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Nisin, an antimicrobial protein, was adsorbed to silanized silica surfaces and then

evaluated for its ability to retain activity and suppress the growth of Listeria

monocyto genes. Films of nisin on surfaces of low hydrophobicity displayed more activity

and less attachment by L. monocyto genes than did nisin films on surfaces of higher

hydrophobicity. The concentration of nisin used to produce the adsorbed film and the time

allowed for adsorption also significantly influenced the number of L. monocyto genes cells

that were able to adhere. Nisin films in phosphate buffer (0.01 M; pH 7) for 5, 10, or 15

hours exhibited progressively less nisin activity, a greater number of attached cells, and an

increase in the number of cells that were viable. Sequential adsorption of a second protein

(13-lactoglobulin or bovine serum albumin) onto a nisin film also resulted in decreased nisin

activity.

Additionally, adsorbed nisin was evaluated for its capacity to retain activity when

exposed to food processing conditions such as convective heat and hydrostatic pressure.

On surfaces of low hydrophobicity, the residual activity of adsorbed nisin decreased to

65% of the original value after 15 minutes at 80°C, with only 14% remaining after 1 hour.

Nisin films which adsorbed to highly hydrophobic surfaces lost activity at an even greater
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rate, leaving only 50% of the nisin active after 15 minutes at 80°C, and all but 5%

inactivated within 1 hour. Nisin in aqueous solution used in conjunction with high

hydrostatic pressure (up to 45,000 psi) resulted in greater antimicrobial activity against L.

nionocytogenes than either nisin or high pressure applied individually; however, the

combined effect of nisin and high pressure appeared to be additive rather than synergistic.

Nisin adsorbed to surfaces consistently displayed less activity after exposure to high

pressures relative to control surfaces not exposed to pressure.

Allowing nisin to adsorb onto food contact surfaces may have the potential to

prevent unwanted colonization of pathogenic organisms like L. monocytogenes. This

research is intended to provide direction on how to utilize antimicrobial proteins as an active

barrier to microbial adhesion and subsequent biofilm formation.
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PHYSICAL AND ANTIMICROBIAL CHARACTERISTICS OF NISIN
ADSORBED ONTO MODEL FOOD CONTACT SURFACES

CHAPTER 1. INTRODUCTION

Microbial contamination of food contact surfaces has been an ongoing concern for

the food industry, especially since attached bacteria demonstrate increased resistance to

antimicrobial agents. Under favorable conditions these adhered cells are able to reproduce

and form colonies which, when accompanied by extracellular polysaccharide production

and/or entrapment of organic matter, can lead to biofilm formation. Accumulation of

biofilms can create a variety of problems for food processors, including increased fluid

frictional resistance and decreased heat transfer efficiency. The most serious concern,

however, is the potential for contamination of food products by Listeria nionocyto genes

and other human pathogens.

Listeria monocyto genes is commonly found in nature, and can cause a life-

threatening food-borne illness in humans. This pathogen has received widespread attention

due to its ability to survive and grow in foods at refrigerator temperatures. The dairy

industiy has been especially concerned since both cheese and milk have been implicated in

Listeriae outbreaks. It appears now that a prerequisite for the colonization and growth of

L. monocyto genes on food contact surfaces may involve the adsorption of protein films.

A new approach to controlling the problem of biofllms involves coating food

contact surfaces with a protein based antimicrobial agent such as nisin. This novel

procedure has the potential to prevent the initial bacterial colonization, thus inhibiting

biofilm formation and ensuring a safer food supply. When this research was initiated in

1991 there were numerous studies documenting the efficacy of aqueous nisin for control of

bacteria in foods. There was, however, no information on the characteristics of nisin

adsorbed onto surfaces. This research focuses on the initial events that occur on food

contact surfaces leading to protein films, and subsequent microbial adhesion. By
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understanding the relationship between surface conditions and microbial adhesion, it may

be possible to prevent the attachment of Listeriae and other pathogens, rather than to

attempt their removal after adhesion has occurred.

The purpose of this study was to explore the characteristics of nisin adsorbed to

model surfaces, and to evaluate adsorbed nisin for its potential to suppress the growth of L.

monocyto genes.
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CHAPTER 2. LITERATURE REVIEW

CHARACTERISTICS OF NISIN

Background and History

Nisin is an antimicrobial peptide produced by strains of Lactococcus lactis

subspecies lactis. This lactococcus species was originally classified as a Lancefield Group

N streptococcus (Mattick and Hirsch, 1944; Schleifer et al., 1985), and was noted for its

bactericidal capabilities. In 1928, a specific substance in the culture broth was discovered

that could diffuse through a collodion membrane and inhibit other microorganisms

(Rogers, 1928). The diffusible compound was isolated a few years later, and assigned the

name 'Nisin', to reflect its origins as a Group N Inhibitory substance (Mattick and

Hirsch, 1947).

Since the time of its discovery, nisin has proven to be an effective inhibitor of gram

positive bacteria, especially sporeformers (Hirsch and Grinsted, 1954; O'Brien et al.,

1956). Both the medical and veterinary fields have explored the potential value of nisin as

a clinical antibiotic (Hirsch and Mattick, 1949; Taylor et al., 1949), but nisin's relative

insolubility at physiological pH and its susceptibility to digestive enzymes have limited its

usefulness. The first application of nisin as a food preservative has been credited to Hirsch

et al., who in 1951 used nisin in Swiss cheese to prevent the late gas defect typically

caused by gram positive sporeformers such as Clostridiuni butvricum and Clostridiuni

trobutvricurn (Hirsch et al., 1951; Hurst, 1978).

The use of nisin in foods has expanded greatly since that time. Nisin has been used

in such diverse food products as cheese, canned vegetables, gelatin, and wine (Daeschel et

at., 1991; Hurst and Hoover, 1993; Kiss et al., 1968). it is now approved for use in 57



countries around the world (Hurst and Hoover, 1993). Nisin has been affirmed GRAS,

(Generally Recognized As Safe), in the United States (FDA, 1988). It is non-toxic, non-

antigenic to humans, (Fraser et al., 1962), and can be ingested in quantities up to 3.3 x 107

U/kg of bodyweight with no adverse effects (Aplin and Barrett, 1988). Nisin is inactivated

by proteolytic enzymes in the digestive tract (Cowell et al., 1971; Heineman and Williams,

1966; Jarvis and Mahoney, 1969), and therefore appears to be highly safe for use as a food

preservative.

Structure and Properties

Nisin is a small polypeptide (M.W. = 3,510) consisting of 34 amino acid residues

(Figure 2.1)(Gross and Morel!, 1971; Shiba et al., 1991). Although nisin is ribosomally

synthesized, its structure is unusual in that several precursor amino acids undergo a post-

translational modification to create five thioether bridges and three highly reactive dehydro

residues (Buchman et al., 1988), which are essential for nisin activity (Liu and Hansen,

1990). Nisin and other small antimicrobial proteins possessing the thioether amino acids

lanthionine and 13-methyllanthionine are classified as lantibiotics (Schnell et al., 1988).

Gene sequences of several lantibiotics were compared and found to have sufficient

sequence homologies to indicate that they evolved from a common ancestor (Banerjee and

Hansen, 1988). The fact that these unusual residues have been conserved over

evolutionary time suggests that they are essential for the proper functioning of these

bacteriocins.

Information about the structure of nisin has increased dramatically since it was first

sequenced in 1971 (Gross and Morell). The dimensions of a single nisin molecule (2 nm x

5 nm) were estimated by Goodman et al, (1991) using NMR (Nuclear Magnetic

Resonance), and a proposed conformation of nisin in aqueous solution soon followed
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Figure 2.1 Structure of Nisin. Abu: 2-aminobutyric acid; Dl-ia: dehydroalanine;
Dhb: dehydrobutyrine, (T. Shiba et al., 1991).



(van de Ven et al., 1991). Future studies are planned for nisin in non-aqueous systems

(van de Ven et al., 1991), since the positive and negative charge distributions of this

cationic, amphiphilic molecule virtually guarantees that its structural conformation will vary

greatly according to its local environment.

Nisin demonstrates its greatest solubility (57 mglmL) in aqueous solutions near pH

2, but steadily decreases until at pH 8, it is practically insoluble (0.25 mgfmL)(Liu and

Hansen, 1990). This relative insolubility at physiological pH limits nisin's clinical

applications, but makes it ideally suited for use as a food preservative. In non-aqueous

solvents, nisin is almost completely insoluble (Ray, 1992b). The stability of nisin in

solution is also affected by pH, with maximum stability occurring near pH 2 (Liu and

Hansen, 1990), and significant inactivation occurring at alkaline pHs greater than 7 (Hurst,

1981; Molitor and Sahi, 1991). Nisin is remarkably heat stable, and at pH 2 can withstand

autoclaving at 121°C for 15 minutes (Hurst, 1981). However near pH 7, nisin solutions

lose 90% of the original activity during autoclaving (Ray, 1992b). Dry nisin powder in its

purified form is believed to retain its potency at 4°C indefinitely (Ray, 1992b).

ANTIMICROBIAL ACTIVITY OF NISIN

Measurement of Nisin Activity

A variety of different methods have been developed for quantifying nisin activity.

Early assays consisted of agar diffusion (Friedmann and Beach, 1951; Trarner and Fowler,

1964), dilution end-point methods (Hirsch, 1950; Mattick and Hirsch, 1947), and

turbidimetric techniques (Berridge and Barrett, 1952; Hurst, 1966). More sensitive

techniques eventually became available such as the enzyme-linked irnmunosorbent assay

(Elisa) which used a polyclonal antiserum to detect active nisin in concentrations as low as
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1.9 x 10-2 IU/mL (Falahee et aL, 1990), and ATP-Biolurninometry which relied upon

decreased intracellular ATP levels in microorganisms to estimate the concentration of nisin

present (Waites and Ogden, 1987); however, few of these specialized techniques are

suitable for routine use.

In addition to the variety of methods for nisin determination, there are also different

units in use for reporting nisin activity. Originally the Reading Unit (RU) was used to

represent the activity present in 1 tg of nisin (Tramer and Fowler, 1964). The Reading

Unit was eventually converted to the International Unit (IU) (WHO, 1969), which is the

current term for expressing the antimicrobial activity of nisin. For determination of

activity, one gram of pure nisin is defined as 4 x lO IU (Ray, 1992b).

Antibacterial Effects of Nisin in Food

Nisin displays activity against gram positive bacteria, and has proven effective

against a variety of spoilage bacteria in foods (Hurst and Hoover, 1993; Ray, 1992a).

Although normally not active against gram negative bacteria and fungi, nisin can be an

effective inhibitor of certain gram negative bacteria when used in combination with other

compounds such as chelating agents (Blackburn et al., 1989; Stevens et al., 1991). In high

concentrations, nisin has also shown activity against yeast (Henning et al., 1986). Of

special interest, however, is nisin's activity against several hazardous food pathogens,

including Listeria monocytogenes (Benkerroum and Sandine, 1988; Motlagh etal., 1991),

and sporeformers such as Clostridiuni botulinuni types A, B, and E (Scott and Taylor,

1981).

Unfortunately, the antimicrobial activity of nisin in foods can be decreased by many

factors including the food particle size, pH, and storage time (Ray, 1 992b). Nisin was

found to be less active in high fat foods (Jones, 1974; Jung et al., 1992), and to gradually



lose activity in cheese (Hirsch et al., 1951), red wines (Bower et al., 1992), and

mushrooms (Denny et al., 1961; Hurst and Hoover, 1993). Since the antimicrobial activity

of nisin is highly dependent upon its immediate environment, this could limit its usefulness

in food products where antagonistic compounds are present.

Mechanism of Nisin Activity

The exact mechanism of nisins antimicrobial action is not completely understood,

but it is generally believed that nisin acts on the bacterial cytoplasmic membrane, leading to

loss of cellular integrity, and subsequent cell death (Garcera et al., 1993; Hurst and

Hoover, 1993; Ruhr and Sahl, 1985). The first step in the antibacterial process involves

adsorption of nisin to susceptible bacteria (Hall, 1966). Normally nisin does not adsorb to

gram negative bacteria, likely due to the barrier function of the lipopolysaccharide

membrane characteristic of most gram negative species (Mackey, 1983; Sahl, 1991).

However, following sub-lethal injury, many gram-negative cells became sensitive to nisin

(Stevens et al., 1991). This was also observed for nisin producer strains such as

Lactococcus lactis ATCC 11454 and Lc lacris 345/07, which are normally resistant to

bacteriocins, but became sensitive following freezing (Kalchayanand et al., 1992). The

adsorption of nisin to a bacterial cell is pH dependent, with maximum adsorption occurring

at pH 6.5, and less than half adsorbed at pH 4.5 (Ray, 1992b). Once adsorption has taken

place, a change in nisin's conformation is believed to occur, and the hydrophobic moieties

of the peptide are drawn into the hydrophobic bacterial membrane (Hansen, 1993). If

several nisin molecules aggregate, a pore can be formed in the membrane resulting in an

efflux of cellular ions (Benz et al., 1991; Gao et al., 1991; Ruhr and Sahl, 1985).

However, this process can only take place if there is sufficient membrane potential present.

Susceptible bacteria with membrane potentials greater than 100 mY experienced a rapid
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decrease after the addition of nisin (Sahi, 1991). Non-energized liposomes, as well as

mycoplasma cells with low membrane potentials (less than 50 mV), were not affected by

nisin (Sahl, 1991).

The basis of nisin's activity is believed to derive from the unique structure of the

nisin molecule. Its dehydro residues (dehydroalanine and dehydrobutyrine) act as

electrophilic Michael acceptors, and react with nucleophilic components, such as sulfhydryl

groups which are found in the cytoplasmic membrane (Liu and Hansen, 1990) and are

known to be inactivated by nisin during cytoplasmic disruption (Morris et al., 1984). Just

as the dehydro residues are thought to be important for the electrophilic reactions which

give nisin its antimicrobial activity, the thioether rings are believed to provide stability for

the molecule, so that it can orient properly in the bacterial membrane. Chan et al. (1989)

determined that the A-ring of nisin was essential for biological activity, and hypothesized

that the increased flexibility that occurred when the A-ring was destroyed decreased the

likelihood of the nisin molecule attaining the conformation required for activity.

ADSORPTION OF PROTEINS

Forces Controlling Adsorption

There are five primary forces which control protein adsorption in an aqueous

medium: covalent bond formation (which involves intermolecular crosslinks such as

disulfide bonds), electrostatic interactions (which are caused by the positive and negative

charges on a molecule), London dispersion forces (which arise from the fluctuation of

dipoles, and were formerly called van der Waals forces), hydrogen bonding (which occurs

between covalently bonded hydrogen atoms and pairs of nonbonding electrons), and

hydrophobic interactions (which are entropically driven)(Koning and Visser, 1992). The
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extent of adsorption of a protein at an interface will be dependent upon these interactions

between the protein, the interface, and the surrounding medium as well.

In protein-surface interactions (in aqueous media), covalent bonds are generally not

a significant component in protein adsorption. Electrostatic (short-range) forces have been

found to contribute, but only in a relatively minor way (Van Oss, 1992). This is also true

for hydrogen bonding which is unlikely to exert a stabilizing effect on proteins in an

aqueous environment (Cooper, 1980). London dispersion forces and hydrophobic

interactions are believed to be responsible for most of the attraction and repulsion that

occurs when a protein adsorbs to a surface (Andrade, 1985).

The hydrophobic effect has been extensively studied in protein-interface

interactions. It was originally believed that hydrophobic amino acid residues associated

near the interior of a molecule whenever possible, however Klotz (1970) determined that

for many proteins, more than half of the non polar residues were continuously exposed to

the water interface. Thus the quantity and location of a proteints hydrophobic amino acids

will have a profound effect on protein conformation in aqueous solution (Ochoa, 1978),

and will significantly influence its capacity for adsorption.

Adsorption of Nisin at Interfaces

Nisin is a highly surface active molecule whose adsorptive properties were

recognized as early as 1949 when it was noted that nisin in culture remained with the

Lactococcus lactis cells rather than in the culture broth at pH 6 (Berridge, 1949). In 1951

Friedmann and Epstein (1951) recognized that nisin could adsorb onto glass test tubes, and

that 2 U/mL could be released when sterile, fresh broth was added to the empty tubes.

They also found that even boiling with detergents and oxidizing agents was not capable of

removing all of the adsorbed nisin. It was later determined that the degree of nisin
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adsorption was pH dependent (Bhunia et al., 1991), with maximum adsorption to

Lactococcus cells at pH 6.5, and only 45% adsorbing at pH 4.5 (Ramseier, 1960).

ADHESION OF MICROORGANISMS

Hazards of Adhered Bacteria

It has been well documented that microorganisms can attach to surfaces, and under

favorable conditions can reproduce. If the bacterial colonies are not removed, their

presence may eventually lead to bioflim formation. Cells exhibit different characteristics

when attached to a surface. There can be a decrease in growth rate, a change in cell wall

structure and composition, and decreased sensitivity to antibiotics, surfactants and

sanitizers (Costerton and Lappin-Scott, 1989). These changes in the surface properties of

adhered bacteria have been attributed to the environmental differences experienced by free

and attached cells.

In the food industry, the time required for bacteria to attach to surfaces and form

hazardous biofilms can be relatively short (Mafu et al., 1990). Cells associated with

biofilms have been shown to have definite growth and survival advantages over planktonic

cells, especially in features such as increased resistance to antibiotics. Since the resistance

of bacteria in biofilms has been found to increase with time, and since biofilms often

involve pathogenic organisms, the methods of bacterial attachment have been extensively

studied.

Microbial Cell Surfaces

The surface properties of bacterial cells have been assuming a new importance in a

variety of fields including medicine, industry, and ecology (Marshall and Britton, 1980).
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The adhesion of microorganisms to surfaces (whether to medical implants or industrial

equipment) has created problems which are now being addressed through the

characterization of cell surfaces. The outer layer of most bacteria is negatively charged

(James, 1991), and thus readily reacts with cationic compounds. Despite sometimes high

surface charges, many bacteria are capable of interacting with inert surfaces. This

relationship was explored by Fletcher and Loeb (1979), using a marine pseudomonad to

directly correlate the extent of bacterial adhesion with the hydrophobicity of the inert

surface.

The hydrophobicity of a surface can be measured by using contact angle methods or

by determining its surface tension. Absolom et al. (1983) studied the interfacial tension

between bacterial cells and surfaces, and then used thermodynamics to show that the

adhesion process could be predicted according to whether or not there would be a decrease

in free energy at the interface. Thus, bacteria with hydrophobic surfaces were found to

attach more firmly than hydrophilic bacteria when exposed to hydrophobic polymer

surfaces, since the surface tension of hydrophilic bacteria was similar to that of the

medium, and therefore did not promote adhesion.

Attachment of Listeria monocytogenes to Surfaces

Adhesion of bacteria at interfaces depends to a large extent on the surface

characteristics of the microorganisms that attach. Listeria monocyto genes is a gram

positive bacteria with a thick outer layer of peptidoglycan and anionic polymers comprising

approximately 10% of the total cell volume (Seelinger and Jones, 1986). The most

common anionic polymers found in bacterial cell walls are teichoic acid and uronic acid-

containing polysaccharides (collectively described as teichuronic acids). The phosphate

groups in teichuronic acids contribute negative charges to the bacterial surface, and the
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lysine groups (commonly found in teichoic acids) contribute positive charges, resulting in

unusual biochemical and physical properties (Hancock, 1991). This outer layer can serve

several functions, such as selectively transporting nutrients necessary for cell survival,

providing a barrier to toxic substances outside the cell, and facilitating adhesion between

the microbial cell and a surface.

Listeria nionocyto genes Scott A can attach to all surface types at temperatures of

20°C after contact times as short as 20 minutes, with extracellular material being observed

on some surfaces at 1 hour (Mafu et al., 1990). Listeria nionocytogenes cells lack

capsules, fimbriae, and adhesins (Galsworthy, 1987), but have peritrichous flagella which

produce a tumbling motility. It is thought that flagella may contribute kinetic energy to

overcome electrostatic repulsion, thereby facilitating attachment. However, Sasahara and

Zottola (1993) concluded that, for at least one subspecies of L. nlonocytogenes, production

of exopolymer was more important for attachment than hydrophobicity, surface charge,

and/or flagellar motion. This does not apply to all bacteria, since the extent of adsorption

of Pseudonionas aeruginosa was decreased by 90% when the flagella were mechanically

removed (Stanley, 1983). Thus, there is still much to be learned about the mechanisms of

cellular adhesion.

SIGNIFICANCE OF ADSORBED ANTIMICROBIAL AGENTS

The Need for New Methods of Food Preservation

Consumers today are becoming more aware of the foods they eat, not only in

relation to sodium, cholesterol, and total calories, but also in terms of food additives. This

concern has increased the demand for fresh, wholesome foods containing no artificial

preservatives. Traditional antimicrobial agents such as nitrites and sulfites have been
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associated with health risks (Craddock, 1990; Taylor et al., 1986), leading to a consumer

preference for natural, preservative-free foods. In addition to safety concerns there is the

perception among consumers that harshly processed foods lose both flavor and nutritive

value. This has led to a greater demand for minimally processed foods, thereby increasing

the inherent risk of contamination by microorganisms.

The food industry's continual struggle to meet changing consumer demands while

still providing safe, wholsome foods has resulted in many innovations. New technologies

for food processing have been explored, including high hydrostatic pressure (Styles et al.,

1991), and gamma irradiation (Loaharanu, 1994). Milder processing methods are also

being used, such as "sous vide", which involves vacuum packing fresh food, subjecting it

to a minimal heat treatment, and then storing it under refrigeration (Church and Parsons,

1993). The addition of "natural" preservatives such as bacteriocins has also been used to

decrease the severity of processing and to reduce the amount of non-biological, chemical

preservatives. Another possibility currently being studied is the incorporation of

antimicrobial agents in food packaging (Weng and Hotchkiss, 1992).

Antimicrobial Agents in Packaging

Bacteriocins which are mixed with food products can be bound by various

components in the food and inactivated (Jung et al., 1992; Ray, 1992b). For this reason,

an antimicrobial agent incorporated directly into the food packaging might be an effective

method for controlling microorganisms, especially when surface contamination is a

concern. This concept was tested by incorporating the antimycotic agent Imazalil into

cheese packaging, and was successful in inhibiting surface molds (Weng and Hotchkiss,

1992). In another study, Halek and Garg (1989) chemically coupled an antimicrobial agent

(methyl-i -butylcarbamoyl-2-benzimidazolecarbamate) to a polymer, and demonstrated
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inhibition of mold growth. Adsorbed antibiotics have already been considered for medical

implants and devices such as urinary catheters (Costerton and Lappin-Scott, 1989).

Nisin has proven to be an effective inhibitor of many food pathogens and spoilage

bacteria (Hurst and Hoover, 1993; Ray, 1992a). It is also known to retain its activity even

in an adsorbed state (Daeschel et al., 1992). From this it seems clear that nisin adsorbed to

food packaging materials may also have the potential to decrease the incidence of surface

contamination and thereby increase food safety.
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CHAPTER 3

SUPPRESSION OF LISTERIA MONOCYTOGENES COLONIZATION
FOLLOWING ADSORPTION OF NISIN ONTO SILICA SURFACES*

C.K. Bower, J. McGuire, and M.A. Daeschel

*This chapter was submitted to Applied and Environmental Microbiology as a research
manuscript (Oct. 1994), and is in press.
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ABSTRACT

Nisin is an antimicrobial peptide proven to be an effective inhibitor of gram-positive

bacteria. It is known that nisin can adsorb to various surfaces, and still retain much of its

original activity (Daeschel et al. 1992. J. Food Prot. 55:731-735). In this study, nisin

films were allowed to form on silanized silica surfaces, and then exposed to medium

containing Listeria monocyto genes. Representative areas were selected from each surface,

and images of resident listeriae were obtained at four hour intervals for 12 hours. During

this time, cells on surfaces that had been contacted with a high concentration of nisin (1.0

mglmL) exhibited no signs of growth, with many displaying evidence of cellular

deterioration. Surfaces treated with lower concentrations of nisin (0.1 mg/mL) had a

smaller degree of inhibition. In contrast, both protein-free surfaces and those with films of

heat-inactivated nisin allowed the attached L. monocytogenes cells to grow and reproduce.

These studies, when repeated using a nisin-resistant strain of L. nionocytogenes, resulted

in no inhibition of growth on surfaces with adsorbed nisin. The bactericidal effect of

adsorbed nisin was also studied using INT, a tetrazolium salt, which is reduced to a red

formazan crystal by viable bacteria. Crystals were visible in 95% of cells adhered to

control surfaces, but were present in less than 20% of cells on surfaces with adsorbed

nisin. These data indicate that adsorbed nisin may have potential for use as a food grade

antimicrobial agent on food contact surfaces.

INTRODUCTION

Nisin is a polypeptide (M.W.= 3,510) that is synthesized by Lactococcus lactis

subspecies lactis. Since its discovery in the early 1900s, nisin has proven to be an

effective inhibitor of gram positive bacteria (Harris et al., 1991; Ray, 1992). It is now

approved for use in 57 countries around the world (Hurst and Hoover, 1993) and has been
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affirmed as GRAS (generally recognized as safe) in the United States (FDA, 1988). Nisin

is non-toxic, non-antigenic to humans (Fraser et al., 1962), and can be ingested in

quantities up to 3.3 x l0 U/kg of bodyweight with no adverse effects (Aplin and Barrett,

1988). It is inactivated by proteolytic enzymes in the digestive tract (Cowell et al., 1971;

Heinernan and Williams, 1966; Jarvis and Mahoney, 1969), and therefore is assumed safe

for use as a food preservative.

Numerous studies have documented the efficacy of nisin for controlling spoilage

bacteria in foods. Its most significant application, however, may be in the inhibition of

pathogenic organisms in raw and processed foods. Listeria monocyto genes has been

implicated in several outbreaks of foodbome illness (Barnes et al., 1989; Fleming et al.,

1985; James et aI.,1985). This pathogen is widely distributed in the environment, and is

of special concern since it can exist under diverse conditions. It is capable of growing in

salt concentrations as high as 10% (Seelinger and Jones, 1986), and can tolerate a pH

range of 5.0 to 9.0 (Connor et al., 1986; Seelinger and Jones, 1986). Additionally, it is

known to survive and grow at refrigeration temperatures (Wilkins et al., 1972).

Listeria monoc to genes has been isolated from all types of food processing

environments (Cox et al., 1989; Gellin and Broome, 1989), and is capable of adhering to a

variety of food contact surfaces (Herald and Zottola, 1988; Mafu et al., 1990). This can

create problems for food processors since attached microorganisms exhibit an increased

resistance to sanitizers and other antimicrobial agents (Krysinski et al., 1992; Le Chevallier

et al., 1988). Under favorable conditions these adhered cells are able to proliferate (Mafu

et al., 1990). When this colonization is accompanied by extracellular polysaccharide

production, a biofilm is created. Accumulation of biofilms results in a variety of problems

for food processors including increased fluid frictional resistance and decreased heat

transfer efficiency (Bott, 1992). The most serious concern, however, is potential

contamination of food products.
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Nisin can inhibit the growth of L. rnonocvtogenes (BenkelToum and Sandine,

1988; Harris et al., 1989), and has proven to be an effective antimicrobial agent when

incorporated into a food system (El Khateib et al., 1993; Jung et al., 1992). As little as

100 U/mL of nisin in a pH 6.6 phosphate buffer (67 mM) can decrease a population of L.

nionocytogenes from 106 CFU/mL to 10 CFU/mL in 24 hours (Monticello and

O'Connor, 1990). Since microbial contamination of food contact surfaces is an ongoing

concern, the food industry has dedicated considerable resources toward finding a solution.

A novel approach to this problem involves adsorption of an antimicrobial agent such as

nisin onto food processing surfaces.

There is an abundance of literature describing the interactions of proteins at

interfaces, however, little is known about the adsorption of biologically active proteins

such as nisin. Protein "surfaces" typically contain both hydrophilic and hydrophobic

regions, as well as positively and negatively charged groups. This structural diversity

contributes to the high surface activity of proteins, and their increased capacity for

adsorption. Once a protein has adsorbed to a surface, it is often thermodynamically

favorable for the molecule to undergo some degree of structural rearrangement. The degree

to which any protein changes its conformation when adsorbed depends not only on the

protein, but on the type of surface and surrounding medium as well. Even small variations

in pH and ionic strength can alter the surface charge of a protein, thus influencing its

conformation and subsequent behavior at an interface. One way of quantifying the

unfolding that occurs after adsorption is by measuring the surfactant-mediated elutability of

adsorbed protein (Krisdhasima et al., 1993). With this procedure, proteins that have

undergone relatively large conformational changes will show a relatively high resistance to

removal upon exposure to a surfactant.

Allowing nisin to adsorb to food contact surfaces may have the potential to prevent

unwanted colonization of pathogenic organisms like L. monocyro genes, thereby



contributing to a safer food supply. Earlier research has demonstrated that nisin can retain

antimicrobial activity when in an adsorbed state (Daeschel et al., 1992). The purpose of

this study was to quantify the mass and activity of adsorbed nisin on surfaces of different

hydrophobicities, and to colTelate these results with the observed antimicrobial effect.

MATERIALS AND METHODS

Bacterial Culture

Listeria monoc to genes Scott A was obtained from C. Donnelly, University of

Vermont. The stable nisin-resistant mutant R-2000 was derived from L. nionocyto genes

Scott A as described previously (Ming and Daeschel, 1993). This strain is resistant to

2,000 activity units of nisin per mL in BHI broth (Difco Laboratories, Detroit, MI).

Cultures were prepared for inoculation by subculturing into protein-free media consisting

of 21 gIL of RPMI 1640 (Sigma, St Louis, MO), 20 g/L of casamino acids (Difco

Laboratories, Detroit MI), and supplemented with 10 g/L of glucose. These cultures were

grown at 25°C with transfers every 24 hours for two days prior to the start of each

experiment. Inoculation density was approximately 109 cellslmL as enumerated on BHI

agar.

Preparation of Hydrophobic Surfaces

Polished silicon wafers (1-0-0 orientation, resistivity = 0.4 to 0.7 Vcm,

phosphorus doped) were obtained from Wacker Siltronics (Portland, OR). Each surface

was circular with an area of 1 cm2. These have proven to be ideal for electro-optical

investigation of protein adsorption (Krisdhasima et al., 1992a; Suttiprasit and McGuire,

1992) due to the optical flatness, smoothness, and specularity of their surfaces. Protein
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films that form on silica surfaces are the outcome of true adsorption events, rather than

simple entrapment caused by surface irregularities. Silica surfaces were chemically

modified to mimic hydrophilic and hydrophobic properties of food contact material. The

surfaces were treated with dichlorodimethylsilane (0.01 or 0.1% DDS) in xylene to create

two surface types of different hydrophobicities according to the procedure of Krisdhasima

et al. (Krisdhasima et al., 1 992a). This process was employed since bacterial adhesion is

significantly influenced by the hydrophobicity of the surface (Absolom et al., 1983;

Samuelsson and Kirchman, 1990).

Adsorption Protocol

Nisin (lots # NP 26/2 and NP 72) was obtained from Aplin and Barrett (Dorset,

U.K.) with an activity of 5 x 107 U/g. Nisin solutions were prepared in pH 7 phosphate

buffer (0,01 M), by first dissolving nisin in a monobasic phosphate buffer (0.01 M), and

then adding sufficient dibasic phosphate buffer (0.01 M) to produce a solution with a final

pH of 7. For the control samples, nisin (1.0 mg/mL; pH 7) was inactivated by autoclaving

at 12 1°C for three hours. Inactivity was confirnied by agar well diffusion bioassay using

Pediococcus pentosaceus FBB-61-2 as the sensitive indicator strain (Daeschel et al.,

1991).

To prepare a material with adsorbed nisin, silanized silica surfaces were immersed

in solubilized nisin for 8 hours at 25°C. Surfaces were rinsed in 20 mL phosphate buffer to

remove non-adsorbed nisin. Care was taken during all transfers to prevent the surfaces

from drying. Once prepared, the surfaces could be tested for activity by bioassay

(Daeschel et al., 1991), or used as a substrate for adhesion of L. ni000cytogenes.



Ellipsometric Measurement of Adsorbed Mass of Nisin

In this study an automated ellipsometer (Model Li 16 C, Gaertner Scientific Corp.,

Chicago, IL) was used to continuously measure the adsorbed mass of nisin films formed

on silanized silica surfaces, in situ. The adsorbed mass of nisin on each surface was

calculated from film optical properties by a Lorentz-Lorenz relationship according to

Krisdhasima et al. (i992b). For this purpose it is necessary to know the protein's specific

volume and molecular weight: molar refractivity ratio (M/A). For nisin, the specific

volume (0.8 18 cm3/g) and the M/A (3.777 g-cm3/mole) were estimated, according to the

method of Pethig (i979), with unusual amino acid residues treated as neutral, rather than

hydrophobic or hydrophilic.

Silanized silica surfaces were placed in phosphate buffer to obtain an initial bare

surface reading. Then the buffer was carefully removed, nisin solution was added, and the

adsorption process was allowed to continue for four hours. Loosely bound nisin

molecules were removed by rinsing in situ with buffer before the final value of adsorbed

mass was recorded.

Bioassay for Nisin Activity

Determination of activity levels for adsorbed nisin was based on a bioassay

procedure (Daeschel et al., 1991) that was slightly modified to accommodate solid samples.

Bioassay plates were prepared by autoclaving MRS medium (Difco, Detroit, MI) at 12 1°C

for 15 minutes, and then inoculating the tempered medium with 0.1% Pediococcus

pentosaceus FBB 61-2 as the sensitive indicator strain. The medium was poured into petri

plates to a depth of 5 mm, and stored at 4°C until needed. The activity of adsorbed nisin

was determined by placing each disk face down on the medium. Each bioassay plate

included standards that were prepared by placing 10 pL of a known nisin concentration
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onto a silanized disk. All samples were tested in triplicate. Bioassay plates containing

experimental samples were held at 4°C for 24 hours, and then incubated at 37°C for

outgrowth of the indicator. Nisin activity was quantified on each disk by measuring the

width of the zone of inhibition. The logio concentration of each nisin control (U/mL) was

plotted against the square of the colTesponding zone width to obtain a line (R > 0.98) for

calculating nisin activities of the samples.

Imaging of Attached L. monocytogenes

Images were obtained with a Cohu camera (Cohu Inc., San Diego, CA) mounted

on an Epistar incident light microscope (Cambridge Instruments). The incoming video

signal was digitized to eight bits of accuracy per pixel by a Visionplus-AT board (Imaging

Technology Inc.) before storage in frame memory. The frame grabber's display logic then

converted the pixels back into an analog format for video monitor display. Each stored

image had a resolution of 640 x 480 pixels with a range of 256 gray values. Ten to twenty

images (of 2,500 j.im2 each) were digitized from each surface. Cells were enumerated, and

their lengths and areas were measured and averaged by Image-Pro Plus (Silver Spring,

MD) processing software including a descriptive statistics program.

To study the growth of adhered bacteria, surfaces with adsorbed nisin were

transferred to a peth dish containing a 24-hour culture of L. nionocyto genes. Cells were

allowed to adsorb to each surface for three hours before being gently rinsed in phosphate

buffer, and prepared for microscopic image analysis. Wet surfaces were placed on a slide,

coverslipped, and scanned at lOOx with an oil immersion lens until a representative field of

adhered bacteria was located. Then an image of the chosen field was routinely recorded for

12 hours. Periodically, BHI broth was added dropwise to the edge of the coverslip to

provide nutrients for the growing bacteria. Each surface type was tested in duplicate, and
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the areas of at least 15 representative cells per image were measured. The average change

in cell area was converted into a percentage based on the initial size of each cell.

Cell Viability

lodonitrotetrazolium violet (INT)(Sigma, St. Louis, MO) was prepared as a 0,4%

(wtivol) solution using distilled water. This solution was added to a L. nionocyto genes

culture at a ratio of 1 mL INT to 10 mL culture, and held for one hour at 25°C. During this

time the 244-iodophenyll-3-114-nitrophenyl]-5-phenyltetrazolium chloride would be

reduced to iodonitrotetrazolium formazan by the electron transport system of actively

respiring cells (Zimmermann et al., 1978). The optically dense formazan crystals were

observed using bright field microscopy. This provided a convenient means of

differentiating viable cells (darkly stained) from non-viable bacteria that did not contain

formazan crystals.

RESULTS

Ellipsometry studies enabled construction of an isotherm showing a general

increase in adsorbed mass with increasing solution concentrations of nisin (Figure 3.1).

Values of adsorbed mass were reproducible at low nisin concentrations, but became

increasingly more difficult to replicate at higher concentrations. Most attempts to determine

the adsOrbed mass of nisin at 1.0 mg/mL failed to produce results, suggesting that nisin

molecules at that concentration were not adsorbing onto the surface in a simple monolayer.

After each 4 hour nisin- surface contact, the surfaces were rinsed for 30 minutes in buffer,

and then a final adsorbed mass was recorded. Post-rinse values were significantly lower,

indicating that many nisin molecules were only loosely held, thus easily removed during
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Figure 3.1
The adsorbed mass of nisin on suifaces of a.) low and b.) high hydrophobicities

as a function of nisin concentration before (0) and after (I) a buffer rinse.
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rinsing. These observations were true for both surface types; however values of adsorbed

mass were generally higher on surfaces of higher hydrophobicity.

The activity of nisin at these interfaces was largely dependent on surface

hydrophobicity. Surfaces of low hydrophobicity generally displayed more nisin activity

than surfaces of higher hydrophobicity across a range of nisin concentrations, (Figure 3.2),

in spite of the finding that nisin adsorbed in greater amounts on the more hydrophobic

surfaces.

Surfaces with active nisin clearly inhibited cellular growth, and most likely killed

the listeriae which had adhered. This was confirmed when the cells were exposed to TNT,

a tetrazolium salt that can be used to detect actively respiring bacteria. The images in Figure

3.3 show formazan crystals produced when INT was reduced by the electron transport

chain of viable L. monocytogenes cells. Figure 3.3a shows cells adhered to a surface

covered with inactivated nisin. The rapid TNT uptake and uniform staining gave clear

evidence that these bacteria were alive and actively respiring. However in Figure 3.3b, the

cells that had adhered to a nisin-coated surface showed no evidence of TNT uptake,

indicating that they were no longer viable.

Surfaces were allowed to contact nisin solutions of low and high concentration (0.1

mgJmL and 1.0 mg/mL) to test the efficacy of adsorbed nisin against L. nionocyto genes.

The photomicrographs in Figure 3.4 depict the cellular integrity of adhered L.

nionocytogenes cells on a hydrophobic surface exposed to 1.0 mg/mL of nisin for 8 hours.

Figure 3.4a is the image after the initial adhesion of L. monocytogenes, while Figure 3.4b

was obtained four hours later. The number of adhered cells and their average cell length

remained essentially unchanged. No cells appeared to be dividing; however, several

seemed to be losing their cellular integrity and were visibly fading from the surface. The

image in Figure 3.4c was obtained 8 hours after contact with L. monocytogenes. The

adhered cells had not increased in size, and there was no evidence of cellular division.
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Figure 3.3
Lisreria monocvtogeizes adhered to hydrophobic silanized silica surfaces with
adsorbed nisin after exposure to INT for 1 hour at 25°C. a.) Surface treated
with inactivated nisin (1.0 mglmL), and b.) active nisin (1.0 mg/mL).
Bar = 3j.im.

More of the cells were beginning to appear as empty shells remaining in their former

positions. After 12 hours (Figure 3.4d), there was still no increase in cell length among

the attached cells, nor had any cells undergone reproduction. The average decrease in total

area occupied by attached cells was 4% (±6%) on highly hydrophobic surfaces, and 9%

(±6%) on surfaces of lower hydrophobicity. About 20% of the cells were still viable on

each surface. Surfaces contacted with a lower concentration of nisin (0.1 mg/mL) before

exposure to L. nwnocytogenes produced similar results. The cells neither grew nor

reproduced in 12 hours.

The images displayed in Figure 3.5 were obtained after adhesion of cells onto a

surface that had been contacted with inactivated nisin for 8 h. In Figure 3.5a, several cells

appeared almost ready to divide. Listeria nionocytogenes cells retained some degree of

motility even when they were adhered, thus active cells sometimes appeared blurred when

they were not entirely in the plane of focus as the image was captured. The same field was

observed 4 hours later (Figure 3.5b). The average cell length of the adhered cells had

visibly increased, and more cells appeared ready to divide. After eight hours (Figure 3.5c),
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Figure 3.4
Listeria monocvtogenes adhered to a silanized silica surface with adsorbed
nisin following a.) 0, b.) 4,c.) 8, and d.) 12 hours of cell contact. Bar = 3j.xm.

the cells had continued to grow, and many were beginning to divide. No cells showed any

signs of lysis or disintegration as was seen when exposed to surfaces with adsorbed nisin.

After 12 hours (Figure 3.5d) many of the attached cells had begun to divide. All cells

appeared healthy and continued to show signs of growth. Cells that attached to surfaces

with heat-inactivated nisin had an average increase in area of 34% (±6%) on highly

hydrophobic surfaces, but only 27% (±6%) on surfaces of lower hydrophobicity. More

than 95% of the attached cells were viable on all surfaces tested with INT. The adsorbed

mass of heat-inactivated nisin was only slightly lower than for nisin adsorbed in its native

state, regardless of the hydrophobicity of the surface.

The number of adhered cells and their capacity to grow and reproduce were heavily

influenced by conditions at the interface (Table 3.1;). Surfaces treated to be highly
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Figure 3.5
Listerk, monocvtogenes adhered to a silanized silica surface with inactivated
nisin following a.) 0, b.) 4, c.) 8, and d.) 12 hours of cell contact. Bar = 3.tm.

hydrophobic consistently had more adhered cells than did less hydrophobic surfaces.

Protein-free surfaces evoked greater adhesion than nisin-covered surfaces, and surfaces

exposed to heat-inactivated nisin had higher cell attachment than did suifaces exposed to

active nisin at the same concentration (1.0 mgJmL). Lower concentrations of nisin

produced films that allowed more cells to attach.

These studies were repeated using a nisin-resistant strain of L. nwnocytogelzes.

The growth and reproduction of the resistant strain were not inhibited by the presence of

adsorbed nisin on the surface (Table 3.1). The area of the attached cells increased at a rate

comparable to nisin-sensitive L. nionocvtogenes cells on both protein-free and surfaces
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with heat-inactivated nisin. The number of cells adhered to each surface, however, was

generally 2 to 3 times higher for the nisin-resistant strain.

TABLE 3.1
Attachment of nisin-sensitive and nisin-resistant strains of L. nionocytogenes to
nisin films, and protein-free surfaces.

SENSITIVE RESISTANT
Substrate for Surface Adhered Increased Adhered Increased
Cell Adhesion Hydro- Cells* Cell Area Cells** Cell Area

phobicity (106 cells/cm2) (%) (106 cells/cm2) (%)

Protein-free Low 7.1 28 ± 6 24 20 ± 10
High 8.9 30± 9 24 44± 10

Inactive Nisin Low 4.8 27 ± 6 13 ND
High 6.4 34±6 15 ND

Nisin (0.1 mgJmL) Low 5.2 0 ± 6 20 32 ± 10
High 6.0 0±6 22 16±8

Nisin(1.Omg/mL) Low 2.4 9±5 15 15±8
High 3.0 4±6 18 ND

*5taidaj.d Error of the Means = *54 x 105 cells/cm2 and **31 x 106 cells/cm2

ND = not done

DISCUSSION

Little is known about the antimicrobial behavior of nisin when it is adsorbed to a

surface. Previous research has shown that adsorbed nisin can retain its antimicrobial

activity (Daeschel et al., 1992), but the actual mechanism has not yet been determined.

CulTent thinking about the antimicrobial mechanism of nisin in solution suggests that nisin

moves through the cell wall, integrates into the cell membrane, and forms a pore (Bruno et

al., 1992; Gao et al., 1991; Klaenharnmer, 1993; Ruhr and Sahl, 1985).



These results are consistent with previous reports of nisin's mode of action.

Listeria monocvtogenes cells exposed to surfaces with adsorbed nisin not only failed to

grow, but several appeared to undergo lysis leaving only empty shells adhered to the

surface. Most of the remaining cells failed to reduce the INT salt, suggesting that a

complete failure of their electron transport systems had occurred. Since the quantity of

formazan crystals within each bacterial cell is generally considered to be a function of

respiratory intensity (Zimmermann et al., 1978), it might be argued that the cells lacking

formazan crystals were merely in a state of activity below the level of detectability.

However, previous work has shown that the maximum number of actively respiring

bacteria is obtained within a few minutes, and this number does not change significantly,

even with prolonged INT exposure (Zimmermann et al., 1978). This strongly supports the

hypothesis that non-stained cells were not simply experiencing slower rates of metabolism,

but instead had sustained lethal amounts of membrane damage directly attributable to the

lytic effects of nisin.

It has been consistently shown that nisin is effective against populations of L.

nhoiiocvtogenes (Daeschel etal., 1991; El Khateib et al., 1993; Harris etal., 1991;

Monticello and O'Connor, 1990). The results of this study demonstrated that adsorbed

nisin can decrease cellular adhesion, and can be lethal to L. monocytogenes cells which do

attach. In order to exert its antimicrobial effect, however, the nisin molecule must first

cross the cell membrane. Due to nisin's small size, this can only occur after desorption has

taken place. As with most proteins, nisin undoubtedly experiences some degree of

distortion at the molecular level when it adsorbs. Nisin is considered to be a hydrophobic

molecule, and possibly would experience a larger change in conformation when adsorbing

to a hydrophobic surface, than to a hydrophilic one (Krisdhasima et al., 1992a; Shaw,

1992). Nisin that adsorbs to a surface in an antimicrobially ineffective, or non-desorbable

conformation, would theoretically be unavailable. Therefore, surface-induced changes in
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conformation may account for the reduced amount of nisin activity exhibited on

hydrophobic surfaces, as shown in Figure 3.2.

Cellular adhesion is greatest on hydrophobic surfaces (Absolom et al., 1983). This

relates to the low interfacial energy between water and hydrophilic materials, which serves

to prevent adhesion of hydrophilic bacteria such as L. nionocytogenes (Absolom et al.,

1983; Busscher et al., 1984; Dickson and Koohmaraie, 1989). In this study, cellular

adhesion to surfaces of low hydrophobicity was significantly lower than adhesion to

surfaces of higher hydrophobicity.

The structural changes that occur when a protein adsorbs to a surface may result in

the exposure of previously hidden residues to solution, thereby allowing interfacial free

energy (Lee and Ruckenstein, 1988; McGuire and Krisdhasima, 1991) to be further

reduced by adsorption of a loosely bound outer layer. If this type of multilayer formation

occurs during nisin adsorption, then the adsorbed mass of nisin films after rinsing would

be significantly lower than before rinsing, as was observed in Figure 3.1.

It is also possible that nisin molecules on the surface associate inter-molecularly to

form multimers. Liu and Hansen used electrophoresis (SDS-PAGE) to document the

spontaneous formation of nisin-dimers in concentrated solutions (2.0 mg/mL)(1990). The

formation of nisin multimers would also be consistent with the isotherms in Figure 3.1.

In the bacterial enumeration studies, however, the adsorbed nisin films were not

subjected to extensive rinsing either before or after incubation with cells. This resulted in

the number of attached cells being similar for both surface types, regardless of

hydrophobicity (Table 3.1). This effect was shown in previous studies of attachment by L.

nionocytogenes (Bower, 1994). A comparison of gentle and vigorous (300 mL/min; 4

mm.) rinsing protocols after adhesion of cells revealed that a more vigorous rinse produced

lower cell counts on all surfaces tested, with significantly more cells detached from

hydrophilic surfaces.
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This research visually explored the lytic effect of adsorbed nisin on L.

monocytogenes cells, and thus further supports the hypothesis that the use of adsorbed

nisin as an antimicrobial agent on food contact surfaces may indeed be feasible.
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ABSTRACT

It has been shown that the antimicrobial peptide nisin can retain activity after

adsorption to derivatized silica surfaces. In this study, the effectiveness of adsorbed nisin

was highly dependent upon the characteristics of the surface to which it had adsorbed.

Surfaces of low hydrophobicity typically displayed more nisin activity and less attachment

by Listeria monocyto genes cells than did surfaces of higher hydrophobicity. The activity

of adsorbed nisin was also related to the concentration of the nisin solution from which

adsorption occurred, as well as time. Surfaces placed into solutions of high nisin

concentration (1 mg/mL) had increased antimicrobial activities, decreased adherence of L.

monocyto genes, and fewer viable attached cells. The nisin films produced when surfaces

were exposed to a nisin solution for eight hours retained less activity than those made after

only one hour of adsorption. Preadsorbed nisin films placed in phosphate buffer (0.01 M;

pH 7) for 5, 10, or 15 hours, exhibited progressively less nisin activity, a greater number

of attached cells, and an increase in the number of attached, viable cells. Adsorbed nisin

was only partially resistant to displacement by other proteins. B-Lactoglobulin, when

adsorbed onto a nisin film, caused a significant decrease in nisin activity, and in the number

of L. monocyto genes cells attached to the surface. Similar results were produced by

sequential adsorption with bovine serum albumin. These data provide direction for control

of microbial attachment on food contact surfaces through the use of antimicrobial peptides.

INTRODUCTION

Listeria nionocyto genes is a ubiquitous pathogen that has been implicated in several

outbreaks of foodborne illness (Barnes et al., 1989; Fleming et al., 1985; James et al.,

1985). These cells are capable of adhering to inert surfaces (Herald and Zottola, 1988;

Mafu et al., 1990), and under favorable conditions can proliferate and form hazardous



bioflims (Bille, 1990). It has been demonstrated that nisin can inhibit the growth of L.

monocytogenes (Benkerroum and Sandine, 1988; HalTis et al., 1989; Harris et al., 1991),

thus adsorption of nisin onto food processing surfaces may provide an effective solution to

the problem of listeriae contamination.

Nisin is a small bacteriocin (M.W. = 3,510) synthesized by Lactococcus lactis

subspecies lactis, which has proven effective as an inhibitor of gram positive spoilage

bacteria in foods (Hurst and Hoover, 1993; Ray, 1992). Nisin was affirmed GRAS

(generally recognized as safe) by FDA in 1988 (FDA, 1988), and is now used as a

biopreservative in 57 countries around the world (Hurst and Hoover, 1993). Nisin's most

significant application, however, may be in the control of pathogens contaminating raw and

processed foods.

It has been previously demonstrated that nisin can retain antimicrobial activity after

adsorption to silica surfaces (Bower et al.; Daeschel et al., 1992), but the specifics of the

protein-sin-face interactions have not been fully explored. In general charged amino acids

are located on the exterior of a protein, and can affect adsorption through attractive or

repulsive electrostatic interactions (Glazer, 1976). Intrinsic stability, in addition to

hydrophilic and hydrophobic regions on a protein's surface, can influence its conformation

at an interface (Lundström, 1985). Consequently, even minor alterations in the primary

structure can result in major changes in interfacial activity (Lee and Ruckenstein, 1988).

The size and shape of a protein can also be important factors, since large molecules can

form more non-covalent bonds with a surface, making desorption of the protein less likely

(Mon-issey and Stromberg, 1974). The intrinsic properties of each protein, therefore, will

have a major influence on adsorption kinetics, post-adsorptive behavior, and equilibria.

Adsorbing proteins may undergo structural rearrangements on the surface until they

attain thermodynamically favorable conformations (Lundström, 1985; S haw, 1992). The

changes in orientation and conformation that occur during adsorption depend not only on
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the protein, but on the surface, the sulTounding medium, and the time of adsorption as well

(Andrade et al.,1984; Lee and Ruckenstein, 1988; Lundström, 1985). The unfolding that

occurs after adsorption can be directly quantified by measuring the decrease in a-helix

content by circular dichroism before and after adsorption to colloidal particles (Kondo et

al., 1991; Kondo et al., 1992; Norde and Favier, 1992).

Numerous studies have detailed the adsorption of protein from single-component

solutions at an interface, however, there are fewer references for research involving

sequential and competitive adsorption. It is known that introduction of a second protein to a

previously adsorbed film may result in some degree of displacement if the second protein

has a more favorable electrostatic interaction with the surface (Arai and Norde, 1990;

Shirahama et al., 1990).

Nisin adsorbed to food contact surfaces may have the potential to control

pathogenic organisms such as L. nionocytogenes in our food supply. The purpose of this

study was to evaluate the effect of different adsorption conditions on the antimicrobial

activity of adsorbed nisin.

MATERIALS AND METHODS

Bacterial Culture

Listeria nionocyto genes Scott A was originally obtained from C. Donnelly,

University of Vermont. The culture was maintained at 25°C in BHI broth (Difco

Laboratories, Detroit, MI). It was prepared for inoculation by subculturing into a

protein-free medium consisting of 21 g/L of RPMI 1640 (Sigma, St Louis, MO), 20 g/L

of casamino acids (Difco Laboratories, Detroit MI), and supplemented with 10 g/L of

glucose. These cultures were grown at 25°C with transfers eveiy 24 hours for two days



prior to the start of each experiment. Inoculation density was approximately 109 cells/mL as

enumerated on BHI agar.

Preparation of Hydrophobic Surfaces

Polished silicon wafers (1-0-0 orientation, resistivity = 0.4 to 0.7 c2/cm,

phosphorus doped) were obtained from Wacker Siltronics (Portland, OR). Each surface

was circular with an area of 1 cm2. These have proven to be ideal for electro-optical

investigation of protein adsorption (Krisdhasima et al., 1992a; Suttiprasit and McGuire,

1992) due to the optical flatness, smoothness, and specularity of their surfaces. Protein

films which form on silicon surfaces are the outcome of true adsorption events, rather than

simple entrapment caused by surface irregularities. Silica surfaces were chemically

modified to mimic hydrophilic and hydrophobic properties of food contact material. The

surfaces were treated with dichiorodimethylsilane (0.01 or 0.1% DDS) in xylene to create

two surface types of different hydrophobicities according to the procedure of Krisdhasima

et al.(Krisdhasima et al., 1992a). This process was employed since bacterial adhesion is

significantly influenced by the hydrophobicity of the surface (Absolom et al., 1983; Mafu

et al., 1991).

Protein Solutions

Nisin (lots # NP 26/2 and NP 72) was obtained from Aplin and Barrett (Dorset,

U.K.) with an activity of 5 x 10 U/g. Nisin solutions were prepared by first dissolving

0.1 mgJmL of nisin in a monobasic phosphate buffer (0.01 M), and then adding sufficient

dibasic phosphate buffer (0.01 M) to achieve a final pH of 7. Solutions of bovine B-

Lactoglobulin (B-Lg) and bovine serum albumin (BSA), (both from Sigma Chemical Co.,



St. Louis, MO), were prepared by dissolving 1 mg/mL of 13-Lg, or 1.81 mg/mL of BSA in

sodium phosphate buffer (0.01 M; pH 7). The choice of B-Lg and BSA for sequential

adsorption studies stemmed from earlier research (Al-Makhlafi et al., 1994) showing that

adhesion of L. monocyto genes to silica surfaces was greatest when 13-Lg was present, and

lowest with BSA. The concentrations of nisin and BSA were prepared to be equimolar

with 1 mglmL of 13-Lg, so that these data could be compared with previous adsorption

studies involving milk proteins.

Adsorption Protocol

To prepare a film of adsorbed nisin, silanized silica surfaces were immersed in

solubilized nisin (0.1 mg/mL) for 1 or 8 hours at 25°C. Surfaces were rinsed in 20 ml of

pH 7 phosphate buffer (0.01 M) to remove non-adsorbed nisin, and then transferred to

phosphate buffer for 5, 10, or 15 hours at 25°C. For sequential adsorption, surfaces with

preadsorbed nisin films were placed into solutions of BSA or 13-Lg for 1 or 8 hours before

being transferred to buffer. Care was taken during all transfers to prevent the surfaces

from drying.

Bioassay for Nisin Activity

Determination of activity levels for adsorbed nisin was based on a bioassay

procedure (Daeschel et al., 1991), with slight modifications to accommodate solid samples

(Bower et al.). Experimental samples were placed on bioassay plates containing 0.1%

Pedjococcus pentosaceous FBB 61-2 as the sensitive indicator strain. Plates were then

incubated at 37°C for outgrowth of the indicator. Nisin activity was quantified on each disk

by measuring the width of the zone of inhibition.
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Enumeration of Adhered Bacteria

Surfaces with adsorbed nisin were transferred to individual petri dishes containing

cells of a 24 hour culture ofL. nionocytogenes grown in protein-free media. Cells were

allowed to adsorb to each surface for three hours before being rinsed (4 mm. at 300

mL/min)(Al-Makhlafi et al., 1994), and prepared for microscopic image analysis. Wet

surfaces were placed on a slide, coverslipped, and scanned at lOOx with an oil immersion

lens until 10 representative fields from each surface had been recorded. Images were

obtained via a Cohu camera (Cohu Inc., San Diego, CA) mounted on an Epistar incident

light microscope (Cambridge Instruments), and processed by a Visionplus-AT board

(Imaging Technology Inc.). Cells were enumerated by Image-Pro Plus (Silver Spring,

MD) processing software which also contained a descriptive statistics program.

Cell Viability

lodonitrotetrazolium violet (INT) (Sigma, St. Louis, MO) was prepared as a 0.4%

(wtjvol) solution using distilled water. This solution was then added to a L.

nionocytogenes culture at a ratio of 1 mL INT to 10 mL culture, and held for one hour at

25°C. During this time the 2-4-iodophenyl]-3-[4-nitrophenylj-5-phenyltetrazolium

chloride was reduced to iodonitrotetrazolium formazan by the electron transport system of

actively respiring cells (Zimmermann et al., 1978). The optically dense formazan crystals

were observed using brightfield microscopy. Cells which did not contain formazan crystals

after 1 hour were considered to be non-viable.
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RESULTS AND DISCUSSION

Activity of Adsorbed Nisin

The activity of adsorbed nisin films decreased when placed in buffer for 5, 10, or

15 hours, regardless of the original nisin solution concentration (0.1 or 1.0 mg/mL), the

adsorption time (1 or 8 hours), or the hydrophobicity of the surface (Table 4.1). For nisin

concentrations of 0.1 and 1.0 mg/mL, the activities were initially similar; however, after 5,

10, or 15 hours in buffer, the films from 1.0 mg/mL of nisin retained significantly more

activity. The adsorption time also had an effect on the activity of the nisin film. Surfaces

exposed to nisin for 8 hours generally had less activity at both concentrations tested than

those exposed to nisin for only 1 hour. The activity of adsorbed nisin was initially highest

on surfaces of low hydrophobicity. This was true for both adsorption times (1 or 8 hours),

as well as for both concentrations (0.1 or 1.0 mg/mL). However, after incubation in buffer

for 5, 10, or 15 hours, the differences in nisin activity between the two surface types were

not statistically significant.

Adhesion of L. monocytogenes to Adsorbed Nisin Films

The concentration of nisin used to produce the adsorbed film significantly

influenced the number of L. monocyto genes cells which were able to adhere. Surfaces

immersed in nisin concentrations of 1.0 mg/mL had fewer cells attached than surfaces

exposed to 0.1 mg/mL, even when incubated for 5, 10, or 15 hours in buffer before being

exposed to bacteria (Figure 4.1). This was consistently true, regardless of adsorption time

(1 or 8 hours) and surface hydrophobicity. The adsorption time also affected the number

of cells which were able to adhere, as shown in Figure 4.2. There were generally fewer



1x108

1x107

-j ixl0

0

lxi 0
0 5 10 15

Film Age (h)

52

Figure 4.1
The effect of film age on the attachment of L. nionocyto genes cells to hydrophobic
surfaces following 1 hour adsorption with 0.1 mg/mL (0), and 1.0 () of nisin.
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cells attached to 1 hour films than to 8 hour films, independent of nisin concentration and

surface type. Hydrophobicity of the surface also influenced the number of cells which

adhered. Highly hydrophobic surfaces typically had more cell adhesion than surfaces of

lesser hydrophobicity (Figure 4.3), regardless of nisin concentration and adsorption time.

Viability of L.monocyto genes on Adsorbed Nisin Films

The viability of L. monocyto genes cells attached to adsorbed nisin films was

significantly influenced by the concentration of nisin (0.1 or 1.0 mg/mL) used during

adsorption. High concentrations of nisin typically resulted in fewer viable cells. The

TABLE 4.1
Activity of adsorbed nisin films (made from low and high concentrations
of nisin) after incubation in buffer for 0, 5, 10, and 15 hours. HL refers to
surfaces of low hydrophobicity, and HB refers to highly hydrophobic surfaces.

Adsorption Surface Type Film Age Nisin Activity (U/cm2L
Time (hours) (0.1 mg/mL)* (1.0 mglmL)**

ihour HL 0 31.0 30
5 10.0 19

10 8.3 16
15 5.3 17

HB 0 29.0 26
5 13.0 20

10 8.0 17
15 6.3 18

8 hours HL 0 26.0 27
5 13.0 17

10 7.6 12
15 7.0 12

HB 0 23.0 25
5 10.0 17

10 5.6 14
15 3.6 14

Standard Error of the Means = *1.6 U/cm2 and ** 3.8 U/cm2
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Figure 4.2
The effect of film age on the attachment ofL. nionocytogenes to hydrophobic
surfaces following adsorption of nisin (0.1 mglmL) for 1 () and 8 (0) hours.
Dotted lines represent the number of cells attached to protein-free surfaces of high
(HB) and low (HL) hydrophobic character.
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Figure 4.3
The effect of film age on the number of L. monocytogenes cells attached to surfaces
of low (0) and high () hydrophobicity following adsorption of nisin (0.1 mg/mL;
8 h). Dotted lines represent the number of cells attached to protein-free surfaces of
high (HB) and low (HL) hydrophobic character.
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adsorption time (1 or 8 hours) did not significantly affect the viability of attached cells.

Prolonged exposure of nisin films to buffer increased the number of viable cells on

surfaces of both low and high hydrophobicities (Figure 4.4), however, in general, more

cells were viable on surfaces of low hydrophobicity.

Antimicrobial Effectiveness of Adsorbed Nisin

The antimicrobial activity of nisin in these cases was possibly influenced by its

conformation on the surface. Nisin is considered an amphiphilic molecule; however, it is

known to possess sections which are predominantly hydrophobic, and would likely

experience a larger change in conformation when adsorbing to a hydrophobic surface than

when adsorbing to a more hydrophilic one, if such structural alteration enhanced surface-

protein hydrophobic association (Krisdhasima et al., 1992a; Shaw, 1992). If greater

molecular distortion does occur when nisin adsorbs to a hydrophobic surface, then a lower

effectiveness of nisin might be expected, which was observed. The activity of nisin (by

bioassay) decreased significantly on highly hydrophobic surfaces, and the number of

attached cells increased, as compared to surfaces of less hydrophobic character, where the

conformational change of nisin may be smaller. On the other hand, adsorption of less

tightly held, outer layers has been observed to be more pronounced on hydrophilic (neutral

and negatively charged) than on hydrophobic surfaces (Arnebrant et al., 1985; McGuire et

al., 1994a; McGuire et al., 1994b). Nisin adsorbed in the loosely held layers would be

expected to retain its activity, but to be rather easily removed relative to the first layer.

It is generally accepted that proteins can adsorb in multilayers. The first layer

consists of tightly bound protein that has undergone a structural change at the surface,

while the outer layers are more loosely bound, and serve to further reduce interfacial free

energy (Arnebrant and Nylander, 1986; Lee and Ruckenstein, 1988; McGuire and
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Figure 4.4
The effect of film age on cell viability, following adsorption of nisin (1.0 mglmL;
8 h) on surfaces of low hydrophobicity (0) and highly hydrophobic surfaces ().



Krisdhasima, 1991). Apparently multilayer formation occurs during adsorption of nisin as

well. Adsorbed nisin films were rinsed for 30 minutes while the change in adsorbed mass

was followed by ellipsometry (Bower et al.). On surfaces of low hydrophobicity, nisin

was easier to remove by rinsing than on highly hydrophobic surfaces, which would be

consistent with lower structural alteration experienced by adsorbed nisin on hydrophilic

surfaces, and/or enhanced outer layer formation. In summary, the structural state of

adsorbed nisin at hydrophilic relative to hydrophobic surfaces as hypothesized here is

consistent with its higher activity; its enhanced desorbability, however, may play a role in

the greater fraction of viable cells observed among the bacteria that do adhere.

The cell surface of L. 'nonocvto genes is generally believed to be hydrophilic in

character (Absolom et al., 1983; Dickson and Koohmaraie, 1989; Mafu et al., 1991). The

low solid-water interfacial energy associated with hydrophilic solid surfaces would likely

inhibit significant adhesion of a hydrophilic bacteria (Busscher et al., 1984). This was

confirmed experimentally by the decreased numbers of L. monocytogenes cells which

were able to adhere to clean hydrophilic surfaces. Viability studies, however, revealed that

more cells were alive on surfaces of low hydrophobicity, despite the higher levels of nisin

activity registered by bioassay and the overall lower number of adhered cells on these

surfaces.

The exact mechanism of nisin's antimicrobial action is not completely understood,

but it is known that nisin disrupts the cytoplasmic membrane of susceptible bacteria causing

leakage of intracellular components, and subsequent cell death (Hurst and Hoover, 1993;

Ruhr and Sahi, 1985). It is thought that when nisin adsorbs to a microorganism, the

hydrophobic sections of the nisin molecule somehow insert into the hydrophobic

membrane of the bacteria (Hansen, 1993). A lethal ion channel is formed when additional

nisin molecules associate with the embedded nisin molecule in a barrel-stave mechanism

(Benz et al., 1991). Barrel staves represent individual peptide molecules positioned with
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their hydrophilic amino acids predominantly on the inside, and their hydrophobic residues

facing outward. The resulting structure would be stabilized by hydrophobic association

with the hydrophobic environment inside the cell membrane. Additionally, this

conformation would orient the hydrophilic sections of the nisin molecule to form a

hydrophilic pore, thereby allowing ions from within the cell to escape.

This theory may help explain the surface influence on nisin effectiveness that was

observed in this study. It is possible that nisin molecules associate to form incomplete

balTel-stave structures when brought together on a crowded hydrophobic surface, with the

exterior of the staves oriented toward the surface. On hydrophilic surfaces, however, the

individual nisin molecules would be more inclined to hydrophobically associate with each

other, thus preventing the premature assembly of a surface-bound barrel-stave structure.

Our data showed lower activity results and higher cell counts when nisin was adsorbed to

hydrophobic surfaces, possibly indicating that the self-assembled barrel-stave fragments

could not easily desorb and embed themselves in the bacterial membrane. The nisin

adsorbed to hydrophilic surfaces, however, would be more freely available to enter the

susceptible microorganism and begin its multi-molecular assembly within the bacterial

membrane. The greater nisin activities and fewer attached cells observed for surfaces of

lower hydrophobicity give some support to this hypothesis.

Elution of Adsorbed Nisin by BSA and B-Lg

When nisin is adsorbed to silanized silica surfaces it can retain significant amounts

of antimicrobial activity. To be of value on food contact surfaces, however, adsorbed nisin

must be able to withstand elution by other proteins. For this study, adsorbed nisin was

tested against two well-characterized milk proteins, bovine serum albumin (BSA) and 13-

Lactoglobulin, (13-Lg). BSA has a molecular weight of 66,000, while 13-Lg is much



smaller (M.W. = 18,400), and usually exists as a dimer at pH 7 (Waistra and Jenness,

1984). Both are globular proteins which carry a negative charge at pH 7.

The activity of adsorbed nisin decreased significantly when either BSA or 13-Lg was

allowed to sequentially adsorb (Figure 4.5). This was true for both surfaces of low and

high hydrophobicity. The results for surfaces following 8 hours of nisin adsorption were

similar, though slightly lower than those following adsorption for 1 hour. The viability of

L. nionocyto genes cells was also significantly affected by sequential adsorption of BSA or

13-Lg (Figure 4.6). An increase in cell viability occurred whenever BSA was added,

regardless of surface hydrophobicity, or adsorption time. Cell viability on surfaces

sequentially adsorbed with B-Lg also increased with film age, however unlike BSA, cells

initially were not viable, and the difference between sequentially adsorbed 13-Lg and single

component nisin was not statistically significant.

Despite a decrease in nisin activity after addition of a second protein, no increase in

the number of attached cells was observed on either 13-Lg (Figure 4.7) or BSA (Figure

4.8). In fact, the number of adhered cells after sequential adsorption more closely

resembled the number found on single component !3-Lg or BSA films, than on single

component nisin films. These results are consistent with data obtained by Al-Makhlafi et

al. (1994) during adsorption studies with BSA and 13-Lg. The absolute number of adhered

cells for 13-Lg varied between the two studies due to minor procedural variations between

researchers. A comparison of B-Lg and BSA, sequentially adsorbed to nisin films,

demonstrated that fewer cells adhered when BSA was the second protein than when B-Lg

was used. This effect has been previously observed (A1-Makhlafi et al., 1994), and is

thought to be due to the difference in structure of these two proteins. The passivating

quality of BSA on surfaces in preventing the attachment of cells has been well documented

(Eberhart et al., 1987; Fletcher, 1976; Tamada and Ikada, 1993), as has the ability of B-Lg

to promote cellular adhesion (A1-Makhlafi et aL, 1994). BSA was less likely to desorb
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Figure 4.5
Activity of adsorbed nisin films (0.1 mg/mL; 1 h) on hydrophobic surfaces
following sequential adsorption of BSA (gray bars) or B-Lg (black bars).
White bars represent nisin films without the addition of a second protein.
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Figure 4.6
Effect of film age on the viability of L. nionocytogenes cells attached to adsorbed
nisin films (0.1 mg/mL; 1 h), following sequential adsorption of BSA () and B-Lg
(A) on highly hydrophobic surfaces, and BSA (0) and 13-Lg () on surfaces of
lesser hydrophobicity.
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Figure 4.7
The effect of film age on the number of L. nionocvto genes cells which attach to
nisin films (0.1 mglmL) following sequential adsorption of 13-Lg for a.) 1 hour on
surfaces of low (0) and high (0) hydrophobicity, and b,) 8 hours on surfaces of
low () and high (A) hydrophobicity. Also represented are single component films
of nisin (dashed lines) and B-Lg (heavy lines) on surfaces of high (HB) and low
(HL) hydrophobicity.
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Figure 4.8
The effect of film age on the number of L. monocyto genes cells which attach to
nisin films (0.1 mg/mL) following sequential adsorption of BSA for a.) 1 hour on
surfaces of low (0) and high () hydrophobicity, and b.) 8 hours on surfaces of
low () and high (A) hydrophobicity. Also represented are single component films
of nisin (dashed lines) and BSA (heavy lines) on surfaces of high (HB) and low
(HL) hydrophobicity.
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from surfaces than 13-Lg (A1-Makhlafi et al., 1994), thus producing fewer protein-free

areas. This would explain the higher cell adhesion on 13-Lg covered surfaces, since more

cells adhere to bare surfaces relative to surfaces with adsorbed protein (Al-Makhlafi et aL,

1994). Additionally, 13-Lg has an average hydrophobicity which is 10% higher than that of

BSA (Cheftel and Cuq, 1985), and hydrophobicity is correlated with cellular attachment.

This study has shown that the effectiveness of adsorbed nisin depends upon the

conditions under which it was adsorbed. More antimicrobial activity was retained when

nisin adsorbed to surfaces of lesser hydrophobic character, especially with high nisin

concentrations, and brief contact times. However, when milk proteins were allowed to

sequentially adsorb, nisin showed limited capacity to withstand elution. Further studies

will be required to fully understand the complex events which occur when a second protein

is sequentially introduced to an interface containing an adsorbed nisin film. This research

was intended to provide direction on optimal use of antimicrobial proteins as an active

barrier to microbial adhesion and biofilm formation.
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CHAPTER 5

ANTIMICROBIAL STABILITY OF NISIN EXPOSED TO DRY AIR HEATING
AND HYDROSTATIC PRESSURE

C. K. Bower and M.A. Daeschel
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ABSTRACT

Nisin is an antimicrobial peptide capable of inhibiting Listeria monocyto genes in

aqueous solutions, as well as when adsorbed to silica surfaces. The effectiveness of nisin

is known to be highly dependent upon its immediate environment, thus considerable

research has been directed toward determining appropriate conditions for its use. In this

study, the thermal stability of adsorbed nisin was tested using dry air heating. Nisin films

that formed on silanized silica surfaces of different hydrophobicities lost activity with

increasing times (0.25, 1, and 24 hours) and temperatures (40, SO, 100, and 120°C). On

surfaces of low hydrophobicity, the residual activity of adsorbed nisin decreased to 65% of

its original value after 15 minutes at 80°C, with only 14% remaining after 1 hour. Nisin

films which adsorbed to highly hydrophobic surfaces lost activity at an even greater rate,

leaving only 50% of the nisin active after 15 minutes at 80°C, and all but 5% destroyed

within 1 hour. Aqueous nisin used in conjunction with high hydrostatic pressure resulted in

greater antimicrobial activity against populations of L. monocyto genes. Applied

individually, high pressure (35,000 psi) decreased a population of L. monocyto genes from

104 to 102 in 15 minutes, while nisin solutions alone (100 U/mL) decreased the number of

cells from 1O to 103. Pressure and nisin applied together resulted in a greater decrease,

from 1O to 101 (15 mm.); however, from these results it appears that the combined effect

of nisin and high pressure is additive rather than synergistic. Adsorbed nisin retained less

activity after exposure to pressure than control surfaces not exposed to high pressure.

I III I (I]J1UI*WII1

Nisin is an antimicrobial peptide (MW = 3,510) produced by Lactococcus lactis

spp.lactis which has demonstrated potential as a biopreservative in a variety of food
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products (Daeschel, 1993; Hurst and Hoover, 1993; Ray, 1992). In 1988 nisin was

affirmed by the FDA as GRAS (generally recognized as safe) for use in processed cheese

spreads to prevent the outgrowth of Clostridium botulinum spores (FDA, 1988). Nisin has

also proven to be inhibitory towards Listeria monocytogenes (Benkerroum and Sandine,

1987; Harris et al., 1989), which has made it of special interest to the food and dairy

industries. Currently, nisin is allowed as a food additive in over 50 countries (Falahee et

al., 1990), and has become established as a safe, effective antimicrobial agent.

One factor which has limited the use of nisin as an antimicrobial agent, however, is

its relatively narrow spectrum of activity. Nisin is active against a range of gram positive

organisms (Delves-Broughton, 1990; Somers and Taylor, 1987), but it is not normally

effective against gram negative bacteria and fungi. Several studies demonstrated the

efficacy of nisin against gram negative bacteria when used in conjunction with chelating

agents (Blackburn et al., 1989; Stevens et al., 1991). Sub-lethal injury to bacterial cells by

freezing, heating, and acid have also resulted in an increased sensitivity to nisin

(Kalchayanand et al., 1992).

The usefulness of nisin would be greatly enhanced if its range of antimicrobial

effects were increased, The objectives of this study were to characterize the antimicrobial

stability of adsorbed nisin when exposed to food processing conditions such as convective

heat, and to determine if high hydrostatic pressure has a synergistic effect when used with

nisin to reduce a population of L. nionocytogenes.



73

MATERIALS AND METHODS

Bacterial Culture

Listeria nionocyto genes Scott A was obtained from C. Donnelly, University of

Vermont. The culture was maintained at 37°C in BHI broth (Difco Laboratories, Detroit,

MI), with transfers every 24 hours for two days prior to the start of each experiment.

Inoculation density was approximately 106 cells/mL as enumerated on BHI agar.

Preparation of Hydrophobic Surfaces

Polished silicon wafers (1-0-0 orientation, resistivity = 0.4 to 0.7 I/cm,

phosphorus doped) were obtained from Wacker Siltronics (Portland, OR). Each surface

was circular with an area of 1 cm2. Silica surfaces were chemically modified to mimic

hydrophilic and hydrophobic properties of food contact material by treating with

dichlorodimethylsilane (0.01 or 0.1% DDS) in xylene to create two surface types of

different hydrophobicities according to the procedure of Krisdhasima et al,(1992).

Bioassay for Nisin Activity

Determination of activity levels for adsorbed nisin was based on a bioassay

procedure (Daeschel et al., 1991), with slight modifications to accommodate solid samples

(Bower et al.). Experimental samples were placed on bioassay plates containing 0.1%

Pedjococcus pentosaceous FBB 61-2 as the sensitive indicator strain. Plates were then

incubated at 37°C for outgrowth of the indicator. Nisin activity was quantified by

measuring the width of each zone of inhibition. The logio concentration of each nisin
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control (U/mL) was plotted against the square of the corresponding zone width to obtain a

line (R > 0.98) for calculating nisin activities of the samples.

Dry Air Heating

Nisin (lot # NP 26/2) was obtained from Aplin and Barrett (Dorset, U.K.) with an

activity of 5 x 107 U/g. Films of adsorbed nisin were prepared for dry air heating on

silanized silica surfaces (of either low or high hydrophobicity), and were immersed in 1

mg/mL nisin solubilized in either sodium phosphate buffer (pH 7, 0.01 M), or citrate

phosphate buffer (pH 3, 0.01 M). After 24 hours the surfaces were rinsed in 10 mL

distilled water to remove non-adsorbed nisin, and dried in a desiccator. Nisin films were

exposed to dry air heating for 0.25, 1, or 24 hours at one of 4 temperatures (40, 80, 100,

or 120°C), while control disks were held at 4°C or 25°C. Residual nisin activity on each

disk was evaluated by bioassay.

High Pressure Studies

Listeria monocyto genes cells from a 15 hour culture were centrifuged and

resuspended in sodium acetate buffer (0.1 M, adjusted to pH 5.4 with 0.01 M acetic acid)

to achieve a final suspension of 106 cells/mL. Solubilized nisin was added to cells to give a

final concentration of 10, 25, or 100 U/mL of nisin. Experimental samples were

individually packaged in polyethylene pouches (Dole Packaged Foods Co., San Jose, CA),

and excess air was expelled before heat sealing. Sample pouches were enclosed in an outer

polyethylene bag filled with distilled water, and submerged in hydrostatic fluid media in an

Autoclave Engineers (Erie, PA) isostatic press, Model # 1P2-22-60. Test samples were

subjected to pressures ranging from 15,000 to 50,000 psi at 23°C, while control samples

were held in a waterbath (23°C) at atmospheric pressure.
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The stability of adsorbed nisin was tested using nisin films adsorbed onto

hydrophobic silicon surfaces, and incubated at 23°C in either a solution of nisin (25,000

U/mI) or buffer of comparable pH and ionic strength. After 4 hours, the disks were

packaged into either a nisin or buffer solution, and half of each group was subjected to

50,000 psi for one hour. Disks were tested for nisin activity by bioassay, and for their

ability to support bacterial adhesion and growth by incubating for 10 hours with L.

monocytogenes (106 cells/mi), followed by enumeration with image analysis. Care was

taken during all transfers to prevent the surfaces from drying.

RESULTS AND DISCUSSION

Stability of Adsorbed Nisin Subjected to Dry Air Heating

Previously it was shown that nisin can be adsorbed onto chemically modified

silicon surfaces that mimic surface energy properties of commercial food contact surfaces

(Daeschel et al., 1992). The noncovalently bound nisin retained its antimicrobial activity

and was of sufficient quantity to act as a potential barrier to microbial adhesion and bioflim

formation. In this study, the thermal stability of adsorbed nisin was tested by exposing

nisin films to dry air heating at temperatures of 40, 80, 100, and 120°C for up to 24 hours.

Nisin films prepared in pH 7 phosphate buffer lost activity with increasing times and

temperatures (Figures 5. la and b). Surfaces with adsorbed nisin subjected to dry air

heating at 40°C retained much of the original activity after 24 hours, whereas at 100°C,

most of the activity was lost after 1 hour. This effect was more pronounced on surfaces of

high hydrophobicity.

This study was repeated using nisin films prepared in pH 3 citrate phosphate buffer

(Figures 5.2a and b). A more acid buffer was chosen for comparative purposes since
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Figure 5.1
The effect of dry air heating at 25 (0),40 (S), 80 (s), 100 (A), and 120°C (D)
on films of nisin adsorbed to silanized silica surfaces of a.) low and b.) high
hydrophobicity, using a pH 3 citrate phosphate buffer.
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aqueous nisin is known to display more activity at lower pHs (Daeschel, 1993). When

nisin films made at pH 3 were subjected to dry air heating, a decrease in the activity of

adsorbed nisin was observed with increasing times and temperatures, similar to the results

seen at pH 7. The overall percentages of active nisin, however, were lower when the films

were prepared in citrate phosphate buffer. From these results it might be hypothesized that

the pH at which nisin adsorbs to a surface affects the conformation and activity of the nisin

molecule on the surface. However, it is equally possible that the pH 7 phosphate buffer,

being nearer to the isoelectric point of nisin (pH 8.9), resulted in greater adsorbed mass on

the surfaces relative to the nisin films prepared in pH 3 buffer. If this were true, then on

surfaces prepared in pH 7 buffer there would be a greater number of nisin molecules,

which might be responsible for the higher residual activity after exposure to dry air heating.

The remarkable heat stability of nisin was first documented in 1949 by Berridge,

who reported that nisin at pH 2 could be boiled for 10-minutes with no loss of activity.

Later studies showed that nisin could withstand autoclaving at 12 1°C for 15 minutes at pH

2 (Hurst, 1981); however, nisin solutions autoclaved near pH 7 lost 90% of their original

activity (Ray, 1992). Since food contact surfaces can be exposed to a wide range of

temperatures during food processing, it will be important to know the effects of dry air

heating on the antimicrobial activity of adsorbed nisin if it is to be used to control the

formation of biofilms.

Nisin Activity after Exposure to High Pressure

Solubilized nisin (10 or 25 U/rnL) added to a population ofL. nionocytogenes

(107) was able to reduce the number of cells by 1 log cycle (Figure 5.3), with larger

quantities of nisin resulting in fewer surviving cells. Hydrostatic pressure was also capable

of reducing a population of L. nionocytogenes (Figure 5.4). The inhibition was greatest at
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Figure 5.3
The decrease in a population of L. monocytogenes by 0 (0),
10 (), and 25 UImL () of solubilized nisin.
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high pressures (>40,000 psi), but even 15,000 psi was able to decrease a population of

cells by almost 1 log cycle in 60 minutes. Nisin appears to be stable to high pressure

treatments since nisin solutions subjected to 45,000 psi experienced no loss of activity,

even after 50 minutes (Figure 5.5). Nisin used in conjunction with high pressure resulted

in a decrease in the L. monocytogenes population to a greater extent than when either

pressure or nisin were used alone (Figure 5.6); however, the effect appeared to be additive

rather than synergistic.

Nisin adsorbed to silanized silica surfaces was also subjected to high hydrostatic

pressure (Table 5.1). Disks exposed to 50,000 psi for one hour lost about 85% of their

activity (by bioassay) as compared to the control disks which had remained at atmospheric

pressure. The loss of nisin activity was confirmed by the increase in the number of L.

monocyto genes cells able to attach to nisin films that received high pressure treatment. The

loss of activity might have been due to displacement of nisin from the surface, however, if

nisin had been displaced, then based on its stability to high pressures (Figure 5.5), nisin

should have been detectable in the buffer, yet it was not. Protein-free surfaces placed in

nisin solution (25,000 U/mi) were subjected to high pressure, and found to adsorb less

nisin than surfaces allowed to adsorb nisin under normal conditions. This was supported

by the subsequent increase in L. nionocyto genes growth on the pressure-treated surfaces,

relative to the control disks. Films of adsorbed nisin placed in buffer solution showed

almost total loss of nisin activity after high pressure treatment.

In food processing, high pressure offers certain advantages over conventional

preservation methods such as heat and chemicals, and has been used successfully to

destroy spoilage and pathogenic organisms in a variety of foods (KnolT, 1993; Hoover et

al., 1989). Although the exact mechanism is not completely understood, it is known that

high pressure affects the lipid bilayers in bacterial membranes, as well as the tertiary

structure of the enzymes that make active transport possible (MacDonald, 1984). This
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Table 5.1. Bioassay results and L. monocytogenes enumeration after adsorbed nisin
was exposed to high hydrostatic pressure.

No Pressure 50.000 psi (1 hour)

Residual Attached Cells Residual Attached Cells
Activity cells/cni2 Activity L11 cells/cm21

Nisin adsorbed to a surface,
then placed in nisin solution 100 % 1.9 ±0.5 18 % 4.9 ±0.6
(25,000 U/mL)

Nisin adsorbed to a surface,
then placed in buffer solution 10 % 2.5 ±0.8 0 % 3.1 ±0.6

Protein-free surface
placed in a nisin solution 100 % 7.4 ±1.3 14 % 11 ±3.1
(25,000 U/mL)

leads to altered permeabilities of the membrane, and eventually cell death. Studies

involving L. monocyto genes demonstrated that a population of 106 CFU/mL could be

killed by exposure to 50,000 psi in 80 minutes at 23°C in ultra high temperature-processed

milk (Styles et al., 1991). Hydrostatic pressure (22,000 psi) was also used in conjunction

with lyric agents such as lysozyme, lipases, and proteinases. The combination was found

to weaken the rigid bacterial walls and lower microbial populations in fluid food mixtures

(Popper and Knorr, 1990); however, no synergistic effects were observed. Kalchayanand

et al. (1994), found that high pressure treatments caused sublethal injury and cell death to

L. monocyto genes cells, and that this effect was increased in the presence of a bacteriocin.

In summary, adsorbed nisin appeared to be relatively heat stable at temperatures

less than 40°C, although its thermal stability was always lower at hydrophobic interfaces.

In the presence of high pressure (50,000 psi) aqueous nisin retained full antimicrobial

activity, while adsorbed nisin lost most of its activity within 1 hour. This research was
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intended to provide direction on how to utilize antimicrobial proteins as an active barrier to

microbial adhesion and subsequent biofilm formation.

REFERENCES

Benkerroum, N., and W.E. Sandine. 1987. Inhibitory action of nisin against
Listeria monocytogenes. J. Dairy Sci. 71: 3237-3245.

Berridge, N.J. 1949. Preparation of the antibiotic nisin. Biochem. J. 45:486-493.

Blackburn, P., J. Polak, S. Gusik, and S.D. Rubino. 1989. Nisin
compositions for use as enhanced broad range bacteriocins. International patent
application number. PCT/IJS 89/ 02625. International publication number W)
89/12399, Applied Microbiology. New York, NY.

Bower, C.K., J. McGuire, and M.A. Daeschel. 1995. Suppression of Listeria
rnonocvto genes colonization following adsorption of nisin onto silica surfaces.
App!. Environ. Micro. In Press.

Daeschel, M.A. 1993. Applications and interactions of bacteriocins from lactic acid
bacteria in foods and beverages. p. 63-9 1. In: D.G. Hoover and L.R. Steenson
(eds), Bacteriocins of Lactic Acid Bacteria. Academic Press Inc., San Diego, CA.

Daeschel, M.A., D.S. Jung, and B.T. Watson. 1991. Controlling wine malolactic
fermentation with nisin and nisin-resistant strains of Leuconostoc oenos. Appl.
Environ. Microbiol. 57:601-603.

Daeschel, M.A., J. McGuire, and H. A1-makhlafi 1992. Antimicrobial activity of
nisin adsorbed to hydrophilic and hydrophobic silicon surfaces. J. Food Prot. 55:
73 1-735.

Delves-Broughton, J. 1990. Nisin and its uses as a preservative. Food Technol.
44(11): 100-112.

Falahee, M.B., M.R. Adams, J.W. Dale, and B.A. Morris. 1990. An enzyme
immunoassay for nisin. Intl. J. Food Science and Tech. 25: 590-595.

Food and Drug Administration. 1988. Nisin preparation: affirmation of GRAS
status as a direct human food ingredient. Fed. Reg. 53: 11247.

Harris, L.J., M.A. Daeschel, M.E. Stiles, and T.R. Klaenhammer. 1989.
Antimicrobial activity of lactic acid bacteria against Listeria monocytogenes. J.
Food Prot. 52: 384-387.

Hoover, D.G., C. Metrick, A.M. Papineau, D.F. Farkas, and D. Knorr.
1989. Biological effects of high hydrostatic pressure on food microorganisms.
Food Tech. 43:99-107.



74
røpj

Hurst, A. 1981. Nisin. Adv. App!. Microbiol. 27:85-123.

Hurst, A., and D.G. Hoover. 1993. Nisin, p. 369-394. In: P.M. Davidson and
A.L. Branen (eds.), Antimicrobials in Foods, Marcel Dekker, Inc. N.Y.

Kalchayanand, N., M.B. Hanlin, and B. Ray. 1992. Sublethal injury makes
gram-negative and resistant gram-positive bacteria sensitive to the bacteriocins,
pediocin AcH and Nisin. Letters in Applied Microbiology 15:239-243.

Kalchayanand, N., T. Sikes, C.P. Dunne, and B. Ray. 1994. Hydrostatic
pressure and electroporation have increased bactericidal efficiency in combination
with bacteriocins. Appl. Environ. Micro. 60:4174-4177.

Knorr, D. 1993. Effects of high-hydrostatic-pressure processes on food safety and
quality. Food Tech. 47 (6):156-161.

Krisdhasima, V., J. McGuire, and R. Sproull. 1992. Surface hydrophobic
influences on B-Lactoglobulin adsorption kinetics. J. Colloid Interface. Sci. 154:
337-350.

MacDonald, A.G. 1984. The effects of pressure on the molecular structure and
physiological functions of cell membranes. Phil. Trans. R. Soc. Lond. B. 304:47-
68.

Popper, L., and D. Knorr. 1990. Applications of high-pressure homogenization for
food preservation. Food Tech. vol 44 (7):84-89.

Ray, B. 1992. Nisin of Lactococcus lactis ssp. lactis as a food biopreservative. p. 207-
264. In: B. Ray and M. Daeschel (eds.), Food Biopreservatives of Microbial
Origin, CRC Press Inc., Boca raton, Florida.

Somers, E.B., and S.L. Taylor. 1987. Antibotulinal effectiveness of nisin in
pasteurized processed cheese spreads. J. Food Protect. 50: 842-848.

Stevens, K.A., B.W. Sheldon, N.A. Kiapes, and T.R. Klaenhammer. 1991.
Nisin treatment for inactivation of Salmonella species and other gram-negative
bacteria. Appi. Environ. Microbiol. 57:3613-3615.

Styles, M.F., D.G. Hoover, and D.F. Farkas. 1991. Response of Listeria
monocyto genes and Vibrio parahaeniolyticus to high hydrostatic pressure. J. Food
Sci. 56:1404-1407.



CHAPTER 6. SUMMARY

The objectives of this thesis were to explore the characteristics of nisin adsorbed to

surfaces, and to evaluate the potential of adsorbed nisin to suppress bacterial growth.

These data have shown that nisin in an adsorbed state can retain sufficient activity to inhibit

the growth and reproduction of Listeria monocytogenes. The antimicrobial effect was

found to be greater on silica surfaces of low hydrophobicity, exposed to high

concentrations of nisin (1.0 mg/mL) for relatively short times (1 hour). Nisin films

produced under these conditions exhibited more activity and fewer attached cells than when

made from lower concentrations of nisin (0.1 mg/mL), or allowed to undergo adsorption

for longer times (8 hours).

Adsorbed nisin was relatively stable when exposed to convective heat of 40°C for

24 hours; however, higher temperatures resulted in substantial activity loss, especially at

hydrophobic interfaces. A significant decrease in the activity of adsorbed nisin occurred

when a second protein was sequentially introduced, possibly due to elution.

This research has shown the potential of adsorbed nisin to control attachment of L.

n1onocto genes to model food contact surfaces. Novel methods for controlling bacterial

adhesion, such as using nisin in an adsorbed state, may serve to inhibit pathogens and

thereby contribute to a safer food supply. This direction of study will be valuable for better

understanding the relationship between surfaces and microbial adhesion.
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APPENDIX A

SURFACE TENSION STUDIES WITH NISIN

ABSTRACT

The decrease in surface tension for nisin (M.W. = 3,510) in phosphate buffer (0.01

M, pH 6) was measured at the air-water interface using a liquid surface tensiometer. For

low nisin concentrations (1.46 x 10-3 mglmL) there was an induction period before the

surface tension began to decrease. Steady-state conditions occulTed within 2 hours for low

concentrations of nisin, while higher concentrations (0.146 mglmL) achieved equilibrium

conditions in less than 1 hour. These studies were repeated using equimolar solutions of

the amphiphilic dairy protein 13-casein (M.W. = 24,000) in phosphate buffer (0.01 M, pH

6). At low concentrations (0.01 mg/mL), 13-casein did not display an induction interval.

Instead it immediately adsorbed to the interface attaining equilibrium in just over 1 -hour.

Higher concentrations of 13-casein (1.0 mg/mL) also rapidly adsorbed at the interface, and

reached equilibrium within 3 hours. Tensiometer studies can provide insight into the

adsorption processes of proteins at an interface, as well as the conformational

rearrangement and relative number of noncovalent contacts per molecule.

INTRODUCTION

Proteins are surface active molecules that contain both polar and non-polar

components. In the bulk liquid, proteins experience a generally balanced force field from

the surrounding molecules, but when situated at an interface they are subjected to

unbalanced forces causing the molecules to pack into the interface. This is known as

surface pressure (fl), and depends on many factors, including the size, charge, and
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flexibility of the adsorbing protein (Graham and Phillips, 1979). For an air-water

interface, the native molecules must first penetrate the interface, then unfold and rearrange

for optimal packing. Initially the adsorption is controlled by diffusion according to the size

of the molecule and its concentration in the bulk (Graham and Phillips, 1979). At low

surface coverage, every protein molecule that arrives at the interface is able to adsorb.

Eventually, a steady-state is achieved as molecules adsorb and unfold at the interface, or are

displaced by other molecules with more favorable adsorption characteristics. Equilibrium

is reached when the interface is saturated, and all of the molecules have rearranged to their

preferred orientation (Graham and Phillips, 1979; Ross and Morrison, 1988). The purpose

of this study was to individually evaluate the surface pressures (H) of both nisin and B-

casein solutions at an air-water interface.

MATERIALS AND METHODS

Protein Solutions

Nisin (lot # NP 26/2) was obtained from Aplin and Barrett (Dorset, U.K.) with an

activity of 5 x 10 U/g. Nisin solutions were prepared in pH 6 phosphate buffer (0.01 M)

at 1.46 x 10-3 and 1.46 x 10-1 mg/mL. Solutions of bovine B-casein (Sigma Chemical

Co., St. Louis, MO) were prepared at concentrations of 0.01 and 1.0 mglmL to be

equimolar with the nisin solutions. All buffers were filter-sterilized through 0.2 tm pore

width Nalgene filters (Rochester, New York).

Tensiometer Measurements

Surface tension was measured by a du Nouy Ring Tensiometer (Model No.

70535, CSC Scientific Co., Inc., Fairfax, VA). This method used a platinum iridium ring
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to measure the force required to detach the ring from an air-water interface. The dial

reading was then converted to surface tension using the equation T= 0.5 f F L-1 where f is

the pull on the ring, L is the mean circumference of the ring, and F is a correction factor

which allows for the non-vertical direction of the tension forces (CSC Scientific, 1988).

The measurements (dynes/cm) were converted to surface pressure (mNIm) by subtracting

the corrected surface tension from the original buffer reading.

RESULTS AND DISCUSSION

The increases in surface pressure (H) for two solutions of nisin (1.46 x 10-3 and

1.46 x 10-1 mgJmL) were followed over an interval of 6 hours (Figure A.l). At low

concentrations of nisin, there was an induction period before [I increased and eventually

reached a steady-state value of 10 mN/rn. At high nisin concentrations there was no

induction period, and the equilibrium value was significantly higher (15 mN/rn).

Surface tension data for ix-lactalbumin, f3-lactoglobulin, and bovine serum albumin

have been previously determined by du Nouy tensiometer methods (Suttiprasit et al.,

1992). A fourth daily protein, 13-casein, was chosen for comparative studies with nisin

because of its non-globular structure, and other nisin-like properties. Two concentrations

of f3-casein (0.01 and 1.0 mg/mL) were prepared to be equimolar with the nisin solutions

tested earlier. Low concentrations of 13-casein did not require an induction period before

reaching a steady-state value of 15 mN/rn (Figure A.2). Higher concentrations of 13-casein

attained higher H values (18 mN/rn) before reaching equilibrium.

Surface tension can be used to measure adsorption and surface denaturation

processes of proteins at an interface. The changes that occur depend on the structure of the

adsorbing protein, and the degree of molecular rearrangement that occurs (Graham and

Phillips, 1979). The short-range forces responsible for surface tension are hydrogen



105

II

16

14

10

CID

I.)

2

I 1 2 3 4 5 6 7 8

Time (hours)

Figure A.1
The change in surface pressure at the air-water interface for nisin solutions
at concentrations of 1.46 x 10-3 (0), and 1.46 x 10-1 mg/mL () in phosphate
buffer (0.01 M; 20°C; pH 6).

bonding and London dispersion forces (formerly known as van der Waals forces). Pure

water has a very high surface tension (72.8 dynes/cm at 20 °C) due to its ability to form

hydrogen bonds (Shaw, 1989); however, most solvents, both polar and non-polar, have

surface tension values closer to 30 dynes/cm.

This information can be used to explain the surface activity of proteins relative to

their individual flexibilities and stabilities. Proteins with high surface pressures are

typically very surface active, and are more easily accommodated into an interfacial film.
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Figure A.2
The change in surface pressure at the air-water interface for 13-casein solutions
at concentrations of 0.01 (0), and 1.0 mg/mL () in phosphate buffer (0.01 M;
20°C; pH 6).
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If nisin is to find use as an antimicrobial agent adsorbed to food contact surfaces, it

must be able to withstand displacement by food proteins. Surface tension data can provide

background for adsorbed mass at interfaces and degree of protein unfolding over time.

These studies may be useful for predicting the adsorption characteristics of two or more

proteins competing at an interface.
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APPENDIX B

STRENGTH OF CELLULAR ADHESION ON NISIN FILMS

INTRODUCTION

It has been previously shown that when nisin is adsorbed to silica surfaces, fewer

Listeria rnonocvto genes cells are able to attach. This suggests that adsorbed nisin may be

useful for the control of hazardous biofilms on food contact surfaces. In this study, two

rinsing procedures were used to compare the strength of adhesion of L. nionocytogenes

cells attached to nisin films of low or high activity. The results indicated that the strength

of cellular adhesion was significantly influenced by both the concentration of nisin in the

solution used to produce the film, as well as the degree of hydrophobicity of the surface. A

better understanding of conditions that promote bacterial adhesion may prove useful in the

design of new food contact surfaces.

MATERIALS AND METHODS

Preparation of Hydrophobic Surfaces

Polished silicon wafers (1-0-0 orientation, resistivity = 0.4 to 0.7 /cm,

phosphorus doped) were obtained from Wacker Siltronics (Portland, OR). Each surface

was circular with an area of 1 cm2. Silica surfaces were chemically modified to mimic

hydrophilic and hydrophobic properties of food contact material by treating with

dichiorodimethylsilane (0.01 or 0.1% DDS) in xylene to create two surface types of

different hydrophobicities according to the procedure of Krisdhasima et al.(1992).
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Bacterial Culture

Listeria monocvto genes Scott A was obtained from C. Donnelly, University of

Vermont. The culture was maintained at 37°C in BHI broth (Difco Laboratories, Detroit,

MI). Cells were grown at 25°C in a protein-free media (Bower et al.) for 24 hours prior to

the start of each experiment.

Rinsing Protocol

Nisin solutions (0.1 and 1.0 mglmL) were used to produce adsorbed films on

silanized silica surfaces of both low and high hydrophobicity. Listeria nionocyto genes

cells were allowed to adsorb to each surface for 2 hours before being rinsed manually (10

seconds in buffer) or by flowcell (4 mm. at 300 mL/min)(Al-Makhlafi et aL, 1994).

Surfaces with attached cells were placed on a slide, coverslipped, and scanned at lOOx with

an oil immersion lens until 10 representative fields from each surface had been recorded.

Images were obtained via a Cohu camera (Cohu Inc., San Diego, CA) mounted on an

Epistar incident light microscope (Cambridge Instruments), and processed by a

Visionpius-AT board (Imaging Technology Inc.). Each stored image had a resolution of

640 x 480 pixels with a range of 256 gray values. Cells were enumerated by Image-Pro

Plus (Silver Spring, MD) processing software which also contained a descriptive statistics

program.

RESULTS

It has been previously demonstrated that when nisin is adsorbed to a model surface,

fewer microorganisms are able to attach to that surface (Bower et al.), suggesting that

adsorbed nisin might be useful for controlling the formation of biofilms on food contact
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surfaces. In this study two rinsing procedures were used to compare the strength of

adhesion of L. monocyto genes cells attached to nisin films. More L. monocyto genes

adhered to highly hydrophobic surfaces than to surfaces of lesser hydrophobicity on both

protein-free and nisin-treated silanized silica disks. A gentle rinse (10 seconds in buffer)

displaced fewer cells than a more vigorous rinse (300 mL/min.), regardless of the

hydrophobicity of the surface. Significantly more cells detached from surfaces of low

hydrophobicity independent of the rinsing protocol, indicating that the tenacity of L.

nionocyto genes cells was heavily influenced by the surface. Cellular adhesion was also

affected by the concentration of nisin adsorbed to the surface. Nisin films produced in

solutions of 1.0 mg/mL nisin had fewer cells attached than films from solutions of 0.1

mgJmL nisin, regardless of surface hydrophobicity or rinsing protocol. The ability to resist

bacterial attachment would be a desirable feature when designing a food contact surface,

thus more studies are needed concerning bacterial adhesion and the conditions that promote

it.

Table B.1
Cell counts of L. nionocytogenes (x 105 cells/cm2) attached to silanized silica
surfaces, and then rinsed manually (5 to 10 seconds in buffer), or with a
flowcell (4 minutes at 300 mL/min).

Low Hydrophobicity High Hydrophobicity

Manual Flowcell Difference Manual FIowcell Difference

Protein-free
Control 25 ± 1.1 4.4 ± 0.4 83%

0.1 mg/mL
Nisin ......... 39 ± 0.7 27 ± 1.8 31%

1.0 mg/mL
Nisin ......... 30 ± 0.8 19 ± 0.2 36%

36 ± 1.3 32 ± 1.6 10%

57 ±1.0 60 ±2.9

33±1.3 31 ±1.6 6%
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APPENDIX C

APPLICATIONS OF BACTERIOCINS IN CONTROLLING BACTERIAL
SPOILAGE AND MALOLACTIC FERMENTATION OF WINE:
INTERACTIONS BETWEEN THE BACTERIOCIN NISIN AND

COMPONENTS OF RED WINE*

C.K. Bower, B.T. Watson, and M.A. Daeschel

ABSTRACT

Nisin, a bactericidal polypeptide, has the potential to control malolactic fermentation

in wines and to inhibit spoilage bacteria. Nisin activity has previously been observed to

remain stable in white wines but to decrease in red wines with time. This decrease was

believed to be directly proportional to the concentration of polyphenolic compounds in the

wines. In this study, six phenolic components of grapes and wine (gallic acid, catechin,

myricetin, quercetin, malvidin 3,5-diglucoside, and crude grape tannin), were tested

individually with nisin in a model system. Grape tannin resulted in the largest decrease in

nisin activity. Tannin interaction with nisin was further evaluated using a series of red

wines aged for two, four, and six months before nisin addition. A greater loss of nisin

activity was observed in the wine aged for six months than in the younger wines. Identical

sets of wine, aged for two, four, and six months at either 4°C or 23 °C before nisin

addition, indicated that increased temperature resulted in an increased loss of nisin activity.

This information may be valuable for winemakers who are considering the addition of nisin

to their wines to inhibit (or control) malolactic fermentation and the growth of spoilage

lactic acid bacteria.

*published in Proceedings, 3rd Intl. Symposium: Innovations in Wine Technology, May
25-27, 1992. Stuttgart, Germany.
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INTRODUCTION

Nisin, a bactericidal polypeptide produced by Lactococcus lactis, has been

demonstrated to be active against Gram positive bacteria, but not Gram negative bacteria or

yeast (Hurst, 1981). These antimicrobial properties have proven effective for inhibiting

lactic acid bacteria when undesirable during winemaking (Daeschel et al., 1991; Radler,

1990a; Radler, 1990b). Adding nisin alone or in combination with a nisin-resistant strain

of Leuconostoc oenos may provide winemakers with a means of preventing malolactic

fermentation, or allowing it to be completed with a desirable starter culture.

Nisin may have the potential to replace (or reduce) suffiting agents which are

traditionally added to wines to prevent the growth of spoilage lactic acid bacteria. The

potential applications of nisin are attractive since sulfites are believed to cause toxic

responses in sensitive individuals (Somers and Verette, 1988; Stevenson and Simon,

1981). As a consequence, the U.S. Food and Drug Administration withdrew the GRAS

(generally recognized as safe) status of sulfiting agents in 1986 and required their

declaration on labels when concentrations exceeded 10 ppm (Lewis, 1989).

Extensive studies have shown that nisin is a safe, non-toxic antimicrobial agent that

is non-allergenic to humans (Hurst, 1983; Lipinska, 1977). It has been affirmed as GRAS

by the U.S. Food and Drug Administration (Federal Register, April 6, 1988) for use in

pasteurized cheese spreads at levels up to 250 units/g to prevent the growth and toxin

production of Clostridiurn botulinuni. Nisin has not been approved for use in wines;

however, petitions are currently pending for use of nisin with a broad spectrum of foods

and beverages.

Nisin has been observed to retain activity in white wines but to decrease to less than

90% of original in red wines within 4-months (Daeschel et al., 1990). Since it has been

demonstrated that polyphenolic compounds occur in red, but not white wines (Singleton
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and Esau, 1969), we hypothesize that the decrease in nisin activity seen in red wines may

be the result of nisin binding to the phenolic compounds.

Although rich red wines prior to aging may contain 3,000 to 6,000 mg/L of total

phenols (Singleton and Esau, 1969; Singleton, 1988), more typically, a young red table

wine might contain 1,200 mgJL (Singleton and Esau, 1969). Young white wines contain

fewer, averaging about 200 mgJL (Zoecklein et al., 1990).

Wine phenolics consist of flavonoid (flavan-3-ols, anthocyanins and their

derivatives, and polymeric flavonols), and non-flavonoid components. It is the flavonoids

(sometimes refelTed to as grape tannin), which form the largest group of compounds found

in red wine. Polymeric forms occur as a normal maturation reaction in wine (Somers,

1966; Somers, 1971; Somers and Verette, 1988), when phenolic compounds, such as

anthocyanins, react with the polymeric phenols and polymerize. These reactions create

dimers and trimers with molecular weights between 500 and 3,000 (Singleton, 1988;

Yokotsuka and Singleton, 1987). They may further polymerize to contain 8 to 14

flavonoid units, capable of precipitating protein (Mole and Waterman, 1987; Oh and Hoff,

1979; Yokotsuka and Singleton, 1987). If these polymeric phenols bind to the nisin

polypeptide and inhibit its activity, it may create a problem for winemakers wanting to use

nisin for control of malolactic fermentation. This tannin-protein reaction may be useful,

however, for eliminating residual nisin, just as bentonite, another common fining agent,

has already proven effective in nisin-removal from wines (Daeschel et al., 1990).

The purpose of this investigation was to explore the interactions between nisin and

some of the components found in wines to better understand the factors which contribute to

loss of nisin activity. For winemakers wanting to control malolactic fermentation, inhibit

spoilage lactic acid bacteria, and reduce the use of sulfites, this information may be useful

in determining when to introduce nisin, and what quantity to add.
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MATERIALS AND METHODS

Preparation of Wine Samples

Pinot Noir and Cabernet Sauvignon (1990 harvest) grape obtained from the Oregon

State University vineyards were crushed and destemmed. Then free-run juice (with

minimal skin contact) was separated and fermented like a white wine, while red wiie was

produced by fermentation on the skins in a traditional manner. The new wines were racked

and then frozen in air tight vessels until used.

Wine samples containing varying concentrations of pigments and phenols were

obtained by serially diluting the red wines in 25% increments with the colTesponding white

wines made from free-run juice with minimal pigment and phenolic content. Identical sets

of wine were placed at different temperatures (4°C and 23°C) and allowed to age for two,

four, and six months. Then, 1,000 Units/mL of nisin were added to these wines, and

samples were immediately assayed by agar well diffusion for nisin activity. All wines were

filter-sterilized by 0.2 m membrane filters. Then each tube was completely filled and

sealed with parafilm to reduce oxidation. Samples were stored in the dark.

Model Wine Systems

A sterile model wine system consisting of ethanol (13 % v/v) and tartaric acid (2

g/L) was adjusted to pH 3.5 with KOH. Solutions of five flavonoid and one non-

flavonoid were filter-sterilized and added to aliquots of model wine solution at the levels

given in Table C.1, Nisin was added to each sample at a concentration of 100 Units/mL,

All samples were shielded from light, protected from oxidation, and maintained at a

constant temperature (10°C).
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Table C.!
Concentration of compounds tested with nisin in a model wine system.

Phenolic
Compound

Concentration
(mg/mL)

Myricetina 50
Gallic acida 30
Quercetina 5
Catechina 250
Grape Tanninb 200
Malvidin 3,5diglucosidea 150

a Sigma Chemical Co., St. Louis, MO.
b GFSR, Santa Rosa, CA.

Nisin Assays

A nisin preparation obtained from Aplin and Barrett Ltd. (Trowbridge, U.K.)

contained 3.7 x 10 international units/g (lot code 201H). A working stock solution of

10,000 Units/mi was prepared by solubilizing the nisin preparation in 0.01 N HC1 (pH

2.0) and storing frozen in the dark. Nisin activity was determined by agar well diffusion

bioassay using Pediococcus pentosaceus FBB-6 1-2 as the sensitive indicator strain

(Daeschelet al., 1990). Bioassay plates were prepared by adding a 0.1% inoculum of a

log phase culture of the indicator to 50 ml of tempered MRS agar (Difco Laboratories,

Detroit, MI) that was then poured into petri plates. Wells were made (6.5 mm diameter)

within the agar using a sterile brass cork borer. Standard nisin solutions and nisin-

containing wine samples were added to the wells in volumes up to 100 !.LL. For enhanced

detection of nisin activity, well plates containing samples were allowed to prediffuse for up

to 24-hours at 4°C prior to incubating at 37°C for outgrowth of the indicator.
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Measurement of Wine Pigments

Wine samples were acidified with a pH 1.0 solution of 0.2 N KC1 (i-part) and

0.2 N HC1 (3-parts), and read spectrophotometrically at 520 nm. Anthocyanin

concentrations were calculated from the mean value of duplicate samples according to Beers

Law (C=Abs/c) using a 1% extinction coefficient of c11=380 previously determined for

Vitis vinifera (Watson 1975).

RESULTS AND DISCUSSION

Relationship Between the Quantity of Wine Pigment and Nisin

When nisin was added to wine made from free-mn juice, red wine, and a 50:50

blend of the two, each wine lost a significant amount of nisin activity (Figure C. 1). The

wines containing higher pigment concentration showed the most rapid decrease in nisin

activity, while the wines with the lowest amounts of pigment lost nisin activity at a

proportionally slower rate. Within a period of six weeks, nisin activity was less than 10%

of original in all samples. It is likely that the components responsible for decreased nisin

activity were derived from the grape skins, since the length of skin contact was the only

difference between samples. Grape skins are known to contain high levels of polyphenolic

compounds which are imparted to the wine during fermentation, (Kantz and Singleton,

1990; Ramey et al., 1986). We believe the polyphenolic components from extracted grape

skins may be responsible for the loss of nisin activity in red wines.

To test this hypothesis, six phenolic compounds found in red grapes and wine were

examined individually in a model wine system. Anthocyanins were initially suspected of

contributing to the loss of nisin activity. The model system revealed, however, that
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Figure C.1
The relationship between different concentrations of extractable grape skin
components and nisin activity in red wines, a.) Pinot Noir and b.) Cabernet
Sauvignon, stored for up to six weeks. Wine made from free-run juice (0),
50% free-run plus 50% red wine (I), and wine fermented on the skins (s).
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Figure C.2
Effect of model wine components on nisin activity. Catechin (0), Quercetin (),
Gallic acid (s), Anthocyanin (A), None of the above (0), Myricetin (), Tannin
(), All of the above ().
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anthocyanins were not a significant factor (Figure C.2). The flavonol myricetin showed a

slight effect (20% loss of nisin activity in 6-weeks), however, this did not account for the

large nisin losses that had been observed in red wines. Furthermore, no loss of nisin

activity was seen with catechin, quercetin, or gallic acid over a six-week period. However,

grape tannin caused an immediate 90% decrease in nisin levels when tested in the model

system.

Interactions Between Aged Wines and Nisin

As wine matures there is an increase in the ratio of polymeric to monomeric phenols

(Kantz and Singleton, 1990; Singleton, 1988; Somers, 1971). When nisin was added to

the wines aged for two, four, and six months at 23°C, there was a greater loss of activity

than with the corresponding wines aged at 4°C (Figure C.3). This effect was seen in both

the Pinot Noir and Cabernet Sauvignon wines. When nisin was added to wines aged two,

four, and six months at a constant temperature (either 4°C or 23°C), the resulting decrease

in nisin activity was significantly greater in the older wine samples (Figure C.3). This may

indicate that the polymeric phenols found in the mature wines, reacted more readily than the

compounds prevalent in the younger wines. This was visually evidenced during the nisin

bioassay by a precipitate which was present in the largest quantities in sample wells of

wines aged for six months.
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Figure C.3
Nisin activity in Cabernet Sauvignon wines stored at 4°C (dark bars), and 23°C
(light bars) immediately following the addition of 100 Units/mL of nisin.

CONCLUSION

This research focused on some of the interactions that occur in red wines which

may result in a loss of msin activity. Of six grape and wine phenolics tested, crude grape

tannin was shown to cause the largest decrease in nisin activity. The storage temperature

and the age of the wine at the time of nisin addition were also shown to be factors. Wines

aged for six months before the addition of nisin retained less nisin activity than wines aged

for two months. Wines aged at room temperature (23°C) before adding nisin showed a

greater loss of nisin activity than wines aged at 4°C.
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