontario, NY) with the same concentrations of EDC-HCI and
NHS, shaken for 30 min at room temperature and rinsed in copious DI water. The
application of one layer of PEI and one layer of PAA would represent a single bilayer.
The described procedure was repeated until completing 5 bilayers. After every bilayer
application, coupons were selected at random to be used for further experiments, and left
drying overnight in a dry chamber (RH < 20%). Once dried, coupons were stored in glass
Petri dishes in the dark until usage. Figure 4.1 shows a scheme of surface chemistry of

the N-halamine modified LDPE.
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Figure 4.1 Scheme of a single chlorinated bilayer of PEI and PAA covalently attached
onto LDPE (Goddard and Hotchkiss 2008; Bastarrachea and Goddard 2013).

4.3.2 N-halamine activation and quantification

An aqueous chlorine solution was prepared from DI water and a NaCIO (bleach)
solution containing 5% chlorine (Acros Organics, Fair Lawn, NJ). The concentration of
chlorine in the bleach solution was confirmed by iodometric titration (American Society
for Testing and Materials 2008). Modified and not modified (clean) LDPE coupons were
immersed in a solution containing 3000 ppm of chlorine and shaken at room temperature
for 15 min. Then, the coupons were rinsed in copious DI water to remove non-complexed
chlorine. To determine the amount of chlorinated N-halamines on the coupons, a
modified N,N-diethyl-p-phenylenediamine (DPD) assay was followed. Individual

coupons from the different treatments were immersed in test tubes containing 2 mL of DI
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water. DPD reagent was made by mixing one packet of DPD total chlorine reagent
powder (Hach Company, Loveland, CO) with 1 mL of DI water. A volume of 50 uL of
the DPD total chlorine reagent was applied to the 2 mL of DI water in contact with the
coupons. Then, after shaking the coupons for 2 min for color formation, the absorbance
of the solutions in the test tubes containing them was measured at 512 nm. The
concentration of chlorine was determined from a standard curve prepared with solutions
of known concentrations of chlorine. The N-halamine quantification was carried out by
taking into account the exposed area of the coupons, the concentration of chlorine given
by them, and the volume of the DI water in the test tubes. The results were expressed in
nmol of chlorine cm™. Three replicates were done for every treatment, with 3 coupons

per replicate.

4.3.3 Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy
(ATR-FTIR)

Changes in surface chemistry from the modified LDPE coupons (not chlorinated)
were evaluated with an IRPrestige 21 spectrometer (Shimadzu Corp., Tokyo, Japan). For
a total of 3 replicates, absorbance was measured in 3 different spots per coupon, and 3
coupons were analyzed per treatment. A resolution of 4 cm™ and 32 scans were applied
for every spot using Happ-Genzel apodization. Spectra from all the treatments were
obtained from the IRsolution software (Shimadzu Corp., Tokyo, Japan) and analyzed
with the Knowitall software (Biorad Laboratories, Philadelphia, PA). Quantitative
analysis was done by calculating the area under representative bands from the collected

spectra using the IRsolution software.
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4.3.4 Inactivation Kinetics study

L. monocytogenes Scott A (FSL-J1-225) bacterial suspensions used for testing
were prepared as follows. Stock cultures were maintained in tryptic soy broth (TSB,
Difco, Becton Dickinson, Sparks, MD) with 25% glycerol at -80 °C. One loopful of stock
was inoculated onto tryptic soy agar (TSA, Difco, Becton Dickinson, Sparks, MD) by
quadrant streak technique (in order to obtain individual colonies) and incubated at 37 °C
for 24 h. Then, a single colony was inoculated in TSB and incubated overnight at 37 °C.
Following overnight incubation, a 1:100 dilution from the overnight culture was prepared
with new and sterile TSB, and incubated at the same temperature until reaching a
microbial load of ~ 9 Log(CFU mL™), which was estimated by plating and confirmed by
measuring optical density (OD) at 600 nm. After incubation, bacterial suspensions were
prepared by diluting this culture with deionized water to have a microbial load of ~ 6
Log(CFU mL™).

Chlorinated coupons from all the treatments were challenged against L.
monocytogenes Scott A as follows. Ten coupons from every treatment were put in contact
with 1 mL of bacterial suspension and incubated at 32 °C with rotation at 60 rpm. This
temperature was chosen because it is within the range of maximum effectiveness of
chlorine against L. monocytogenes Scott A, 25 — 35 °C (Elkest and Marth 1988a). After 2
h, serial dilutions were prepared with neutralizing buffer (Difco, Becton Dickinson,
Sparks, MD) and plated onto TSA with an automated spiral plater Autoplater 4000
(Spiral Biotech Inc., Norwood, MA). Bacterial suspensions with added volumes of soda

bleach solution imitating the concentrations of chlorine given by the different treatments
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would be used as positive controls. The positive controls were prepared by adding to the
1 mL of bacterial suspensions the necessary amount of diluted bleach solution to mimic
the concentration given by the modified LDPE coupons in the same volume of deionized
water (the concentrations are shown in Table 4.1). As negative controls, bacterial
suspensions alone, bacterial suspensions with 10 coupons of not modified LDPE, and
bacterial suspensions with 10 coupons of not chlorinated 5 bilayers LDPE were tested.
TSA plates were incubated at 37 °C for 48 h. Colonies were counted with a plate reader
Scan® 500 (interscience, Saint-Non-la-Bréteche, France) in a range of 30 — 300 colonies
using the instrument’s software. Colonies were also counted by manually inoculating 1
mL of the 10™ dilution onto TSA in order to lower the detection limit. This antimicrobial
evaluation was repeated 3 times (3 replicates). The detection limit was 10 CFU mL™.

For the inactivation Kkinetics study, those treatments that were able to reduce the
microbial load in more than 4 logarithmic cycles (> 99.99%) from the antimicrobial
evaluation were evaluated as follows. Using the same conditions as in the antimicrobial
evaluation, test tubes containing ten coupons of the corresponding treatments were
collected at different points in time. Dilutions were prepared and plated onto TSA as
described above. After 48 h of incubation at 37 °C, colonies were counted with the same
criteria. For every treatment, the inactivation kinetics evaluation was repeated 2 times (2
replicates). In order to compare the inactivation behavior given by positive controls, the
same evaluation was conducted with bacterial suspensions containing the same amounts

of chlorine given by the modified LDPE coupons.
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4.3.5 Reusability and regeneration study

LDPE coupons having 5 bilayers that had been chlorinated using the same
conditions explained before (3000 ppm of chlorine for 15 min) were subjected to up to 10
cycles of antimicrobial inactivation. The protocol followed was the same described in the
previous section. A total of 10 coupons were put in contact with bacterial suspension
having ~ 6 Log(CFU mL™), and incubated under the same conditions described
previously (2 h, 32 °C, and with rotation at 60 rpm). Serial dilutions were prepared
likewise and the corresponding TSA plates were incubated for 48 h at 37 °C. After the 2
h of incubation in an inactivation cycle, the coupons were rinsed with copious sterile DI
water and rechlorinated to be put in contact with new bacterial suspension. The described
procedure was repeated 10 times.

A regeneration study was also carried on with coupons having 5 bilayers as
follows. Two chlorine concentrations were tested (200 and 3000 ppm). Individual
coupons were chlorinated and dechlorinated 10 times in order to determine the final
content of N-halamines, which was obtained through DPD assay.

Coupons from the two evaluations described were also subjected to FTIR analysis

following the same protocol described in previously.

4.3.6 Data analysis

When appropriate, the general linear model analysis followed by Tukey’s

pairwise comparisons was conducted between treatments using Minitab version 16.1.1
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(Minitab Inc., State College, PA) with a confidence interval of 95%. Linear regression
analysis was also evaluated at a 95% confidence interval when appropriate. For the
inactivation kinetics study, data points were fitted with the following sigmoid isothermal

semi-logarithmic models (Peleg 2003; Peleg 2006):

N at ct
log (N_o) T b+t (d-0) (1)

at

N
108 () = ~ e @

Where N/Ng is the momentary survival ratio, Ng is the initial microbial population,
N is the microbial population at a certain point in time, t is the time in min, and a, b, ¢
and d are temperature dependent coefficients. Nonlinear regression analysis and equation
solving was conducted using GraphPad Prism 5 version 5.04 (GraphPad software Inc., La

Jolla, CA) and Mathematica 9.0.0.0 (Wolfram Research, Champaign, IL).
4.4 Results and Discussion
4.4.1 N-halamine activation and quantification

Prior work has demonstrated the ability to impart N-halamine antimicrobial
activity on stainless steel using a layer-by-layer approach, and on polyethylene using a
single layer. The results obtained here for multilayer modification of polyethylene with

N-halamine forming polyelectrolytes are in accordance with what has been reported in
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previous studies (Goddard and Hotchkiss 2008; Bastarrachea and Goddard 2013). A
linear relationship (P < 0.05) was observed between the N-halamine content and the
number of bilayers (Figure 4.2). Clean, unmodified LDPE presented no N-halamines, as
expected from the absence of the nitrogenous structures, and the hydrophobic nature of
LDPE. The content of N-halamines (in nmol cm™) given by the chlorinated samples from
1 to 5 bilayers is shown in Table 4.1, as well as the effective concentration of chlorine of
10 coupons of every treatment in a volume of 1 mL of DI water. The effective chlorine
concentrations were calculated to determine chlorine concentrations to be added to

bacterial suspensions to prepare the positive controls used in the antimicrobial evaluation.
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Figure 4.2 Relationship found between the N-halamine content and the number of
bilayers.
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Table 4.1 N-halamine content and chlorine concentration given by every treatment
(values are average of 3 replicates + 1 standard deviation).

Number of bilayers N-halamine content Chlorine concentration
(nmol cm) (ppm)”
1 34+12 24+0.8
2 10.8+2.9 77121
3 16.3+3.2 11.6+23
4 22.1+3.1 157+2.2
5 27.3+35 19.4+24

“Given by 10 coupons of the corresponding treatment in 1 mL of DI water.

4.4.2 Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy
(ATR-FTIR)

Surface chemical modification was confirmed through ATR-FTIR. Figure 4.3
shows the collected representative spectra from all the treatments. The formation of the
carbonyl group can be seen from the representative spectrum given by LDPE after UV
irradiation in the range between 1740 and 1720 cm™. Covalent bond formation between
PEI and PAA is demonstrated from the band found in the range between 1570 and 1515
cm™* exhibited by all the treatments with modified surface. This range corresponds to the
N-H bond in plane bend from secondary amides. The presence of carboxylic acids from
PAA is exhibited from the band found in the range between 1440 and 1395 cm™,
characteristic of the O—H bond in plane bend of carboxylic acids. The observed region
between 1650 and 1550 corresponds to the N—H bond of primary and secondary amines
(scissor vibrations of the N-H bond and N — H bend, respectively). Finally, the increase
in absorbance in the range between 1680 and 1630 can be attributed to the C=0 stretch of
secondary and tertiary amides (Smith 1999). Quantitative ATR-FTIR spectral analysis
was performed using the area beneath the spectra in the absorbance range between 1800

and 1395 cm™. Figure 4.4 shows the relationship between the area beneath the spectra
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and the number of bilayers. A linear relationship (P < 0.05) was found with a correlation
slightly better (R* = 0.95) than that obtained by N-halamine quantification (R?> = 0.90)
(Figure 4.2). This improvement in correlation is expected, as FTIR analysis is a direct
surface analysis technique, whereas N-halamine quantification by DPD analysis requires
a secondary colorimetric assay with continuous color development. Nevertheless, FTIR
and N-halamine quantification results are in agreement that increasing bilayer deposition
resulted in increased number of antimicrobial N-halamines on the surface of modified

LDPE.
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Figure 4.3 ATR-FTIR spectra from all the treatments (the two first spectra from bottom
to top correspond to clean LDPE and UV irradiated LDPE, respectively).

84



Area beneath spectra (cm” 1)

4 T 1 T T T
0 1 2 3 4 5 6

Number of bilayers

Figure 4.4 Relationship found between the area beneath the spectra and the number of
bilayers in the range between 1800 and 1395 cm™.

4.4.3 Antimicrobial activity and inactivation Kinetics study

Antimicrobial activity of control and N-halamine modified LDPE films are
reported in Table 4.2, along with controls including bacterial suspension alone, LDPE
that was N-halamine modified but not chlorinated, and finally positive controls
corresponding to the equivalent amount of chlorine at each number of bilayers as
determined in Table 4.1. Antimicrobial activity was determined by incubating 10
coupons of every treatment under 1 mL of L. monocytogenes Scott A suspension

containing ~ 6 Log(CFU mL™) with rotation for 2 h at 32 °C. LDPE coupons with 1
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bilayer, as well as their positive controls, exhibited a microbial load more than 1
logarithmic cycle lower than the control bacterial suspension. Treatments containing 2 or
more bilayers (and their corresponding positive controls) were able to inactivate the
initial load of L. monocytogenes Scott A under the limit of detection, providing more than
4 logarithmic reductions (> 99.99%) in 2 h. Clean LDPE and coupons containing 5
bilayers without chlorine had no inactivation effect. The lack of antimicrobial activity by
modified, but not chlorinated, LDPE is important in establishing that the observed
antimicrobial activity is specifically due to the chlorinated N-halamine structure, and that

non-specific surface chemistry:microorganism interactions were not involved.

Table 4.2 Antimicrobial activity of control and modified LDPE (values are average of 3
replicates + 1 standard deviation).

Treatment Microbial load after 2 h (Log(CFU mL™))
Bacterial suspension 5.94 +0.1°
Clean LDPE 5.66 +0.1°
Not chlorinated 5 bilayers 5.89 +0.1°
1 bilayer 419+0.2°
2 bilayers < 1.00 +0.00°
3 bilayers < 1.00 + 0.00°
4 bilayers < 1.00 + 0.00°
5 bilayers < 1.00 + 0.00°
1 bilayer (positive control ™) 478 +0.1°
2 bilayers (positive control) < 1.00 + 0.00°
3 bilayers (positive control) < 1.00 + 0.00°
4 bilayers (positive control) < 1.00 + 0.00°
5 bilayers (positive control) < 1.00 + 0.00°

“Treatments followed by the same letter are not significantly different (P > 0.05).
Positive control refers to bacterial suspension exposed to an equivalent chlorine concentration as reported
in Table 4.1.

Figure 4.5 shows representative Petri dishes from the corresponding serial

dilutions prepared from each treatment after 48 h of incubation at 37 °C.
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Figure 4.5 Representative Petri dishes from the antimicrobial evaluation after 48 h of
incubation at 37 °C (A: bacterial suspension; B: clean LDPE; C: not chlorinated 5
bilauers; D: 1 bilayer; E: 2 bilayers, F: 3 bilayers; G: 4 bilayers; H: 5 bilayers). Controls
plated as 10, and for 2 — 5 bilayers, 10,

Inactivation kinetics of LDPE modified with up to 5 bilayers of N-halamines was
determined to quantify the relationship between the logarithm of the survival ratio and
time in min from the evaluated treatments (Figure 4.6). The non-linear regression
analysis results are shown in Table 4.3. It was not possible to fit the obtained data with

Equation 2 with a good correlation. A good correlation between the obtained data and
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Equation 1 was observed. However, the value of R? decreased as the number of bilayers

(and corresponding amount of N-halamines) decreased. Also, the time to reach the limit

of detection and provide more than 4 logarithmic reductions increased as the number of

bilayers decreased. Figure 4.7 shows the trendlines given by Equation 1.
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Figure 4.6 Inactivation kinetics (data points fitted with Equation 1 represent the results of
2 replicates).

88



Table 4.3 Non-linear regression analysis results from the inactivation study.

Number of Equation 1 coefficients R’
bilayers a b (min) c d (min)
2 0.27 12.00 0.55 101.00 0.83
3 0.39 3.50 0.32 65.50 0.87
4 0.40 2.00 0.31 55.60 0.92
5 0.55 0.50 0.14 48.62 0.96

Figure 4.7 Trend lines and data points obtained after fitting the inactivation kinetics data
with Equation 1.
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The decrease in the degree of correlation may be explained by the fact that a
sigmoidal behavior represents a mixed population. At first, a sudden reduction in the
initial population may be observed, suggesting the death of the weakest portion of the
microorganisms, followed by a plateau that shows resistance against the applied
inactivation method, which then leads to a sudden and substantial decrease in the
microbial load (Peleg 2006). As a treatment against microorganisms becomes more
aggressive, as with the increase in N-halamines with increasing bilayers, the microbial
population will react in a more uniform manner since even the strongest cells will be
unable to show resistance. On the other hand, if the intensity of the applied inactivation
treatment is lowered, more dispersion in the collected data may be observed since within
a non-homogeneous population there may be diverse degrees of sensitivity, possibly
derived from different degrees of injury.. Having the values of the parameters of
Equation 1, it is possible to determine the theoretical time necessary to achieve a specific

number of logarithmic reductions by solving (Peleg 2003):

(C —a—log (N%)) t2 + (ad + ch +dlog (N%) — blog (Nlo)) t + bdlog (Nlo) =0 3)

After solving Equation 3 for each level of bilayers, a theoretical reduction of
99.999% (5 logarithmic cycles) would be reached after 90.54, 64.62, 54.06, and 47.65
min for 2, 3, 4 and 5 bilayers, respectively. Likewise, a theoretical reduction of 6
logarithmic cycles would be reached after 92.20, 65.33, 54.64, and 47.92 min for 2, 3, 4

and 5 bilayers, respectively.
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In Table 4.3 and Figure 4.8 the relationships between the factors a, b, ¢ and d in
Equation 1 and the number of bilayers can be observed. Factors a and c exhibited a linear
behavior, whereas factors b and d showed a power law behavior. Factor a increment
reflects that the characteristic plateau observed in this kind of curve takes place at a lower
level of survival ratio. For instance, a higher value of a reflects a more drastic initial
reduction of microorganisms. The exhibited decrease in factor ¢ is an indicator of how
fast the plateau will be interrupted for the downward concavity to appear. A high value of
c indicates a more drastic treatment and, consequently, a shorter time in which the
downward concavity will start to form. Factors b and d seem to exhibit a decrease in
value as the treatment against the microorganisms becomes more aggressive. A low value
of b results in a faster and more pronounced decrease in the number of microorganisms
that is reflected in a more evident upward concavity. Likewise, a low value of d will
result in a more pronounced downward concavity that appears sooner. Having these
values and knowledge of their behavior may be useful to further predict how the kinetics
would behave at a theoretical more drastic treatment. In particular, the value of d, (the
time at which the second denominator of Equation 1 becomes 0), can be an estimate of

the time to reach nearly complete inactivation.
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Figure 4.8 The magnitude of the coefficients of Equation 1 as a function of the number
of deposited bilayers.

All the positive controls (Figure 4.9) were able to reduce the initial microbial
population by more than 99.99% (4 logarithmic cycles) after 6 min, (the limit of detection
was already reached by that time). This is in accordance with what has been reported in
previous works on the effect of chlorine against L. monocytogenes, in which 1

logarithmic reduction can be reached in less than 1 min under a chlorine concentration as
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low as 10 ppm (Elkest and Marth 1988a; Elkest and Marth 1988b). This suggests that,
even though both the modified LDPE coupons and their corresponding positive controls
were able to provide the same level of inactivation, the mechanism in which such

inactivation takes place is different.

Figure 4.9 Representative Petri dish after incubation of samples taken from positive
controls (dilution plated as 10°™).

A problem that can be found when using free chlorine from any source to
decontaminate water is precisely its potential interaction with nitrogenous compounds,
which commonly results in the formation of chloramines. Indeed, HCIO from bleach
solutions reacts with the nitrogen-containing molecules. The result is a covalent bond
formation between nitrogen and chlorine, with the subsequent formation of a water

molecule (Amiri and others 2010):
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The germicidal effect of chlorine may be overestimated if this phenomenon takes place.
This kind of chlorine-containing chemical species react in the same way free chlorine
from bleach solutions does when quantification techniques like the DPD assay are
conducted. However, their effect over microorganisms is much weaker and slower than
that given by the commonly used sources of chlorine (Amiri and others 2010). A possible
advantage of this kind of compound, including N-halamine modified LDPE, could be
their ability to provide an extended antimicrobial effect. Several studies have been
conducted with chlorinated nitrogenous compounds and their inactivation mechanism (if
demonstrated) remains unclear (Fayyad and Al-Sheikh 2001; Amiri and others 2010).
From this information, it becomes apparent that a similar phenomenon takes place with
N-halamines. The process of microbial inactivation seems to consist of membrane
oxidation from the exposure to CI* when it dissociates from the N-halamine structure
(Kenawy and others 2007). The degree of inactivation given by N-halamines can be
equivalent to that given by the same concentration of free chlorine (or more precisely, by
HCIO), but in a substantially slower rate. As discussed above, this can represent some
advantages if a steady, long-lasting effect is expected and some drawbacks if a fast
microbial reduction is required.

Another explanation for the slower inactivation given by N-halamines as
compared to free chlorine states that the chlorinated N-halamine is the main source of
inactivation, rather than the HCIO formed formed from hydrolysis equilibrium (Williams
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and others 1988). This may suggest that direct contact between microorganisms and the
antimicrobial surface (as in this research) is necessary for inactivation, and the limiting

factor of the process may be cells diffusion from solution to the antimicrobial surface.

4.4.4 Reusability and regeneration study

The coupons tested were able to inactivate the initial population of L.
monocytogenes in more than 5 logarithmic cycles for the first 2 cycles. From the third
cycle, it was not possible to determine the number of survivors since the right dilutions
were not plated (Figure 4.10). Figure 4.11 shows the FTIR results comparing the spectra
of 5 bilayers as prepared, after the 5 antimicrobial evaluations, and after the 10
rechlorination cycles evaluated. It is possible to observe the depletion of the band that
could originally be found in the 1600 — 1500 cm™ range, which belongs to the N—H bond

in plane bend from secondary amides (Smith 1999).
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Figure 4.10 Petri dishes showing the 10 dilution given by 5 bilayers after 2 (A) and 3

cycles (B).
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Figure 4.11 ATR-FTIR spectra of 5 bilayers coupons subjected to the reusability and
regeneration study.

From that information it can be interpreted that the entire 5 bilayers lost the bonds

that attached them onto the surface of LDPE, possibly due to the hydrolysis sodium
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hypochlorite (and the high levels of pH its solutions in water exhibit) can provoke in
amides (McKenna and Davies 1988; Cheshmedzhieva and others 2009) (Figure 4.12),

especially under the concentration used.

O Extreme pH/NaClO 5 O

—— NH,
Figure 4.12 Hydrolysis of amides by the action of extreme levels of pH and/or sodium
hypochlorite.

HN

As a consequence of the loss of activity, a small regeneration study was

performed as it was explained before. The results are shown in Table 4.4.

Table 4.4 Regeneration study results.”

Chlorine concentration

Cycle (opm) N-halamines (nmol cm)
0 200 37.5+2.0°
3000 31.7+29°
10 200 13.2+£3.0°
3000 6.3+2.1°

“Values are average of 3 replicates + 1 standard deviation. Treatments followed by the same letter are not
significantly different (P > 0.05).

As it can be observed, the use of a lower concentration of chlorine brings a
significantly lower loss of N-halamines after the 10 cycles evaluated. The effect of using

5 min of chlorination instead of 15 min can also be seen from Figure 4.11. The decrease
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in the band that corresponds to the N—H bond in plane bend from secondary amides is
less pronounced than that observed after the 10 cycles of antimicrobial reuse. There is
also a substantial increase in the band that corresponds to the carbonyl (C=0) group in

the 1740 and 1720 cm™ range, possibly caused by oxidation of sodium hypochlorite.

4.5 Conclusions

In this work, the surface of LDPE was modified by layer-by-layer deposition of
polyelectrolytes which form N-halamines after exposure to sodium hypochlorite. ATR-
FTIR results confirmed successful surface modification of LDPE, showing the formation
of covalent bonds between PEI and PAA and higher presence of the corresponding
chemical species at increasing levels of bilayers. N-halamine modified LDPE was
effective in reducing the presence of L. monocytogenes Scott A in more than 99.99%, and
the overall effect on the microbial population was comparable to that given by free
chlorine. The inactivation kinetics study demonstrated a delayed inactivation by the N-
halamine modified LDPE compared to the inactivation by an equivalent free chlorine
concentration. Such behavior can be predicted by the applied sigmoidal model with good
correlation. To the best of our knowledge, this is the first study made on the inactivation
kinetics given by a sort of N-halamines. These results may be useful in designing
antimicrobial materials which can extend the sanitizing capability of free chlorine beyond
initial sanitization. Several applications in the food industry could be benefited from this

approach (containers, industrial sheets, conveyor belts, tubes, fittings, piping, and so on).
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However, improvements and further research will be necessary to improve the stability

and reusability of the coated bilayers.
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CHAPTER 5

ANTIMICROBIAL N-HALAMINE MODIFIED POLYETHYLENE:
CHARACTERIZATION, BIOCIDAL EFFICACY, REGENERATION AND
STABILITY*

5.1 Abstract

Development of antimicrobial materials which regenerate antimicrobial activity
represents a novel technology in preventing microbial cross-contamination. We report a
method for the application of regenerably antimicrobial N-halamines onto the surface of
polyethylene (PE) materials through layer-by-layer (LbL) assembly of polyethyleneimine
and poly(acrylic acid). A total of 5, 10, 15 and 20 bilayers were applied. Modified PE had
from 49.3 to 293.5 nmol cm™ antimicrobial N-halamines from 5 to 20 bilayers after 10
minutes of chlorination. Each variant of N-halamine modified PE was able to reduce by >
5 logarithmic cycles Listeria monocytogenes. The stability of N-halamine modified PE
was characterized after extended exposure to chlorine, acidic solutions, and an alkaline
cleaner. After an initial conditioning period, materials generated more than double the
quantity of N-halamines present on as prepared materials, retaining regenerability for up
to 100 chlorination cycles. After the equivalent of 300 washing cycles by buffers (pH
values 3, 5, and 7) or a commercial alkaline detergent, there was no change in the number
of antimicrobial N-halamines on the modified materials. These results indicate that the
reported layer-by-layer deposition technique results in antimicrobial N-halamine

materials capable of long term reuse and exposure to harsh chemicals as expected in a

* Submitted to Journal of Food Science.
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food processing environment. Such robust, regenerably antimicrobial materials could be
an effective technology in the food industry to prevent cross contamination of pathogenic

and spoilage microorganisms.

Keywords: N-halamines, Layer-by-layer assembly, antimicrobial materials, surface

modification, polyelectrolyte multilayers.
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5.2 Introduction

Cross contamination of pathogenic and spoilage microorganisms from food
contact surfaces remains a significant challenge in the safety, quality, and security of our
food supply. Further, microorganisms can develop resistance against different control
measures if they are allowed to proliferate on contaminated surfaces (Sidhu and others
2001; Kenawy and others 2007). The financial and public health impact of such cross-
contamination raises an interest in the development of new technologies such as
antimicrobial materials to help prevent cross contamination. There has been a particular
interest in the application of polymeric coatings with antimicrobial properties given the
fact that, unlike low molecular weight antimicrobial substances, polymers may represent
a lower risk of residual toxicity and contamination due to their lower solubility (Centers
for Disease Control and Prevention 2003; Centers for Disease Control and Prevention
2004; Mgretrg and Langsrud 2011). N-halamines are a unique class of antimicrobial
compound which consist of a nitrogen atom covalently linked to a halogen, commonly
chlorine. The nitrogen atom (which can belong to an amine, an amide, or an imide) can
be chlorinated after exposure to a source of chlorine, such as solutions of NaClO
(bleach). This chlorination can be repeated numerous times, resulting in so-called
“regenerable” antimicrobial activity. The exact mechanism of their antimicrobial activity
is not fully agreed upon, but is likely either via dissociation of chlorine into aqueous
solution or by direct oxidation of critical components in the cell membrane (Worley and
Sun 1996; Eknoian and others 1998; Kenawy and others 2007). Irrespective of exact

mechanisms, such N-halamine antimicrobials have been evaluated both as small
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molecular weight substances and polymeric coatings on plastics, textiles, and metals,
against a wide range of microorganisms, showing promising antimicrobial activity
(Worley and others 2003; Williams and others 2005; Goddard and Hotchkiss 2008;
Cerkez and others 2011; Bastarrachea and Goddard 2013; Bastarrachea and others 2013).

To demonstrate the commercial potential of any coating designed for use in a
harsh environment (like in food processing), stability studies must be performed. Such
studies are unfortunately often omitted in place of single-use studies, limiting their
potential for commercial translation. Long term stability is particularly important for N-
halamine antimicrobial coatings, which interest lies in their regenerability and potential
for long term reuse. Prior reports often suggest limited stability in N-halamine modified
materials, indicating a need for improving methods for producing such materials
(Goddard and Hotchkiss 2008; Kocer and others 2010; Cerkez and others 2013). An
emerging technique in surface modification (by N-halamine coatings) which can be
applied onto the surface of many materials (polymers, stainless steel) is layer-by-layer
deposition (LbL). LbL deposition is simple, rapid, scalable to coating large substrates,
and involves the consecutive adhesion of coatings of alternating charges. Coatings are
reported to be stable owing to their numerous electrostatic interactions, hydrogen
bonding, and Van der Waals forces. Covalent cross-links can also be introduced to
enhance stability of LbL coatings (Decher 1997; Stockton and Rubner 1997; Cerkez and
others 2011; Bastarrachea and others 2013; Bastarrachea and Goddard 2013).

The goal of the present study was to modify the food contact surface of
polyethylene (PE) through LbL assembly of polyethyleneimine (PEI) and poly(acrylic

acid) (PAA) to generate a stable, regenerably antimicrobial N-halamine coating. A total
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of 5 to 20 bilayers were deposited via LbL assembly onto ultraviolet light functionalized
PE, in which a single bilayer is composed of covalently crosslinked PEI and PAA.
Materials were characterized in terms of N-halamine content, surface chemistry,
antimicrobial effectiveness against Listeria monocytogenes, and stability against a

commercial alkaline detergent and buffers of pH values 3, 5, and 7.

5.3 Materials and Methods

5.3.1 Layer-by-layer assembly onto PE

PE film donated by Honam Petrochemical Corp. (South Korea) was cut into 1 x 1
cm coupons and cleaned by sonication in isopropanol (Fisher Scientific, Pittsburgh, PA),
then acetone (Fisher Scientific, Pittsburgh, PA), and finally deionized (DI) water (two
cycles of 10 min per solvent). Once cleaned, the coupons were left drying overnight at
room temperature over anhydrous calcium sulfate. After drying, each side of the PE
coupons was functionalized through UV-Ozone (UV-0O3) irradiation for 15 min with a
Jelight Co. model 42 UVO Cleaner (Irvine, CA). Once UV-O; irradiated, the LbL
assembly process was conducted as follows. To deposit a single bilayer, coupons were
immersed in a 0.1 M potassium phosphate monobasic and dibasic (Fisher Scientific,
Pittsburgh, PA) buffer (pH 7.8) containing 5 mg mL™ of branched polyethyleneimine
(PEI, 25,000 Da, Sigma-Aldrich, St. Louis, MO) and shaken for 5 min at room
temperature. Then, the coupons were rinsed with copious DI water and immersed in the

same phosphate buffer containing the same concentration of poly(acrylic acid) (PAA,
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450,000 Da, Scientific Polymer Products, Inc., Ontario, NY) and shaken for the same
amount of time at room temperature, followed by rinsing in copious DI water. This
procedure was repeated until completing 5 bilayers. Then, coupons were immersed in the
same phosphate buffer containing the cross-linker 1-(3-Dimethylaminopropyl)-3-
ethylcarbodiimide hydrochloride (EDC-HCI, ProteoChem, Inc., Denver, CO) and N-
hydrosuccinimide (NHS, Acros Organics, Fair Lawn, NJ) at concentrations of 50 and 5
mM, respectively, and shaken for 2 h to covalently cross-link the bilayers. Coupons were
then rinsed in copious DI water and the entire procedure for applying 5 bilayers was
repeated until completing 10, 15 and 20 bilayers. After every cycle of covalent bond
formation with EDC-HCI and NHS, coupons from every treatment were rinsed with
copious DI water, chosen randomly, left drying overnight, and kept in closed glass Petri

dishes until usage. Figure 1 shows a scheme of the change in surface chemistry applied

on PE.
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Figure 5.1 Scheme showing the change in surface chemistry applied on PE.
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5.3.2 Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy
(ATR-FTIR)

The surface chemistry of native (clean) and N-halamine modified PE (both as
prepared and after stability studies) was analyzed by ATR-FTIR with an IRPrestige 21
spectrometer (Shimadzu Corp., Tokyo, Japan). Area underneath the spectra of
absorbance bands representative of the chemical species indicative of PEI and PAA was
quantified on control and modified PE using the IRsolution software (Shimadzu Corp.,
Tokyo, Japan). ATR-FTIR analysis was conducted using Happ-Genzel apodization at a
resolution of 4 cm™. A total of 32 scans were taken for every spot and 3 spots were
analyzed for every coupon (at least 1 coupon per replicate of each corresponding
evaluation or treatment). Spectra interpretation was conducted with the KnowltAll

software (Biorad Laboratories, Philadelphia, PA).

5.3.3 Chlorination of N-halamine modified PE

Coupons with 5, 10, 15 and 20 bilayers were exposed to 200 ppm of chlorine (1
mL cm™) for up to 40 min. This concentration was selected because it is the upper limit
allowed for disinfection by federal agencies (Rutala and Weber 2008). The chlorine
content of the NaClO bleach solution used (Acros Organics, Fair Lawn, NJ) was
confirmed through iodometric titration (American Society for Testing and Materials
2008). Coupons were randomly chosen over time, rinsed with copious DI water to
remove not bound chlorine, and the number of antimicrobial N-halamines was quantified

through a colorimetric modified DPD assay described previously (Goddard and
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Hotchkiss 2008; Bastarrachea and Goddard 2013; Bastarrachea and others 2013). Briefly,
DPD reagent (N,N-diethyl-p-phenylenediamine DPD total chlorine reagent powder, Hach
Company, Loveland, CO) was prepared by mixing 1 pack of DPD total chlorine reagent
powder with 1 mL of DI water. Coupons were immersed in individual test tubes
containing 2 mL of DI water to which 50 pL of the DPD reagent was added. Then the
coupons were shaken for 5 min inside the test tubes for color formation. Absorbances
were measured at 512 nm and the N-halamine content was quantified from a standard
curve prepared with known concentrations of chlorine and expressed as nmol cm™.

Samples were analyzed in duplicate, with 3 replicates per treatment.

5.3.4 Antimicrobial evaluation

Bacterial suspensions of L. monocytogenes Scott A obtained from Dr. Martin
Wiedmann (Food Science Department, Cornell University, Ithaca, NY) were prepared as
follows. A loopful of stock culture stored in TSB with 25% glycerol at — 80 °C was
streaked onto tryptic soy agar (TSA, Difco, Becton Dickinson, Sparks, MD) by quadrant
streak technique and incubated at 37 °C for 24 h. Then, a single colony was inoculated
into tryptic soy broth (TSB, Difco, Becton Dickinson, Sparks, MD) and incubated
overnight at the same temperature. A 1:100 dilution was prepared from the overnight
culture with fresh and sterile TSB and incubated at 37 °C until the microbial load was
approximately 9 Log(CFU mL™) during the exponential phase (Bastarrachea and
Goddard 2013). The culture was further diluted in DI water to a final microbial

concentration of approximately 6 Log(CFU mL™), which was confirmed by plating on
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TSA 100 uL of serial dilutions prepared in 0.9% saline water. Three coupons from every
treatment were put in contact with 1 mL of this bacterial suspension and incubated at 32
°C for 2 h with rotation (60 rpm). Such temperature was chosen because previous works
reported that at 25 — 35 °C chlorine exhibits its highest effectiveness against L.
monocytogenes (Elkest and Marth 1988b). After the 2 h of incubation, bacterial
suspensions were diluted 1:10 in neutralizing buffer (Difco, Becton Dickinson, Sparks,
MD) to quench any residual chlorine, followed by serial dilutions in 0.9% saline water,
plating onto TSA plates with an automated spiral plater Autoplater 4000 (Spiral Biotech
Inc., Norwood, MA), and incubation for 48 h at 37 °C. To lower the detection limit to 1
log(CFU mL™), the entire 1 mL of the first dilution (with the neutralizing buffer) was
also plated onto 3 TSA plates manually (333 pL per plate). After the 48 h of incubation,
colonies were counted with the plate reader Scan® 500 (interscience, Saint-Non-la-
Breteche, France). The antimicrobial evaluation was repeated 3 times per treatment (3
replicates). Bacterial suspension alone, unmodified PE coupons chlorinated with 200
ppm of chlorine (1 mL cm™) for 10 min, and 20 bilayers N-halamine modified PE which
had not been subjected to chlorination served as negative controls. The latter was chosen
as a negative control given the fact it was the treatment with the highest level of surface
modification, in order to confirm that any observed antimicrobial activity was a result of
chlorinated N-halamines and not due to other surface:bacterial interactions. N-halamine
modified PE coupons with 5, 10, 15 and 20 bilayers were chlorinated with 200 ppm of
chlorine (1 mL cm™) for 10 min (determined by preliminary experiments to be the time
of N-halamine saturation) before the antimicrobial evaluation. Bleach added to bacterial

suspensions in a concentration calculated to match the expected N-halamine content of
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the N-halamine modified PE coupons after 10 min of chlorination served as the positive

control.

5.3.5 N-halamine regeneration and stability

N-halamine modified PE coupons with 20 bilayers were subjected to 100 cycles
of chlorination with 200 ppm of chlorine in individual test tubes (1 mL cm™) with 15 s of
exposure time. After every cycle of chlorination, coupons were rinsed with DI water and
chlorine was removed (quenched) from the surface by exposing the coupons to 0.1 N
sodium thiosulfate (Acros Organics, Fair Lawn, NJ) with the same volume to surface area
ratio (1 mL cm™) for 15 s. Then, coupons were rinsed again in DI water to be subjected to
another cycle of chlorination. The N-halamine content was determined every 10 cycles
through the DPD assay described earlier. To evaluate the stability of the N-halamines
after extended exposure to an alkaline detergent used in washing food contact materials,
PE coupons with 20 bilayers were chlorinated for 10 min and then rinsed in copious DI
water (10 min was selected as the chlorination time since at this point chlorine content
reaches an equilibrium). The initial chlorine content after the first chlorination was
determined from a separate set of samples. The rest of the samples were put in contact
with a solution of the cleaning agent Liquinox (Alcanox, Jersey City, NJ; ingredients:
water, sodium alkylbenzene sulfonate, alcohol ethoxylate, coconut diethalonamide,
sodium xylene sulfonate, and tripotassium EDTA) with a pH value of 8.6 £ 0.1 in
individual test tubes (1 mL cm™) using the maximum concentration (1% v/v) and 10

times the ratio between detergent solution volume and surface area recommended by the
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provider. The tubes were kept at 20 °C under rotation at 60 rpm for the equivalent of 100
washing cycles. Then, after removing the coupons from the detergent solution and rinsing
with DI water, the remaining N-halamine content of the coupons was determined through
the DPD assay. After N-halamine quantification, coupons were rechlorinated under the
same scheme used at the beginning (200 ppm of chlorine for 10 min) and the N-halamine
content was determined through the DPD assay from randomly selected coupons. The
remaining coupons were subjected to another 100 cycles of washing. The described
procedure was repeated until completing the equivalent of 300 washing cycles. A similar
experiment was designed to determine the stability of N-halamine modified materials
after exposure to pH values typical of acidic and neutral foods using buffers of pH values
of 3, 5 and 7 prepared by mixing citric acid monohydrate (Acros Organics, Fair Lawn,
NJ) 0.1 M and sodium phosphate dibasic (Fisher scientific, Pittsburgh, PA) 0.2 M. For
the N-halamine regeneration and stability studies described above, coupons with 20
bilayers (the highest level of surface modification) were used since (as discussed below)
coupons having 10, 15 and 20 bilayers harbor statistically the same number of N-
halamines (P > 0.05), and according to ATR-FTIR, coupons with 15 and 20 bilayers
exhibit the same surface chemistry. Three replicates were performed for each of the

mentioned evaluations, with at least 1 coupon per replicate.

5.3.6 X-Ray Photoelectron Spectroscopy (XPS)

The surface chemistry of native and N-halamine modified PE (both as prepared

and after stability studies) was further characterized by XPS to understand changes in
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bond formation at the top several nanometers. XPS analysis was carried out with a
Physical Electronics Quantum 2000 (Physical Electronics, Chanhassen, MN) using Al
Ka excitation at a spot size of 100 um at 25 W. An angle of 45° (relative to the coupons’
surface) was used to collect spectra. To collect survey scans a pass energy of 187.85 eV
using a step size of 1.6 eV was applied. A pass energy of 46.95 eV was applied to obtain
high resolution spectra (C 1s, O 1s and N 1s). Atomic concentrations and high resolution
spectra were analyzed with the MultiPak software version 6.1A (Physical Electronics,
Chanhassen, MN); high resolution peaks were fitted with the Gaussian-Lorentzian model
after linear background subtraction (90% Gaussian was applied). Reported atomic

percentages are representative of analyses conducted on two separate spots.

5.3.7 Storage study

In order to evaluate the stability of the chlorine bond in the modified PE samples,
coupons having 5 bilayers were first chlorinated for 10 min with 200 ppm of chlorine as
explained earlier. Coupons with 5 bilayers were chosen because at this level of surface
modification they exhibited more predictability in terms of N-halamine content. Coupons
were stored in individual test tubes containing DI water (1 mL cm™) at 3 different
temperatures: 4, 20 and 37 °C. At different points in time, coupons were randomly
collected, rinsed in copious DI water, and the N-halamine content was determined

through the DPD assay as described previously.
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5.3.8 Statistical analysis

To determine significant difference between treatments, the general linear model
followed by Tukey’s pairwise comparisons was applied when appropriate, with a
confidence interval of 95% using the software Minitab version 16.1.1 (Minitab Inc., State
College, PA).

The one phase exponential association model was used to fit the data of the N-

halamine chlorination study:
NH = NHggympt (1 — e7¥F) (1)

where NH is the momentary N-halamine content in the coupons (nmol cm'z), NH ygympr 18
the asymptotic N-halamine content, which indicates the theoretical maximum value of N-
halamines that can be reached, K is the exponential rate constant (min™') and ¢ is the time
(min). Nonlinear regression analysis was conducted with GraphPad Prism 5 version 5.04
(GraphPad software Inc., La Jolla, CA) for each of the 3 replicates run for every
treatment.

For the storage study, data collected from the N-halamine determination at

different points in time for each storage temperature were fitted with the Weibull model:

log (M—) = —kt" )
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where M; is the N-halamine content at time t in a coupon, My is the initial N-halamine
content, k is the kinetic constant (h™), t is the time in h, and n is the shape factor. Non-
linear regression analysis was performed with the GraphPad Prism 5 version 5.04

software.

5.4 Results and Discussion

5.4.1 Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy
(ATR-FTIR)

ATR-FTIR spectra were collected on native (clean) and N-halamine modified PE
(Figure 5.2). After UV-Os irradiation, PE exhibited the characteristic absorbance band of
the carbonyl group (C=0), in the range that corresponds to that functional group (1740 to
1720 cm™). A characteristic band formed in all the N-halamine-modified PE coupons
within the 1650 and 1590 cm™ range that corresponds to the vibration given by the N—H
bond of primary and secondary amines. Another characteristic band was exhibited within
the 1570 and 1515 cm™ range from 5 to 20 bilayers that belongs to the N—H bond in
plane bend of secondary amides, confirming the formation of covalent bonds between
alternating layers of PEI and PAA. Another band was exhibited (more evidently from 10
to 20 bilayers) in a range that corresponds to tertiary amines (1360 — 1310 cm™). Another
broad band was observed in a range that belongs to the oscillation of the N-H bond of
primary and secondary amines (900 — 660 cm™). The presence of carboxylic acids was
confirmed from the formation of a couple of bands as the number of bilayers increased in

the range that corresponds to the C-O bond of carboxylic acids and derivatives, 1320 —
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1210 cm™ and 1075 — 1000 cm™, respectively. A broad band was also observed in the

range that corresponds to the normal polymeric O—H vibration, 3400 — 3200 cm™.
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Figure 5.2 Representative ATR-FTIR spectra before chlorination. Spectrum of clean PE
is shown at the bottom and above it the spectrum of UV-treated PE.

The increase in the quantity of N-halamine forming amines and amides with
increasing bilayers, as determined by analyzing the area underneath FTIR spectra for
characteristic absorbance bands is reported in Figure 5.3. Wavenumber ranges of 1700 to
1600 cm™ and 1600 to 1500 cm™ were analyzed for primary/secondary amines and
secondary amides, respectively. An apparent plateau is reached as the number of bilayers

increases, showing no significant difference in the values of area underneath spectra (P >
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0.05) between 15 and 20 bilayers for either group of chemical species. It is interesting to
note that the amounts of amides to amines increases as number of bilayers increases. At
5 and 10 bilayers, there is no significant difference between the values of area underneath
spectra between amines and amides (P > 0.05), but that difference becomes significant (P
< 0.05) from 15 bilayers. These results suggest that more covalent bonds are formed (via
cross-linking) as more bilayers and more cycles of treatment with EDC-CI and NHS are
applied. Increasing covalent bond formation would mean there are fewer sites available
for attachment of additional bilayers, which supports the results observed in Figure 4,
below. Such increasing covalent bond formation also supports the enhanced stability of
the bilayers after exposure to harsh cleaners (Li and others 2009; Bastarrachea and
Goddard 2013). From these results, it was decided that N-halamine modified PE with 20

bilayers would be used for the N-halamine regeneration and stability studies, below.
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Figure 5.3 Change in area underneath spectra from ATR-FTIR as a function of number

of bilayers. Values represent the average of 3 replicates. Treatments followed by the
same letters are not significantly different (P < 0.05).

5.4.2 Chlorination of N-halamine modified PE

N-halamine chlorination data were fitted to the one phase exponential model
(Equation 1), in order to determine the asymptotic or maximum theoretical amount of N-
halamines that could be imparted after exposure to 200 ppm of chlorine, as reported in
Figure 5.4. Kinetics parameters are reported in Table 1 to show the influence of the

number of bilayers on NH ymy and K.
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Table 5.1 Exponential association model’s (Equation 1) parameters.”

Number of NHasympt K (min™) R’
bilayers (nmol cm?)
5 49.3+5° 1.74 + 1.28° 0.91+0.01
10 258.9 + 61° 0.21 +0.09" 0.95 +0.05
15 223.1+ 39" 0.21 +0.04° 0.90 + 0.05
20 293.5 +53° 0.12 +0.03 0.95+0.01

*Results are the average of 3 replicates + 1 standard deviation. Treatments followed by the same letter in the same
column are not significantly different (P > 0.05). Modified PE coupons with 5, 10, 15 and 20 bilayers were immersed
in 200 ppm of chlorine solution and selected randomly over time to quantify their N-halamine content.

The asymptotic number of N-halamines (NHigymp, 1n nmol cm'z) increased
significantly between 5 and 10 bilayers (P < 0.05), but did not continue to increase from
10 to 20 bilayers. Similarly, the rate at which the asymptotic level of N-halamines is
achieved (K) was significantly (P < 0.05) faster for 5 bilayers than the other treatments,
which exhibited similar K values (P > 0.05). These results support the observation from
the ATR-FTIR analysis results that the amount of amines and amides plateaus between
15 and 20 bilayers. From the observed results, it was decided that for further
experiments, the chlorination time applied would be 10 min, since from this point, a

saturation in the chlorine content starts to be reached (Figure 5.4).
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Figure 5.4 N-halamine chlorination of modified PE (data points represent the average

values of 3 replicates fitted with Equation 1, with 2 values per replicate). Modified PE

coupons with 5, 10, 15 and 20 bilayers were immersed in 200 ppm of chlorine solution
and selected randomly over time to quantify their N-halamine content.

5.4.3 Antimicrobial evaluation

Native PE (clean), unchlorinated N-halamine modified PE with 20 bilyers, and

chlorinated N-halamine modified PE coupons were subjected to an antimicrobial activity
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assay, in which coupons were incubated at 32 °C for 2 h in a starting inoculum of
approximately 6 Log(CFU mL™) L. monocytogenes (Figure 5.5). Each variant of
chlorinated N-halamine modified PE coupons (from 5 to 20 bilayers) exhibited greater
than 5 logarithmic microbial reductions (the limit of detection for the assay) as compared
to the negative controls after 2 h of incubation. Similarly, positive controls (in which
sodium hypochlorite was added directly to the suspension of L. monocytogenes in a
concentration equivalent to the number of N-halamines present on modified PE coupons)
reached inactivation below the limit of detection (< 1 log(CFU mL™) or > 5 logarithmic
reductions reduction). This is in accordance with previous studies (Elkest and Marth
1988a; Elkest and Marth 1988b; Bastarrachea and others 2013).

As expected, none of the negative controls (bacterial suspension alone or in
contact with either native or unchlorinated N-halamine modified PE with 20 bilayers)
exhibited an antimicrobial effect (Figure 5.6). These results support our conclusion that
the observed antimicrobial activity was a result of the chlorination of the N-halamine

modified PE samples and not a result of nonspecific surface interactions.
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Figure 5.5 Antimicrobial evaluation results. Bars represent the average of 3 replicates.
Treatments with the same letter are not significantly different (P > 0.05), * indicates
result below the limit of detection (< 1 log(CFU mL™)).
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Figure 5.6 Representative Petri dishes from the antimicrobial evaluation after 48 h of
incubation at 37 °C (A: bacterial suspension; B: clean PE treated with 200 ppm of
chlorine; C: not chlorinated 20 bilayers; D: 5 bilayers, E: 10 bilayers; F: 15 bilayers; G:
20 bilayers). Controls were plated as 10, and treated treatments as 10™.
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5.4.4 N-halamine regeneration and stability

The influence of repeated rechlorination (up to 100 cycles) on surface chemistry
and N-halamine chlorination are reported in Figure 5.7. It can be observed that the N-
halamine content exhibited a steady increase during the initial 30 chlorination cycles,
after which the N-halamine content fluctuates between approximately 80 and 140 nmol
cm™. Evaluation of initial and final ATR-FTIR spectra help to explain these phenomena.
The ATR-FTIR spectra suggest that after 100 chlorinations there was some rupture of
amide bonds (reduced absorbance at 1570 — 1515 cm™) into amines (increased
absorbance at 1650 — 1590 cm™) and carboxylic acids (increased absorbance at 1740 —
1720 cm™ and 1320 — 1210 cm™). This change in surface chemistry may explain the
observed fluctuations in N-halamine content during the repeated cycles of chlorination. It
is possible that after repeated chlorinations, there is a breaking and reforming of amide
bonds. The observed increase in N-halamine content during the initial 30 rechlorination
cycles may also be a consequence of the hydrolysis of amide bonds and indicates that a
conditioning period may be necessary to achieve the full antimicrobial potential of such
materials. The subsequent fluctuations in the N-halamine content, as mentioned before,
may be produced by a competition between amides and amines to bind chlorine (El
Achari and others 1993; Hazell and others 1994; Hazen and others 1998), although this
fluctuation is unlikely to significantly affect antimicrobial activity as materials with
significantly lower quantities of N-halamines are also capable of achieving 5 log
microbial inactivation. Further, the alkaline NaCIO may promote the hydrolysis of

amides (Cheshmedzhieva and others 2009), and it has also been reported that NaCIO can
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promote crosslinking in proteins involving amine groups (Matoba and others 1985). The
observed variability in the N-halamine content after repeated chlorination may therefore
be explained from a possible repeated hydrolysis and condensation of amides.
Nevertheless, the retention of a substantial number of N-halamines on the modified
groups, and retention of overall spectral intensity in FTIR results, suggest that the N-

halamine coating deposited herein is stable to repeated chlorinations.
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Figure 5.7 ATR-FTIR spectrum of 20 bilayer N-halamine modified PE after repeated
rechlorination (top) and N-halamine regeneration of such coupons (bottom). Coupons
were subjected to repeated chlorination by immersion in solutions with 200 ppm of
chlorine, which was quenched with 0.1 N sodium thiosulfate between chlorinations.

The influence of extended exposure to detergents and wash buffers of acidic to

neutral pH on the stability of N-halamine modified PE was quantified and is reported in
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Figure 5.8. In all cases, after 300 equivalent wash cycles, N-halamine modified materials
retained their ability to regenerate N-halamines in quantities equivalent to as prepared
materials. In addition, the remaining chlorine in the coupons showed increased stability
as more washing cycles were applied, as noted by the increase in retained chlorine after
washing, prior to rechlorination. That increased stability was more evident as the pH of
the washing solution decreased. Figure 5.9 shows representative ATR-FTIR spectra
before and after the application of the equivalent of 300 washing cycles of every solution.
The changes in surface chemistry exhibited by the 20 bilayers coupons subjected to the
100 cycles of chlorination (Figure 5.7) were observed in the coupons subjected to the
stability studies with Liquinox and the buffers, in which there is an apparent rupture of
amide bonds with the subsequent formation of amines and carboxylic acids. As it was
mentioned before, the chemical bond chlorine atoms form with amines possesses more
stability than the bond chlorine builds with amides. If at lower levels of pH the formation
of amines from the hydrolysis of amides takes place faster, such stability will be evident
after fewer washing cycles. Similar stable behaviors have been observed in N-halamine
compounds during storage at different levels of pH (Worley and Williams 1988). After
exposure to 300 equivalent washing cycles by Liquinox detergent (pH 8.6), or wash
buffers of pH values 3, 5, or 7, the antimicrobial materials had equivalent (P > 0.05)
numbers of N-halamines as prepared materials. These results support that the

antimicrobial coating is stable and retains antimicrobial character after repeated use.

125



250 250

pH 5
2 ab ab
& 200 ™ 200 _:[_
g E b abc
— — Cc
g 150 g 150 A s
£ £ ¢ ‘I‘
£ 100 - £ 100
= =
E E a
Z 50 A Z 50 - ﬂ
0 - 0 S o L B N R B S
:000 c\,ep.oi‘\ g\@%lqu; b@% 0@“}
p & Qcﬁ'&v Q::\_Q@ Qcﬁ_&‘
& ¢ oy e
e & ¥ o9
250 250
. pH 7 - = Liquinox (pH 8.6)
a ab
o 200 A o 200 A a
' i e
3] a 5
g 150 - Jr ax g 150 -
g g
w w
[} b [}
£ 100 - £ 100 4
= = be
2 be 2
< 50 Z 50 -
C C
0 o ;
5 i

3
N > e &
S oy 4y &
FP ISP
& N Viagr o0t oy
X & X
. & P & oy
< B RS B

Figure 5.8 Stability studies of modified PE coupons having 20 bilayers toward repeated
washing. Treatments represent average values of 3 replicates + 1 standard deviations.
Treatments with the same letter are not significantly different (P > 0.05).
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Figure 5.9 Representative ATR-FTIR spectra of 20 bilayers coupons as prepared (dashed
line) and after exposure to 300 washing cycles of different solutions (solid line).

5.4.5 X-Ray Photoelectron Spectroscopy (XPS)

The surface chemistry of native (clean), UV-Oj3 treated, and N-halamine modified
PE was further characterized by XPS, a technique that probes only the top several
nanometers of a surface, to better understand changes to specific chemical bonds in the

coating during preparation (Table 5.2) and after exposure to repeated chlorination cycles
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and various washing solutions (Tables 5.2, 5.3 and 5.4). The surface chemistry exhibited
a change as the PE coupons were modified. The presence of oxygen and nitrogen
indicated the presence of PEI and PAA, which supports the previously observed changes
in surface chemistry confirmed through ATR-FTIR (Figure 2). Figure 9 shows the high
resolution bands of carbon (C 1s), oxygen (O 1s) and Nitrogen (N 1s) with the
deconvolution of the corresponding chemical bonds each element shares with other atoms
in clean PE, UV-03 treated PE, and 20 bilayers subjected to the regeneration and stability

studies.

Table 5.2 Percentages of the atomic concentrations of all the treatments as determined
by XPS.?

20 bilayers as prepared
Treatment C O N
Clean PE 100.00 - -
UV-0O; treated PE 82.6 17.4 -
5 bilayers 78.3 12.4 9.3
10 bilayers 73.6 15.4 11.0
15 bilayers 74.3 14.9 10.7
20 bilayers 73.5 15.6 10.9
20 bilayers subjected to the regeneration and stability studies’
Treatment C O N
100 rechlorinations 73.0 13.8 13.2
Liquinox 69.6 17.9 12.5
pH3 76.1 13.4 10.6
pHS 69.8 18.0 12.2
pH 7 70.7 19.1 11.5

®Results are representative values of at least 2 measurements.
bResults representative of 20 bilayers coupons subjected to 100 rechlorinations and 300 washing cycles with Liquinox,
and pH 3, 5 and 7 buffers.
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Table 5*.3 Percentages of the different chemical bonds obtained from the deconvolution
of C 1s.

Treatment c (287 — 286 c (288_287  (286- 285
(285 — 284 V) (289 _ 288 ) )
eV) eVv)
20 bilayers (as g 4 6.0 112 8.1 34.3
prepared)
100 416 8.2 1.3 8.0 408
rechlorinations
Liquinox
(pH 8.6) 53.5 21 21 15.1 27.4
pH 3 48.8 9.6 0.7 71 33.9
pH 5 45.8 5.9 3.7 155 29.1
pH 7 53.9 41 2.2 13.3 26.5

*Results are representative values of at least 2 measurements. Results are representative of modified PE
coupons with 20 bilayers that were subjected to 100 rechlorinations and to 300 washing cycles with
detergent Liquinox and with pH 3, 5 and 7 buffers.

Table 5.4 Percentages of the different chemical bonds obtained from the deconvolution
of O 1sand N 1s.

Treatment O;\IC—:CQ:gnd ¢0 N-C=0 N-H,
(531 - 530_eV) (533-532eV) (401-400eV) (400-399eV)
20 bilayers (as 79.1 209 - .
prepared) ' : : :
100 89.0 11.0 135 86.5
rechlorinations
Liquinox
(300 cycles) 72.9 27.1 18.8 81.2
pH 3
(300 cycles) 69.6 30.4 13.2 86.8
pH 5
(300 cycles) .4 22.6 8.9 91.2
pH 7
(300 cycles) 79.1 21.0 5.2 94.8

*Results are representative values of at least 2 measurements. Results are representative of modified PE
coupons with 20 bilayers that were subjected to 100 rechlorinations and to 300 washing cycles with
detergent Liquinox and with pH 3, 5 and 7 buffers.
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After repeated rechlorinations or exposure to various wash solutions, there was no
substantial change to the surface atomic concentrations of Carbon, Oxygen, and Nitrogen
(Table 5.2, Figure 5.10). These results support that the antimicrobial coatings are stable
after repeated use. While the overall atomic concentration remains unchanged, there are
changes in specific chemical bonds after deconvolution of the high resolution spectra,
most notably in the O 1s and N 1s spectra (Tables 5.3 and 5.4, Figure 5.10) (Lai and
others 2009). Indeed, the analysis of N 1s and O 1s spectral deconvolution confirms the
results of ATR-FTIR analysis: a rupture of amide bonds suggested by the reduction of the
percentage corresponding to the N-C=0O deconvolution peak and an increase in the
percentages of C—O or N-C=0 and O—C=0, indicating formation of carboxylic acids. A
greater reduction in the percentage of N-C=0 binding energy after exposure to pH 3
wash buffer was observed. This is expected as amide bonds hydrolyze more readily in
acidic conditions (Smith and Hansen 1998). Overall, these results support the conclusions
from the ATR-FTIR and N-halamine quantification analyses, that after extended
exposure to chlorine, alkaline detergent, or wash buffers of neutral to acidic pH values,
there are subtle changes in the specific nature of the N-halamine forming moieties, but
the coating remains intact and able to form equivalent antimicrobial N-halamines
compared to as prepared materials.

From the surface analysis results it becomes apparent that the main change in
surface chemistry the N-Halamine modified undergoes is hydrolysis of amides (Figure
5.11), which may regenerate continuously as the coupons are used and exposed to

deteriorating agents (bleach, detergents, etc.).
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Figure 5.10 Representative high resolution bands from the XPS analysis.
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Figure 5.11 Possible mechanism behind the stability of the N-halamine coating applied
on PE.

5.4.6 Storage study

Figure 5.12 shows the data fitted with Equation 2. The Weibull’s model
parameters (k and n) were (respectively) 0.008 and 0.97 (4 °C); 0.031 and 0.95 (20 °C);
and 0.32 and 1.08 (37 °C). The values of R* were 0.94 (4 °C), 0.96 (20 °C) and 0.88 (37
°C). As expected, the speed at which chlorine is released increased with temperature.
Comparable results have been obtained in previous works involving storage studies of N-

halamine compounds (Worley and Williams 1988).
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Figure 5.12 Data from the storage study fitted with Equation 2.

5.5 Conclusions

N-halamine forming moieties were introduced to the surface of PE via a facile
layer-by-layer coating method. Materials were characterized by changes in surface
chemistry, quantification of antimicrobial N-halamines, antimicrobial activity against
Listeria monocytogenes, and stability after repeated rechlorinations and exposure to a
range of acidic to alkaline washing solutions. Successful surface modification of PE was
confirmed through ATR-FTIR and XPS. N-halamine -chlorination followed the
exponential association model, indicating similar levels of chlorination in materials
coated with 10 to 20 bilayers and a plateau in chlorination after 10 minutes exposure to

chlorine. N-halamine modified chlorinated PE was able to reduce the initial population of
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L. monocytogenes in more than 5 logarithmic cycles. After exposure to up to 300 washing
cycles with Liquinox and pH 3, 5 and 7 buffers, there was some change in the exact
nature of N-halamine forming moieties (chemical bonds). However, the overall number
of antimicrobial N-halamines was unchanged. The storage study conducted on 5 bilayers
PE coupons revealed that the release of chlorine in water follows an almost linear
behavior that can be characterized with the Weibull model. These results support that N-
halamine coatings prepared by the layer-by-layer deposition method described herein
result in robust antimicrobial materials, capable of repeated reuse in conditions typical of

a food processing environment.
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CHAPTER 6

LAYER-BY-LAYER ASSEMBLY OF ANTIMICROBIAL COATINGS WITH
BOTH CATIONIC AND N-HALAMINE CHARACTER®

6.1 Abstract

A method to prepare an antimicrobial coating through layer-by-layer (LbL)
assembly is reported. The surface modification was carried out by coating 2 alternating
layers of branched polyethyleneimine (PEI) and styrene maleic anhydride copolymer
(SMA) onto the surface of polypropylene (PP), followed by heating to promote covalent
bond formation. The resulting coatings had low surface energy, equivalent to that of
unmodified materials (P > 0.05), and presented enhanced antimicrobial character due to
the presence of both cationic and N-halamine forming chemical structures. In its
unchlorinated form, the coating was able to inactivate Listeria monocytogenes by ~ 3
logarithmic cycles (~ 99.9% reduction) as a result of its cationic nature. Chlorination of
the N-halamines increased the antimicrobial activity of the coating to > 5 logarithmic
cycles (> 99.999% reduction) in the same period. Microbial inactivation kinetics showed
a Weibullian behavior when the coating was unchlorinated and a sigmoidal behavior
when chlorinated, suggesting that cationic and N-halamine antimicrobial moieties
presented different, but possibly synergistic, mechanisms of activity. Microscopy analysis
confirmed that the reduction in the microbial load was a result of the biocidal effects of
the coating and not due to bacterial adhesion onto the modified surface. Finally, the

modified surface was able to be repeatedly rechlorinated. The reported antimicrobial

® Submitted to Langmuir.
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coating can be prepared through layer-by-layer assembly and presents greater than
99.999% reduction of microorganisms in the form of N-halamine moieties and

approximately 99.9% microbial reduction in the cationic form.

Keywords: Antimicrobials, surface modification, N-halamines, polycations, reusability.
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6.2 Introduction

Contamination of materials used in healthcare and food processing industries by
pathogenic microorganisms remains a significant challenge to public health (Jiang and
others 2004; Cools and others 2005; Vorst and others 2006; Wilks and others 2006;
Rodriguez and others 2007; Jampala and others 2008; Asri and others 2014). A number
of antimicrobial coatings have therefore been proposed in an effort to reduce infections
resulting from such cross-contamination (Jiang and others 2004; Jampala and others
2008; Hequet and others 2011; Chen and others 2012; Asri and others 2014).
Incorporation of small molecule biocides (e.g. antibiotics, metal nanoparticles) into a
coating is effective; however, reliance on migration of an antimicrobial agent for activity
has two significant drawbacks. Materials inherently lose antimicrobial activity over time,
and migration of small molecule antimicrobial agents may promote development of
microbial resistance (Kocer and others 2010; Hequet and others 2011). Polycationic and
N-halamine based coatings have been explored to overcome these challenges. N-
halamines constitute a diverse class of antimicrobial compounds. They are generally
organic substances characterized by the presence of nitrogen atoms which are normally in
the form of amines, amides and imides. These nitrogenous functional groups are able to
form covalent bonds with halogens (N—X) like bromine, iodine, and chlorine. N-
halamines exert antimicrobial activity towards a wide range of microorganisms by
releasing their halogen through a mechanism believed to include cell membrane
disruption and inner cell molecules oxidation. The most remarkable characteristic of N-

halamines is their ability to be recharged with halogens for many cycles, providing
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continuous antimicrobial activity (Williams and others 1987; Worley and Williams 1988;
Lauten and others 1992). Even though the effectiveness of N-halamine derived coatings
has been extensively demonstrated, they are generally ineffective against microorganisms
in their unchlorinated state, and their need for continuous rechlorination can affect their
chemical integrity (Goddard and Hotchkiss 2008; Kocer and others 2010).

Cationic polymers represent another well-studied class of antimicrobial
substances which include polylysine (Fang and others 2014), chitosan (Mansilla and
others 2013), and polyamines (Wang and others 2010; Xia and others 2011). They are
believed to impart antimicrobial activity by disrupting cell membrane functions mainly
through ionic exchange (Kugler and others 2005; Lichter and Rubner 2009; Chakraborti
and others 2013). A hurdle to utilization of cationic polymer based antimicrobial coatings
is their risk of fouling by organic molecules (Onnis-Hayden and others 2011).

We hypothesized that incorporation of both cationic and N-halamine moieties
within an antimicrobial coating would result in a material with constant antimicrobial
activity which could be strengthened by exposure to a halogenated solution. To the best
of our knowledge, no extensive studies have been made in which an antimicrobial coating
integrates both cationic and N-halamine properties. To test our hypothesis, the objective
of the present study was to create a coating with dual antimicrobial activity (cationic and
N-halamine) through LbL deposition of branched polyethyleneimine (PEI) and styrene
maleic anhydride copolymer (SMA), characterize it, and demonstrate its effectiveness

after application onto polypropylene (PP) against the pathogen Listeria monocytogenes.
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6.3 Materials and methods

6.3.1 Antimicrobial coating application onto PP coupons

Preparation of PP coupons. PP pellets (isotactic, Scientific Polymer Products, Ontario,
NY) were cleaned by sonication first with isopropanol (Fisher Scientific, Pittsburgh, PA),
then with acetone (Fisher Scientific, Pittsburgh, PA), and finally with DI water (2 cycles
of 10 min were applied for each solvent). Cleaned PP pellets were left to dry overnight
under anhydrous calcium sulfate (RH < 20%) and then hot pressed at 170 °C with a load
force of 9,000 1lbs (Tian and others 2013). Coupons of 2 x 2 cm were cut from the
obtained films (thickness 0.5 £ 0.1 mm), and cleaned and dried under the same conditions

applied to the PP pellets.

PP surface activation. The 2 x 2 cm coupons were UV-Ozone irradiated from one side
with a Jelight Co. model 42 UVO Cleaner (Irvine, CA) for 15 min (Bastarrachea and
others 2013; Bastarrachea and others 2014) (this step will be referred as UV-03). To
create surface anhydride groups, UV-Os; coupons were shaken for 2 h at room
temperature in a 0.1 mM solution of 2-ethoxy-1-ethoxycarbonyl-1,2-dihydroquioline
(EEDQ, MW 2473, Sigma-Aldrich, St. Louis, MO) in 50 mM 2-(N-morpholino)
ethanesulfonic acid (MES) sodium salt (GenScript Inc., Piscataway, NJ) buffer (pH 5.5)
(Martin and others 1993). This step will be referred as EEDQ. EEDQ treated coupons

were rinsed with 1:100 methanol:DI water solution and dried under an air gun.

Layer-by-layer assembly of antimicrobial coating. Branched polyethyleneimine (PEI,

MW 25,000 Da, Sigma-Aldrich, St. Louis, MO) and styrene maleic anhydride copolymer
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(SMA, MW 6,000 Da, Scientific Polymer Products, Ontario, NY) were dissolved in
acetone (Karakus and others 2013b) at a concentration of 60 and 43.2 mg mL’
(respectively) by sonication for 20 min or until completely dissolved. This proportion of
PEI and SMA was chosen so that there would be approximately 3 polymer chains of
SMA for every polymer chain of PEI. Alternating volumes of the PEI and SMA solutions
were spin coated onto an anhydride activated PP coupon (EEDQ treated) for 1 min at
3000 rpm to produce two bilayers. After spin coating, a preheating step was applied to
the coupons at 80 °C for 5 h in order to promote amide bond formation between the PEI
and SMA layers (Berthier and others 2013; Karakus and others 2013a). This temperature
was chosen because it is in the lower limit of the continuous service temperature range
for PP (Miiller and others 2010). Coupons were then subjected to an alkaline treatment (1
h at room temperature in a 50 mM pH 10 MES sodium salt buffer) to promote anhydride
rings opening (Hermanson 2008). Coupons were then rinsed with DI water, dried under
an air gun, and subjected to a final heating step of 12 h at 100 °C to promote imide ring
closing (Song and Baker 1992; Scott and Macosko 1994; Schafer and others 1995; Liu
and others 2010; Gule and others 2012; Li and others 2013) (Figure 6.1). Coupons were

then kept in closed glass Petri dishes until usage.
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Figure 6.1 Antimicrobial coating preparation process.
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6.3.2 Attenuated Total Reflectance Fourier Transform Infrarred Spectroscopy
(ATR-FTIR)

Changes in surface chemistry were analyzed by ATR-FTIR after every step in the
surface modification process with an IRPrestige 21 spectrometer (Shimadzu Corp.,
Tokyo, Japan). Coupons from 3 separately prepared sets were analyzed (3 replicates),
with at least 1 randomly chosen coupon from each preparation step. Three spots were
analyzed per coupon using Happ-Genzel apodization with a resolution of 4 cm™,
capturing 32 scans per spot. Spectra were obtained with the IR-solution software
(Shimadzu Corp., Tokyo, Japan) and interpreted with the KnowlItAll software (Biorad
Laboratories, Philadelphia, PA). Representative spectra from every step of the
antimicrobial coating preparation were selected and combined for comparison. After the
rechargeability evaluation (explained below), coupons were analyzed with the same

criteria (Bastarrachea and others 2013; Bastarrachea and others 2014).

6.3.3 X-Ray Photoelectron Spectroscopy (XPS)

As a complementary source of coating characterization, a 0.5 x 0.5 cm piece of
modified PP cut from a randomly selected coupon at every step of the antimicrobial

coating preparation was analyzed using a Physical Electronics Quantum 2000 (Physical
Electronics, Chanhassen, MN). A single 100 um spot was analyzed from every coupon at
an angle of 45° relative to the coupons’ surface with Al Ko excitation. Survey scans were

collected at a pass energy of 187.85 eV, and high resolution spectra of C 1s, O 1s and N

1s were collected at a pass energy of 46.95 eV. Atomic percentages and high resolution
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spectra were analyzed with the Multipak software version 6.1A (Physical Electronics,
Chanhassen, MN). High resolution bands of C 1s, O 1s and N 1s were fitted using the
Gaussian-Lorentzian model with 90% Gaussian. Three coupons from every surface
modification step were analyzed, each taken from separately prepared sets (3 replicates)

(Bastarrachea and Goddard 2013; Bastarrachea and others 2014).

6.3.4 Atomic Force Microscopy (AFM)

Surface topographies were analyzed with a Dimension 3100 Atomic Force
Microscope (Digital Instruments, Santa Barbara, CA) under tapping mode with a Si N-
type tip (uncoated, fo: 200 — 400 kHz, Applied NanoStructures, Inc., Mountain View,
CA). Three measurements were taken from PP and as prepared modified PP coupons.
The SPIP™ software version 6.0.6 (Scanning Probe Image Processor, Image Metrology,

Denmark) was used to calculate mean square roughness (Sq).

6.3.5 Primary amine quantification

The Acid Orange 7 (AO7) colorimetric assay (Uchida and others 1993) was
followed to determine the primary amine content onthe antimicrobial coating. At least
two 1 x 1 cm coupons were taken from each of 3 separately prepared sets of samples (3
replicates, at least 2 coupons per replicate) for analysis. PP and modified PP coupons
were put in contact with a pH 3, 1 mM solution (1 mL cm™ of modified surface) of AO7
dye (Orange (Il) (Cert), Acros Organics, Fair Lawn, NJ) and shaken for 3 h. Then,

coupons were rinsed with pH 3 DI water to remove not bound AO7 dye. Following
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rinsing, coupons were immersed in 5 mL of pH 12 DI water and shaken for 15 min to
desorb dye. Absorbances of the solutions containing desorbed dye were read at 455 nm
and the concentrations were determined from a standard curve prepared with different

AO7 concentrations in pH 12 DI water.

6.3.6 N-halamine quantification

To quantify the N-halamine content of the antimicrobial coating a colorimetric
assay published earlier was followed (Bastarrachea and Goddard 2013; Bastarrachea and
others 2013; Bastarrachea and others 2014). Coupons were first chlorinated by exposure
to 200 ppm of chlorine prepared from a NaClO solution (Acros Organics, Fair Lawn,
NJ), which chlorine content was previously confirmed through a standard procedure
(American Society for Testing and Materials 2008). This chlorine concentration was
chosen because it is the maximum chlorine concentration allowed for disinfection by
federal agencies (Rutala and Weber 2008). During chlorination, coupons were randomly
taken at different points in time and rinsed with copious DI water to remove unbound
chlorine. To quantify N-halamine content of the chlorinated antimicrobial coatings,
rinsed coupons were immersed in 2 mL of DI water, to which 50 uL of the DPD reagent
were applied. DPD reagent was prepared by mixing 1 pack of N,N-diethyl-p-
phenylenediamine DPD total chlorine reagent powder (Hach Co., Loveland, CO) with 1
mL of DI water. The solutions containing the coupons were shaken for 5 min for color
formation and absorbances were read at 512 nm. N-halamine content was determined
from a standard curve prepared with multiple chlorine concentrations. Chlorination

kinetics (and time of chlorine saturation) was determined by fitting data with the
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exponential association model using GraphPad Prism 5 version 5.04 (GraphPad Software

Inc., La Jolla, CA):

NH = NHasympt(1 - e_Kt) (1)

where NH is the N-halamine content in nmol cm'z, NH y5ymp: 1s the asymptotic N-halamine
content (in nmol cm?, theoretical amount of N-halamines at saturation), K is the

exponential rate constant (min™") and ¢ is the time (min).

6.3.7 Surface pK, determination

Surface pK, of the antimicrobial coating was quantified following a protocol
reported in previous works (Holmes-Farley and others 1985; Van der Maaden and others
2012). Buffers (pH levels from 2 to 10) were prepared with 10 mM 4-(2-hydroxyethyl)-1-
piper-azineethane-sulfonic acid (HEPES, Sigma-Aldrich, St. Louis, MO) solutions. For
every pH level evaluated, a 5 pL HEPES buffer drop was applied in at least 2 spots of the
surface of a previously cut 1 x 2 cm PP and modified PP coupon. After 15 s, the static
contact angle €5 was measured at room temperature with a drop shape analyzer DSA100
using its Drop Shape Analysis software version 1.91.0.2 (Kriiss, Hamburg, Germany).
Coupons from 3 sets prepared separately were analyzed (3 replicates), with at least one
coupon per replicate. To calculate surface pK,, data from each replicate were fitted with
the sigmoidal dose-response model through non-linear regression using the GraphPad

software:
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- __Omax= Omin __
95 - Hmin + (1 + 10(pKa—pH)) (2)

where 65 is the static contact angle (in degrees), 6. and 6,,, are the maximum and

minimum angles obtained from the sigmoidal curve (respectively), pH is the pH level of

the buffer used.

6.3.8 Surface energy determination

The Zisman plot method was applied to calculate surface energy (Zisman 1964;
Kabza and others 2000; Combe and others 2004) (surface tension, ygs, in mN m™) of the
antimicrobial coating. Advancing contact angle (€,) was obtained with the same DSA100
Drop Shape Analyzer using liquids of different surface tensions (Howard and McAllister
1957; Costanzo and others 1990): DI water (72.8 mN m™), glycerol (63 mN m’™', Fisher
Scientific, Pittsburgh, PA), ethylene glycol (47.7 mN m™, Acros Organics, Fair Lawn,
NJ) and acetone (25.8 mN m™, Fisher Scientific, Pittsburgh, PA). A 5 puL drop of each
liquid was applied in at least 2 spots of the surface of 1 x 2 cm coupons of PP and
modified PP. For each liquid and each type of PP, at least 1 coupon was analyzed from
each of 3 separately prepared sets (3 replicates). The cosine of the values of 6, (in
radians) was plotted against the values of surface tension of the corresponding liquid
(y61) for each treatment (PP and modified PP). After applying linear regression analysis
to the data with the GraphPad software, ys values for PP and modified PP were obtained

from the regression curves when Cos(éy) equals 1.
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6.3.9 Antimicrobial evaluation

Antimicrobial activity of the coatings was studied following a protocol published
earlier (Bastarrachea and others 2013; Bastarrachea and others 2014). Bacterial
suspensions of L. monocytogenes Scott A (provided by Dr. Martin Wiedmann, Food
Science Department, Cornell University, Ithaca, NY) were prepared by streaking a
loopful of stock culture kept at — 80 °C in 25% glycerol onto Tryptic Soy Agar (TSA,
Difco, Becton Dickinson, Sparks, MD), which was incubated at 37 °C for 24 h. Then, a
single colony was inoculated in 9 mL of sterile Tryptic Soy Broth (TSB, Difco, Becton
Dickinson, Sparks, MD) and incubated overnight for 14 h at the same temperature. A 1%
dilution of this overnight broth was prepared with fresh and sterile TSB, and incubated
for 4 h at 37 °C. The bacterial suspension with approximately 6 log(CFU mL™) was
obtained by preparing a 0.01% dilution of the broth incubated for 4 h using DI water. To
evaluate the antimicrobial effectiveness, PP, chlorinated PP, modified PP, chlorinated
modified PP, bacterial suspension alone, and bacterial suspension with chlorine added
were tested. PP and modified PP 1 x 1 cm coupons were chlorinated for 45 min with a
solution having 200 ppm of chlorine following the same procedure explained before. The
chlorination time was chosen because (as it will be explained later), that is the time
required to reach chlorine saturation. A volume of 1 mL of bacterial suspension was put
in contact with four 1 x 1 cm coupons of each treatment in individual test tubes and
incubated for 2 h with rotation (60 rpm) at 32 °C. This temperature was selected because
according to previous studies, it is within the range of maximum biocidal effectiveness of

chlorine against L. monocytogenes (Elkest and Marth 1988a). For the case of bacterial
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suspension with chlorine added, the amount of chlorine was adjusted to mimic the
amount of chlorine given by the four 1 x 1 cm coupons of chlorinated modified PP. After
the 2 h of incubation, serial 10% dilutions were prepared from the bacterial suspensions.
For the first dilution, neutralizing buffer was used to quench chlorine (Difco, Becton
Dickinson, Sparks, MD), and subsequent dilutions were prepared with 0.9 % saline
water. A volume of 100 uL of each dilution was inoculated onto TSA plates using an
automated spiral plater Autoplater 4000 (Spiral Biotech Inc., Norwood, MA) and
incubated for 48 h at 37 °C. After incubation, colonies were counted with a plate reader
Scan® 500 (Interscience, Saint-Non-la-Bréteche, France). In order to lower the detection
limit to 1 log(CFU mL™), the whole volume of the first dilution after incubation was
inoculated manually onto 3 TSA plates (333 uL per plate). This antimicrobial evaluation
was repeated 3 times using coupons from separately prepared sets (3 replicates). For the
chlorine rechargeability study (explained below) coupons were challenged against L.
monocytogenes at the 10™ rechlorination under the same conditions explained for the
antimicrobial evaluation.

The inactivation kinetics given by the antimicrobial coatings in cationic and N-
halamine form was evaluated as follows (Bastarrachea and others 2013). Multiple test
tubes with 1 mL of bacterial suspension with approximately 6 log(CFU mL™) containing
four 1 x 1 cm coupons of the corresponding treatment were incubated for up to 2 h under
the same conditions described above. Test tubes were taken randomly over time, the
corresponding dilutions prepared in the same way explained before, and inoculated onto

TSA plates to be incubated for 48 h at 37 °C. Number of survivors was quantified as in
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the antimicrobial evaluation. Data were fitted with the following models (Peleg 2003;

Peleg 2006) using non-linear regression with the software GraphPad:

log (1) = —k¢" 3)

N at ct
log (N_o) T b+t (d-0) (4)

Equation 3 corresponds to the Weibull model where log(N/Np) is the survival ratio, k is
the kinetic constant in min™, n is the shape factor, and t is the time in minutes. Equation 4
corresponds to a sigmoidal isothermal semi-logarithmic model, where a, b (min), c and d
(min) are temperature dependent coefficients. Two replicates were performed for the

inactivation kinetics evaluation.

6.3.10 Scanning Electron Microscopy (SEM)

In order to asses bacterial adhesion on the antimicrobial coatings, after the
antimicrobial evaluation PP and modified PP coupons were rinsed 3 times with sterile DI
water and then immersed for 45 s in absolute ethanol (Acros Organics, Fair Lawn, NJ) to
fix any attached bacteria (Djordjevic and others 2002). Then, coupons were sputter
coated with gold for 20 s under argon with a Cressington Sputter Coater 108 Auto (Ted
Pella, Inc., Redding, CA). Surfaces of the coupons were extensively observed with a
scanning electron microscope JCM-6000 NeoScope (JEOL, Japan) at 10 kV, and at least

10 images were taken from coupons of each treatment.
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6.3.11 Chlorine rechargeability of the antimicrobial coating

Modified PP coupons were subjected to 10 rechlorination cycles in order to
evaluate the ability of the antimicrobial coating to be rechlorinated. The same conditions
explained earlier were applied for chlorination (200 ppm chlorine), and 45 min of
chlorination were applied in every cycle. N-halamine content was quantified through the
DPD assay. Coupons were analyzed through ATR-FTIR as described before to evaluate

changes in surface chemistry after the 10 rechlorinations.

6.3.12 Statistical analysis

In addition to the regression analyses, significant differences between treatments
were determined when appropriate through the general linear model followed by Tukey’s
pairwise comparisons with the software Minitab version 16.1.1 (Minitab Inc., State

College, PA), using a confidence interval of 95%.

6.4 Results and discussion

6.4.1 Surface characterization

An antimicrobial coating has been prepared via layer-by-layer assembly which
exhibits dual antimicrobial functionality by presence of both cationic and N-halamine
moieties (Figure 6.1). ATR-FTIR spectroscopy was performed at each step of the

antimicrobial coating preparation to characterize changes in surface chemistry (Figure
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6.2) (Smith 1999). Figure 6.2 contains different regions of the infrared range in which the
spectra corresponding to every step of the antimicrobial coating application are
displayed: (a) PP, (b) UV-Os, (c) EEDQ, (d) spin coating, (e) preheating, (f) alkaline
treatment, and (g) heating. The presence of the carbonyl group (C=0) from carboxylic
acids can be observed in the 1740 — 1720 cm™ range, and confirms activation by the UV-
O3 and EEDQ treatments (Figure 6.2, spectra b and c). After spin coating, an increase of
the carbonyl group of carboxylic acids is observed, as well as the formation of a band at ~
1650 cm™ that corresponds to the carbonyl group of amides, (Figure 6.2, spectrum d). It
can be observed from the increment in absorbance at ~ 1650 cm™ and the decrease in the
carbonyl group of carboxylic acids (1740 — 1720 cm™) that the amide bond formation
increases during the preheating step (Figure 6.2, spectra e), which confirms crosslinking
between PEI and SMA. After the alkaline treatment, the bands at ~ 1780 and ~ 1850 cm™
that correspond to the vibration of C=0 from anhydrides disappear (Figure 2, spectra d
and e), which confirms the opening of the anhydride rings of SMA. Finally, after the
heating step, the increase in absorbance from the carbonyl group of amides at ~ 1650 cm’
! (Figure 6.2, spectrum g) as well as the decrease in the absorbance of the O—H vibration
from carboxylic acids in the 3400 — 3200 cm™ range (Figure 2, spectra g), and the
decrease in absorbance at ~ 1550 cm™, which belongs to the N—-H bond in plane bend of
secondary amines (Figure 2, spectrum g) confirm the closing of the ring that results in

imide formation (Figure 6.1).
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Figure 6.2 ATR-FTIR results showing characteristic bands throughout the antimicrobial
coating preparation: PP (a), UV-O3 (b), EEDQ (c), spin coating (d), preheating (e),
alkaline treatment (f), and heating (g).

Table 6.1 shows the atomic percentages and the functional groups percentages
from the deconvolution of the high resolution bands of C 1s, O 1s and N 1s at every step
of the antimicrobial coating preparation. XPS confirmed the anhydride surface activation
of PP after the EEDQ treatment, as noted by the increase in the O—C=0 deconvolution
band from O 1s (Figure 6.3). The effect given by the preheating and heating steps was
also confirmed from the increase in the amide bond formation exhibited by the increase
in the N—-C=0 deconvolution band from O 1s and N 1s (Figures 6.3 and 6.4). A decrease
in the band that englobes both O-C=0 and N-C=0 in O 1s (Lai and others 2009) after
the alkaline treatment and an increase in the deconvolution band characteristic of the C—

O bond confirms the resulting anhydride ring opening.
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Table 6.1 XPS analysis results. Results are average values of 3 replicates + 1 standard
deviation, treatments followed by the same letter within the same column are not
significantly different (P > 0.05).

Atomic percentages

Preparation

C 0 N
step
Clean PP 97.9+2.3" 2.1+23° 0.0 +0.0°
UV-04 85.6 +0.8" 14.4+0.8° 0.0 +0.0°
EEDQ 87.6+1.2° 124+1.2° 0.0+0.0°
Spin 75.6 +0.3° 15.1 + 0.6 9.3+0.9°
coating
Preheating 73.3+1.2° 125+ 15" 14.2 +0.7°
Alkaline 74.4 +1.0° 146+ 15 11.0+2.0°
treatment
Heating 75.8 £ 2.4° 12.7+1.4° 11.4+1.2°
High resolution bands of C 1s
C=0and N-C=0 and
Preparation C-Cand C-H Cc-O 0-C=0 C-Oand C-N 0-C=0
step (285-284¢eV) (287 -286¢eV) (288 — (286 — 285 eV) (288 287 eV)
287 eV)
Clean PP 100.0 + 0.0°
UV-0,4 73.2+9.9° 22.6+9.3° 4.3+0.6°
EEDQ 60.3 + 10.7° 37.0+11.2° 27+0.8°
Spin 63.8 + 6.0° 27.8 +6.0° 8.4 +0.1°
coating
Preheating 452 + 4.7 43.0+4.4° 11.8+0.3
Alkaline 49.6 +1.7% 304+ 1.0° 11.1+0.9°
treatment
High resolution bands of O 1sand N 1s
N-C=0
Preparation c-O0 ng/;)(r) N-C=0 N-H,
step (533 - 532 eV) (531 530 (401 — 400 eV) (400 — 399 eV)
eV)
UV-O; 24.8 +8.8% 752 +8.8%
EEDQ 14.0 + 0.5 86.0 + 0.5%
Spin 29.1 + 2.9 71.1+32° 23.5+11.0° 76.5+11.0°
coating
Preheating 10.0 + 3.6° 90.0 + 3.6° 26.8 +4.2%® 73.2+4.2%
Alkaline 17.9 + 3.4%¢ 82.1 + 3.4 24.0 + 1.4° 76.0 + 1.4%
treatment
Heating 8.6 +3.1° 91.4+3.1° 437 +6.8° 56.3 + 6.8°
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Figure 6.3 XPS high resolution bands of O 1s.
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Figure 6.4 XPS high resolution bands of N 1s.

Figure 6.5 shows the AFM images obtained. A significant (P < 0.05) increase in
Sg was obtained after the application of the antimicrobial coating over PP, going from 8.8
+ 2.6 to 18.3 = 1.1 nm. A porous surface was observed from modified PP. This effect
may be created by the evaporation of the solvent that contains PEI and SMA (acetone)

during spin coating and when heating is applied.
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Figure 6.5 AFM results of PP and modified PP as prepared.
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The primary amine content of PP and modified PP was 0.0 £ 0.0 and 503 = 65
nmol cm, respectively (P < 0.05). Figure 6.6-A shows the N-halamine content of the
antimicrobial coating as a function of time according to Equation 1 (NHasympt = 151 * 22
nmol cm?, K = 0.03 + 0.01 min™, R? = 0.88 + 0.1). As it can be observed, chlorine
saturation starts to be reached at 45 min. Figure 6.6-B shows the data from the pK,
determination of the as prepared antimicrobial coating fitted with Equation 2 (bold line,
R? = 0.83 + 0.04) and the data obtained from PP (dashed line represents the average 6
value of PP in all the pH range evaluated). The shape of the sigmoidal curve obtained
corresponds to that of a cationic surface (character given by the high amount of primary
amines), and the obtained pK, value (4.6 £ 1.4) is comparable to the ones reported in
previous works involving similar surface chemistries (Vezenov and others 1997; Van der
Maaden and others 2012). Even though amines exhibit a basic nature, it has been reported
in previous works that molecules possessing amines present a shift in pK, values when
they are covalently coated onto a different substrate. Such reduction in pK, can fall into
acidic ranges. This phenomenon has been explained from the influence the corresponding
substrates to which these molecules are attached impart to them, leaving fewer amine
groups available as compared to the molecules when they are free in solution (Abiman
and others 2007). Even though a higher hydrophilicity was observed from modified PP
brought by the antimicrobial coating, there was no significant difference (P > 0.05) in
surface energy. Values of ys of PP and modified PP were 22.5 + 0.5 and 23.9 + 2.3 mN
m™, respectively. For both PP and modified PP, a good linear correlation was gotten

(Figure 6.6-C, R? values of 0.97 + 0.01 and 0.88 + 0.06, respectively). Comparable results
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of surface energy for PP have been reported (Tsutsui and others 1989; Farris and others

2014).
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Figure 6.6 N-halamine content determination (A), surface pK, (B), and surface energy
(C). Results are the average value of 3 replicates £+ 1 standard deviation.

6.4.2 Antimicrobial evaluation

As expected, no antimicrobial effect was observed from either PP or chlorinated

PP, and after 2 h of incubation, approximately 3 logarithmic reductions were given by
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modified PP and > 5 by chlorinated modified PP (Figure 6.7-A and Figure 6.8). In
addition, antimicrobial activity was preserved from modified PP coupons that had been
subjected to 10 rechlorination cycles, providing also > 5 logarithmic reductions (Figure
6.7-A). The inactivation kinetics showed a different behavior between modified PP and
chlorinated modified PP (Figure 6.7-B). When not chlorinated (cationic form), modified
PP showed agreement with Equation 3 (R* = 0.84), and when chlorinated (N-halamine
form) it did it with Equation 4 (R* = 0.84). Cationic polymers have been reported to
inactivate microorganisms in previous studies, and the possible explanations provided for
their action have been an ion exchange process between the positive charges of the
polymers and the cells membrane (causing its deterioration), the generation of reactive
oxygen species that can provoke oxidative stress and damage on genetic information and
other biomolecules, and interruption of the electron transport chain, vital for energy
generation (Kugler and others 2005; Lichter and Rubner 2009; Chakraborti and others
2013). Similar behaviors have been observed in previous studies involving kinetics of
inactivation of cationic polymers (Milovic and others 2005) and N-halamines (Williams
and others 1987; Bastarrachea and others 2013). A possible reason behind the initially
slow speed of inactivation given by chlorinated modified PP as compared to modified PP
may be a charge neutralization effect imparted by the absorption of chlorine. The limited
(although fast) level of inactivation given by modified chlorine (reducing the microbial
load in approximately 3 logarithmic cycles) may be explained by the fact that the
bacterial suspension had a level of pH of 6.1 £ 0.1, which is closed to the upper limit of

the surface pK, reported (4.6 + 1.4), and suggests the coating was protonated.
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Figure 6.7 Antimicrobial evaluation (A, treatments followed by the same letter are not
significantly different P > 0.05) and inactivation kinetics of modified PP and chlorinated
modified PP (B), * indicates inactivation below the limit of detection
(< 1 log(CFU mL™).
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Figure 6.8 Petri dishes showing the dilutions plated as 10™ from the antimicrobial
evaluation of fully chlorinated modified PP ({A) and modified PP (B) (dilutions plated as
107).

6.4.3 Scanning Electron Microscopy (SEM)

Figure 6.9 shows representative images of the coupons’ surfaces after the
antimicrobial evaluation (2 h of incubation at 32 °C). No visual evidence of attached

bacteria was found. Previous works have shown that PP exhibits a low level of surface
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attachment of L. monocytogenes as compared to other materials’ surfaces. In the same
mentioned studies, adhesion of L. monocytogenes cells on surfaces has not been possible
to link with materials properties such as roughness and hydrophobicity (Silva and others
2008), which makes this phenomenon unpredictable on the basis of surface properties.
The results obtained confirm that, under the test conditions and at the inoculum level
used the reduction in microbial load exerted by modified PP and chlorinated modified PP

is not caused by cell adhesion on the coupons’ surfaces.

Figure 6.9 SEM images showing surfaces of PP (A), chlorinated PP (B), modified PP
(C), and chlorinated modified PP (D) after the antimicrobial evaluation.
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6.4.4 Chlorine rechargeability of the antimicrobial coating

Figure 6.10 shows the N-halamine content during the 10 rechlorination cycles
applied. According to the ATR-FTIR results, some hydrolysis of amide bonds seem to
occur from the absorbance increase in the 3400 — 3200 cm™ (Figure 6.10-A) and 1740 —
1720 cm™ (Figure 10-B) ranges characteristic of the C—-O and C=0O vibrations of
carboxylic acids, respectively, and an absorbance reduction at ~ 1650 cm™ (Figure 6.10-
B, C=0 vibration of amides). As it can be observed (Figure 6.10-C), an initial increase in
chlorine absorption is exhibited, followed by stabilization. From Figure 6.9-D, it can be
seen that a single chlorination causes a change in the surface pattern. Similar results have
been reported in studies involving rechlorination of polymeric N-halamines (Bastarrachea

and others 2014).
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Figure 6.10 ATR-FTIR results (A and B) after the chlorine rechargeability study (C) of
modified PP.

6.5 Conclusions

Polyethylenimine and styrene maleic anhydride copolymer were alternately
deposited onto anhydride functionalized polypropylene coupons to synthesize a coating

with both cationic and N-halamine antimicrobial moieties. Antimicrobial efficacy was
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achieved after application of just two bilayers. Prior to chlorination by dilute bleach the
coatings were able to inactivate L. momnocytogenes by ~ 3 logarithmic cycles.
Chlorination increased the antimicrobial efficacy to greater than 5 logarithmic cycles (>
99.999% reduction in microbial population). Inactivation kinetics shifted from a
Weibullian to sigmoidal behavior following chlorination. The reported surface
modification procedure resulted in an antimicrobial coating with no significant difference
in surface energy (P > 0.05) as compared to PP. Electron microscopy confirmed that the
biocidal effect was due to the antimicrobial nature of the coating and not a result of
bacterial adhesion. The antimicrobial surface also exhibited capability to be rechlorinated

multiple times, with full retention of antimicrobial properties.
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CHAPTER 7

CONCLUSIONS

Stainless steel was successfully surface-modified with PEI and PAA to make it
able to harbor antimicrobial N-halamines. The available number of N-halamines ranged
from 0.30 + 0.5 to 36.8 + 5.0 nmol cm™ (from 1 to 6 bilayers). Changes in surface
chemistry were confirmed with FTIR and XPS. Ellipsometry and AFM showed that the
deposition of the bilayers was not uniform, given the bilayers’ equivalence thickness that
ranged from 1.1 £ 0.3 nm (1 bilayer) to 78.6 = 1.2 nm (6 bilayers). N-halamine surface-
modified stainless steel was challenged against L. monocytogenes, and only coupons
having 6 bilayers were able to inactivate the pathogen in more than 3 logarithmic cycles
(> 99.9%).

LDPE was surface-modified using a similar approach to the one followed with
stainless steel. Up to five bilayers of PEI and PAA were applied on LDPE coupons,
making them able to harbor from 3.4 + 1.2 nmol cm™ (1 bilayer) to 27.3 + 3.5 nmol cm™
(5 bilayers). Changes in surface chemistry were confirmed through ATR-FTIR, and
exhibited a high degree of crosslinking between PEI and PAA. The antimicrobial
evaluation indicated that (under the experimental conditions) modified LDPE coupons
having from 2 to 5 bilayers were able to inactivate L. monocytogenes in more than 5
logarithmic cycles (> 99.999%). Kinetics of inactivation showed a sigmoidal behavior by
coupons having from 2 to 5 bilayers. The inactivation kinetics results showed that, in

contrast to free chlorine in solution, the equivalent amount of chlorine from the N-
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halamine modified LDPE coupons inactivates L. monocytogenes at a slow rate.
Inactivation below the limit of detection was reached after approximately 48 min (5
bilayers), 54 min (4 bilayers), 65 min (3 bilayers), and 91 min (2 bilayers). In contrast,
the equivalent amount of free chlorine in solution for each level of surface modification
inactivated L. monocytogenes in less than 6 min. Even though biocidal efficacy was
demonstrated, the coating was not stable. After 3 reuses against L. monocytogenes, the
coating had delaminated, leaving LDPE with no antimicrobial property.

In order to improve the stability of the N-halamine coating consisting of PEI and
PAA, the number of bilayers applied was increased (5, 10, 15 and 20 bilayers) and the
surface modification method of PE was changed. Changes in surface chemistry were
confirmed through ATR-FTIR and XPS. N-halamine content ranged from 49.3 nmol cm™
(5 bilayers) to 293.5 nmol cm™ (20 bilayers). N-halamine modified PE coupons were able
to inactivate L. monocytogenes in more than 5 logarithmic cycles (> 99.999%) at every
level of surface modification (from 5 to 20 bilayers). Evaluations were conducted to
assess the stability of the coating consisting of PEIl and PAA. After 100 rechlorinations,
coupons containing 20 bilayers exhibited minor changes in surface chemistry confirmed
through ATR-FTIR and ability to harbor a substantial number of N-halamines. Coupons
with 20 bilayers subjected to up to 300 washing cycles with buffers of pH levels of 3, 5
and 7, and a commercial detergent, exhibited also minor changes in surface chemistry
confirmed through ATR-FTIR, and statistically the same number of N-halamines the as
prepared 20 bilayers coupons contained (P > 0.05). The results of the evaluation study
with the multiple washing cycles also showed that the stability of the bound chlorine on

the coating increases as the coupons are continuously used, and that stability is more
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evident at low levels of pH. XPS analysis was done to 20 bilayers coupons after the 100
rechlorinations and the washing cycles. Both XPS and ATR-FTIR showed that minor
changes occurred on the surface chemistry, which consisted in rupture of the amide bonds
that hold together PEI and PAA.

As an alternative method for surface modification with N-halamines, PP was
studied with the polymers PEI and SMA. Unlike the previous surface modification
methods used with PEI and PAA that involved carbodiimide chemistry crosslinkers, the
reactivity of the anhydrides contained in SMA made it unnecessary to use any catalyst for
the application of the polymer layers. The modified PP was able to harbor an amount of
N-halamines of 151 + 22 nmol cm™. The modified material also exhibited a cationic
nature given the high presence of primary amines (503 + 65 nmol cm™). A sigmoidal
contact angle titration curve characteristic of cationic surfaces was also obtained (pKj, =
4.6 + 1.4), and modified PP didn’t experience a significant change in surface energy (P >
0.05). AFM analysis revealed that modified PP possesses a porous surface with a
significantly different value of roughness (8.8 = 2.6 nm for PP and 18.3 + 1.1 nm for
modified PP). Surface chemistry was characterized through ATR-FTIR and XPS, and the
analysis confirmed successful surface modification. When not chlorinated, modified PP
was able to inactivate L. monocytogenes in approximately 3 logarithmic cycles, and the
inactivation kinetics agreed with the Weibull model. When chlorinated, modified PP was
able to inactivate L. monocytogenes in more than five logarithmic cycles (> 99.999%)
and the inactivation kinetics agreed with the sigmoidal isothermal model. Modified PP

was also able to be rechlorinated for 10 cycles, and the ATR-FTIR results after these
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cycles of rechlorination confirmed hydrolysis of the PEI and SMA layers, but an overall
stable coating.

Overall, it was possible to create N-halamine antimicrobial surfaces that are
robust towards continuous usage. However, the applied coatings are prone to hydrolysis
and delamination due to continuous chlorination. More research is necessary to maximize

stability and applicability.
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CHAPTER 8

RECOMMENDATIONS FOR FUTURE WORK

As it was confirmed throughout the present research work, antimicrobial coatings
in general, and N-halamine coatings in particular, represent a promising tool that can
diminish the constant risk of microbial contamination of products during food processing.
However, more research is needed in order to overcome the challenges that these
technologies still face, which deal mainly with durability for long term usage,
improvement of the efficiency of the preparation methods, scalability for industrial
application and implementation, versatility towards the conditions present in the food
facilities environments, assurance of safety towards the public and the environment, and
development of reliable standard methods to assess antimicrobial activity.

The long-term objective of this research is to develop antimicrobial food-contact
materials that can help prevent microbial contamination during food processing that can
affect public health. In order to achieve this research goal, the following directions can be

followed.

8.1 Technology improvement

As it was mentioned, one of the main drawbacks of the antimicrobial technologies
studied in this research deals with stability. As it was confirmed from the results

obtained, the stability against deteriorating agents (continuous usage, extreme levels of
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pH, etc.) of a coating applied onto a substrate of different chemical composition and
physical properties is a multifactorial phenomenon. In general, the higher the molecular
weight of its components, the more stable the coating may become. This can be explained
from the fact that a higher molecular weight implies more numerous sites for reaction
between the substrate and the polymer. If the molecular weight is high enough, the
polymer chains that couldn’t interact with the substrate will be able to react with
subsequent layers, like in a LbL process. A big molecule with multiple points of
interaction (covalent bonds) with other molecules will resist more efficiently
delamination caused by hydrolysis, like when an amide bond is attacked by extreme
levels of pH. Further, if it is possible for those covalent bonds to regenerate, the long
length of the polymer chains will ensure there is no separation from the substrate and
adjacent polymer layers. However, as it was also confirmed, molecular weight is not the
only factor that influences coating stability. For instance, a higher presence of amides as
compared to amines may compromise stability towards chlorination, given the fact that
amides are prone to hydrolysis. In contrast, amines exhibit a higher affinity to bind with
chlorine and don’t experience hydrolysis, which results in a more stable N-halamine
coating upon chlorination. Hence, the likelihood of the bonds that hold together the
polymer chains in a coating towards breaking under deteriorating conditions can be more
important than molecular weight. In addition, the affinity of the components of the
coating in terms of hydrogen bonds, and hydrophilic, hydrophobic and electrostatic
interactions also dictates coating stability (Haynie and others 2005). A direction to follow
for improvement of the antimicrobial technology will have to be related with finding the

most efficient combination of constituents that will result in a maximized stability
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towards the environmental conditions food contact materials in general, and N-halamines
in particular, experience (washing agents, chlorination, presence of organic matter, etc.).
Another drawback some of the technologies studied exhibit deals with the
preparation method, that may be time consuming and/or involve expensive and toxic
catalysts, like those used in carbodiimide chemistry, and which application at an
industrial scale could be unrealistic. Based on this disadvantage, a polymeric anhydride
(SMA, with high reactivity towards primary amines) was tested for preparation of an N-
halamine antimicrobial coating, with promising results. Another direction to follow could
involve the use of polymeric anhydrides of different chemical composition and molecular
weights. These polymers have been used extensively, and their diversity, availability and
safety (Kumar and others 2002; Jain and others 2008) are characteristics that could be

exploited to develop stable antimicrobial N-halamine coatings.

8.2 Technology diversification

As it was mentioned earlier, surface modification offers the advantage of keeping
the bulk properties of the modified substrates intact (Ratner 1995). However, coatings
may have short durability. To overcome this, bulk modifications or development of new
materials could represent an effective solution. An alternative method to develop
antimicrobial food contact materials could be the preparation of polymer blends and
composites (Denchev and Dencheva 2008; Blaiszik and others 2010; Liu and others
2014). Polymeric anhydrides have already been used to prepare polymer blends through

extrusion (Denchev and Dencheva 2008). As it was confirmed in this research,
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anhydrides form stable bonds with primary amines at high temperatures. Heat transfer
operations like extrusion could represent an efficient and fast way to prepare
antimicrobial N-halamine materials. A number of polymer combinations could be studied
with a variety of final properties (wettability, surface energy, tensile properties, etc.). The
process parameters could be set in a way that allows the presence of nitrogen-containing
functional groups able to bind chlorine. The most commonly used polymers to fabricate
the accessories and utensils found in food processing facilities could be selected to
prepare the new antimicrobial blends and composites. Their application could be

extended to health services facilities and materials used for housing.

8.3 Technology evaluation and application

Once new and improved antimicrobial coatings or materials haven been
developed, they will have to be subjected to evaluations that challenge their ability to be
reused constantly to inactivate microorganisms. A wide range of microorganisms would
need to be studied, including bacteria (Gram (+), Gram (-), spore forming, etc.), yeasts
and fungi.

As it was mentioned before, N-halamines lose effectiveness in the presence of
organic matter. Antimicrobial evaluations should also involve as a factor increasing
levels of organic matter (increasing concentrations of polysaccharides, proteins,

monosaccharides, etc.).
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Extensive evaluations to assess chemical integrity and robustness of the
antimicrobial material would be necessary. They could include exposure to corrosive
cleaning agents, physical abrasion, etc.

Finally, once the antimicrobial materials have been tested and perfected at a
laboratory scale, evaluations of real applications could be conducted in pilot plants, or in
small food processing facilities where microbial contamination has taken place (using
nonpathogenic surrogates like Listeria innocua or Escherichia coli K12). Accessories
made with the new materials (plastic containers, gaskets, conveyor belts, curtains, etc.)
would be tested and compared with non antimicrobial ones under normal conditions of
use, and under different levels of microbial contamination using the nonpathogenic

surrogates.
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