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"Antimicrobial Activity of Nisin and Hen Lysozyme" 

CHAPTER 1. Introduction 

Problems with bacterial contamination are widely recognized in the food industry 

and elsewhere. Once formed, bacterial biofilms on food-contact surfaces are much more 

resistant to sanitizers and disinfectants than bacteria suspended freely in solution. Such 

biofilms are characterized by bacteria enmeshed in a matrix of polysaccharides that serve 

to protect the bacteria, while being permeable to bacterial by-products. In addition, 

biofilms may increase energy consumption during fluid flow, due to friction between the 

microbial film and the flowing fluid. There is also the danger that hazardous metabolites 

may be released to the food that is in contact with the film. 

Novel approaches have been proposed for preventing biofilm formation (bacterial 

adhesion) on food-contact surfaces. In particular, antimicrobial agents can be made to 

adsorb to food-contact surfaces. Once the surface has been treated with functional 

antimicrobials, the surface is rendered bactericidal. 

There are many natural compounds that exhibit antimicrobial activity, including 

hen lysozyme (an enzyme) and the bacteriocin, nisin (a surface active peptide produced 

by lactic acid bacteria). In order for such compounds to successfully inhibit bacteria, they 

must maintain their antimicrobial properties upon adsorption. Protein adsorption is 

associated with structural alterations, in which changes in secondary structure occur with 

time. Thus, it can be expected that the protein may show decreased activity after 

immobilization. It has been shown that both lysozyme and nisin are capable of binding to 

surfaces while still maintaining some antimicrobial activity. 

Nisin and lysozyme have different mechanisms for killing bacteria. When used in 

combination, a synergistic effect might result that enhances the antimicrobial effect 

relative to either compound alone. The objectives of this thesis were to characterize the 

antimicrobial activity of mixed films of nisin and lysozyme, and to quantify any 

synergistic effects. 



CHAPTER 2. Literature Review 

2.1 Significance 

Bacterial cells have a natural capability to adhere to inert surfaces. They are able to 

adsorb onto natural surfaces as well as onto artificial surfaces created by man. The 

adhesion process does not happen by itself. There are several factors that serve as driving 

forces for adsorption. Physicochemical forces and exo-polysaccharide compounds that 

are excreted by bacteria primarily mediate adhesion. An important factor that enhances 

adhesion is surface preconditioning with attached macromolecules such as proteins. 

When favorable conditions for bacterial adhesion are present then the process takes place 

and it is possible to observe so-called "biofilm formation". Once a bacterial film has 

formed on the surface, the physico-chemical properties at the surface are altered. From 

sanitation and disinfection standpoints these changes are detrimental. However, these 

changes are beneficial for the bacterium. Since cells are immobilized in such biofilms 

they have increased access to nutrients flowing in the stream, so they can metabolize 

them more efficiently. That, in turn, allows for faster bacterial reproduction rates. Also, 

since they are covered by protective polysaccharides they are more resistant to sanitizers 

and disinfectants as compared to planktonic cells (Frank and Koffi, 1990). Freely 

suspended cells are readily exposed to sanitizer's action from all sides at all angles 

(LeChevallier et al., 1988). A bacterium immobilized in a biofilm matrix is buffered by 

adjacent cells. 

From the above, it is apparent that biofilms can be harmful or advantageous to 

humans. The presence of biofilms in industrial operations or medical technologies usually 

results problems such as energy losses, nutrient depletion, harmful metabolites exuded, 

and so forth (Herald and Zottola, 1988). However, biofilms can be used for production of 

desired metabolites and other bioproducts. A thorough understanding of various factors 

that govern bacterial adhesion at the molecular level is necessary to exploit the potential 

of microorganisms for providing beneficial products, while minimizing detrimental 

effects. This presents several challenges. 



2.2 Bacterial adhesion 

It is important to note that bacteria interact with either inert surfaces (Fletcher & 

Loeb, 1979) or charged surfaces. It has been observed (James, 1991) that negatively 

charged bacteria attach more readily to cationic surfaces. At the same time, 

hydrophobicity of surface and microorganism also plays a very important role. This 

relationship was explored by Absolom et al. (1983). He employed thermodynamic 

principles for prediction of whether or not adsorption will take place. He concluded that 

if adhesion of particular bacteria onto the surface lowers the excess free energy present at 

the interface then adsorption can be expected to occur. The lower state of free energy 

entails higher stabihty of the entire system. According to his findings, it is more probable 

that bacterium of higher hydrophobicity will adsorb more readily to hydrophobic surface 

than a hydrophilic bacterium. This stems from the fact that when hydrophilic bacteria are 

in hydrophilic medium, it is not thermodynamically favorable to arrive at the 

hydrophobic surface since the surface tension between the medium and bacterium is 

much lower than between the bacterium and the surface. 

Bacteria are capable of synthesizing many compounds that can enhance their 

attachment to surfaces. It been asserted (Fletcher & Floodgate, 1973) that exo- 

polysaccharides are involved in such processes. These macromolecules physically link 

bacterial cells to the surface. Also, some bacteria have cellular appendages such as pili, 

fimbria, fibrils and flagella. These structures can facilitate microbial adhesion at the 

surfaces (Hancock, 1991).There are a broad spectrum of papers that address the problem 

of sanitation in relation to biofilms. 

The bacterium Listeria monocytogenes is often used as a model food-borne 

pathogen. Listeria monocyto genes, when in colonies, presents higher resistance to 

sanitizers than planktonic counterparts. Lee & Frank (1991) used L. monocyto genes and 

stainless steel as a model surface. They compared 4-hour and 8-day microcolony 

populations. The 8-day culture had more time for reproduction and microcolony 

formation than 4-hour culture. Consequently, the 4-hour population was more susceptible 

to sanitizers. Frank & Koffi (1990) studied multilayer biofilm formation, which is 

common for many micoorganisms. The multilayer biofilm significantly 



confined penetration of quaternary ammonium compounds. Mosteller & Bishop (1993) 

showed a protective role of glycocalyx. L monocy to genes films exhibited increased 

resistance to sanitizers when covered with glycocalyx. Al-Makhlafi et al. (1994) showed 

that bacterial adhesion is impeded when surfaces are preconditioned with proteins such as 

bovine serum albumin (BSA). 

2.3 Model food-borne microorganism - Listeria monocytogenes 

Listeria monocytogenes is a common microorganism that is hazardous to humans. 

It has been implicated in several outbreaks of listeriosis (Bille et al., 1988, Fleming et 

al.,1985, James et al., 1985). The most pronounced incidents were recorded in Nova 

Scotia (1981), Los Angeles (1985) and Vaud, (Hughey et al., 1989). These reports 

unequivocally proved that L. monocytogenes can be transmitted through various foods. 

The bacterium possesses an uncommon ability to colonize animal and food contact 

surfaces (Prentice et al., 1988, Wehr, 1988, World Health Organization, 1988). The 

microorganism is ubiquitous in the environment and has been isolated from many sources 

such as sewage, vegetable matter, soil, straw, silage, dust, milk (Dijkstra, 1982, Gray & 

Killinger, 1966, McLauchlin, 1987). L. monocytogenes is also often encountered in food- 

processing plants. In a survey conducted by the U.S. Food and Drug Administration in 

1986, 2.5% of inspected dairy processing plants were found to have products 

contaminated by L monocytogenes (Food and Drug Administration, 1986, Prentice & 

Neaves, 1988). 

In many research studies L. monocytogenes has been used as a model food-borne 

microbial target. There are several reasons for choosing this particular microorganism. 

Most importantly it grows at the common refrigeration temperatures, it has a high 

propensity for contaminating chilled meat and dairy products, and it has Gram-positive 

character. 

Listeria monocytogenes can grow in temperatures ranging from 1 to 450C> and its 

growth is not impeded by refrigeration temperatures (Seeliger & Jones, 1986). It is also 

able to withstand highly saline solutions (such as 25 % of NaCl) and low and high pH 

(range from pH of 5.0 to 9.0) for several months (Shahamat et al., 1980). At the same 



time, L. monocytogenes readily re-contaminates products that have already been 

pasteurized (Mossel, 1987). 

The microorganism is capable of adhering to food-contact surfaces (Herald & 

Zottoia, 1988, Mafu et al., 1990) and then to proliferate under favorable conditions (Mafu 

et al., 1990). Once the colony grows, the bacterium secretes extracellular polysaccharides 

that serve as a protective coat and an actual biofilm is formed. Such film formation poses 

several difficulties, especially for food processors. These include increased fluid 

frictional resistance and decreased heat transfer efficiency (Bott, 1990). 

Listeria monocytogenes, a Gram-positive bacterium, is surrounded with a thick 

layer of peptido glycan and anionic polymers (Seelinger & Jones, 1986). The most 

common anionic polymers found in the cell wall are teichoic acid and uronic acid 

containing polysaccharides (known as teichuronic acids). The bacterium is negatively 

charged. This charge results from phosphate groups found in teichuronic acids. Lysine 

residues also contribute positive charges (Hancock, 1991). It is generally assumed that 

the surface of L. monocytogenes is hydrophilic. 

It has been well documented that growth of L. monocytogenes can be inhibited by 

nisin (Benkerroum & Sandine, 1988, Harris et al., 1989, Harris et al., 1991). There are 

also several strategies as to how to apply lactic acid bacteria (LAB) bacteriocins. Since 

they are metabolites of LAB they can be purified and then added directly. It is also 

possible to add fermentation by-products that contain active bacteriocins or to add 

bacteriocinogenic LAB starters into food processing (Daeschel, 1989, 1990). L. 

monocytogenes is also inhibited by hen egg white lysozyme (Hughey & Johnson, 1987, 

Hughey et al., 1989) and addition of lysozyme to certain food products has been shown to 

inhibit growth of L. monocytogenes in those foods (Hughey & Johnson, 1987, Hughey et 

al., 1989. 

2.4 Protein adsorption 

Protein adsorption is of particular interest to food and pharmaceutical industries. 

It is widely recognized that adsorption leads to microbial adhesion. It has been accepted 

that proteins adsorb in multiple states. Lundstrom (1985) presented a model of protein 



adsorption on solid surfaces. It was based on the assumption that proteins can adsorb in 

two states: "native" and "denatured". The model assumed that once a protein is adsorbed, 

it changes its conformation. This fact also explains the increased area occupied by 

adsorbed protein. Lundstrom & Elwing (1990 and further) developed this model 

assuming that adsorbed proteins can undergo exchange reactions with proteins from bulk 

solution. Multiple state protein adsorption is also well documented by elutability studies. 

For instance, Krisdhasima et al. (1993) found that proteins can be bound to the surface 

with different binding strengths. They found that milk proteins were eluted from the 

surface at different times and some of them did not undergo elution. Based on these 

findings they concluded that proteins adsorb in structurally different states, which 

accounts for varying binding strengths between proteins and the surfaces. Bohnert & 

Horbett (1986) used SDS to elute albumin and fibrinogen from surfaces. They also found 

different elution times, which is consistent with the results from Krisdhasima's (1993) 

elutability studies. 

It is widely acknowledged that protein adsorption is considered as an irreversible 

process. This means that the mass of adsorbed protein will not change with elapsed time, 

or the mass change is negligible when the solution in contact with the solid surface is 

depleted of proteins. It is almost always the case that when protein adsorbs onto a solid 

surface it changes its conformation as proven by Lundstrom (1985). Based on this theory 

it can be expected that upon adsorption, protein can have deteriorated activity. It is quite 

understandable that when protein's active site is structurally altered, it entails change in 

activity. 

Protein adsorption onto the surface can be influenced by numerous factors. Some 

of the more important factors are pH, ionic strength, temperature, surface relative 

hydrophobicity and charge, as well as structural protein stability upon 
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adsorption. Elwing et al. (1988) found that adsorbed mass is in most cases higher at 

hydrophobic surfaces as compared to mass that adsorbs on hydrophilic surfaces. They 

carried out their experiments on hydrophobic and hydrophilic silica surfaces and 

employed ellipsometry to investigate changes in protein secondary structure. It is known 

that proteins carry negative and positive charges on their surface and they are one of 

sources of protein-surface interactions. However, most proteins also have so-called 

hydrophobic (apolar) "patches" or "pockets". These hydrophobic areas are responsible 

for protein-surface interactions as well. Moreover, it is generally believed that they are 

more significant forces for protein conformational alterations experienced upon 

adsorption than electrostatic interactions. Due to the presence of hydrophobic regions on 

the exterior of proteins, they unfold to a higher degree during adsorption, which in turn 

entails stronger protein-surface linkage. This phenomenon accounts for the fact that 

proteins in general adsorb more on hydrophobic surfaces relative to hydrophilic 

counterparts. This was substantiated by Elwing's (1988) study, cited above. Ionic 

strength and pH conditions also influence protein stability. Assuming that any of these 

factors will decrease protein conformational rigidity (stability) one can expect that the 

protein will adsorb to the surface more readily, provided that the protein molecule in the 

adsorbed state exhibits higher structural stability. This relationship was investigated by 

Lueyetal. (1991). 

Since protein adsorption occurs in different states; many researchers have 

attempted to model adsorption as a process. Once the interfacial behavior of a particular 

protein is known and certain assumptions are made, it becomes possible to establish 

adsorption models. Krisdhasima et al. (1992) developed a three-rate-constant model (see 

Figure 2.1) assuming that p-lactoglobulin adsorbs in two steps, and that the adsorbed 

protein does not change the interfacial area. In this adsorption model, the protein is first 

adsorbed onto the surface with rate constant ki (depicted as 6i). This step is considered as 

reversible. Once the molecule is adsorbed onto the surface, the protein can either undergo 

conformational changes and adsorb irreversibly as state 02, or it can desorb from the 

surface into the bulk fluid with rate constant k.i. This model characterizes simple protein . 

adsorption assuming only three rate constants and constant interfacial area of proteins in 

"native" and "denatured" state. McGuire et al. (1995, 1995a, 1995c) changed the 



assumption of constant area. Based on the results from their comparative adsorption 

study of wild type bacteriophage T4 lysozyme and its synthetic mutants, they assumed 

that there is high likelihood that proteins occupy different interfacial area dependant on 

adsorption state. They used a parallel adsorption model in which proteins can adsorb 

directly from bulk solution either in state 0i or in state 62. However, proteins that 

adsorbed in state 02 are considered as bound more tightly to the surface and occupy more 

surface area as compared to state 0i. Rate constants ki and k2 govern adsorption into state 

0i and 02, respectively. From this simplistic adsorption model, a more detailed model for 

competitive adsorption of a binary mixture can be derived. In order to have this model 

complete it is necessary to estimate all rate constants that govern adsorption, desorption 

and transition from one state to another. Methods for estimating these rate constants have 

been developed. 

2.5 Antimicrobial agents: nisin and hen egg white lysozyme 

2.5.1 Significance 

It is apparent that proteins can be deliberately applied to various surfaces. If one 

combines the necessity of sanitation in industrial settings or medical applications, and the 

nature of adsorption, novel ideas for addressing those issues become evident. If there is a 

protein that exhibits antimicrobial properties, and at the same time these properties are 

maintained upon adsorption regimes, then such a protein can be applied on surfaces as a 

coating film that will successfully retard bacterial growth. The concept is to precondition 

the surface with appropriate proteins. This idea presents a novel approach to sanitation 

problems because it offers protection from bacterial film formation instead of trying to 

remove bacteria that may already exist on the surface. In this research the antimicrobial 

properties of hen egg white lysozyme and nisin were investigated. 
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2.5.2 Nisin 

Nisin is a bacteriocinogenic protein synthesized and secreted by the dairy 

microorganism Lactococcus lactis subspecies lactis. Molecular weight of nisin is 3510. 

Its activity against Gram-positive bacteria, including some that are hazardous to human 

health such as L. monocytogenes and Clostridium botulinum has been documented 

(Harris et al, 1991, Ray, 1992). Nisin has been documented as having no known harmful 

effects in humans (Fraser, 1962). Nisin is digested in the alimentary system by 

proteolytic enzymes (Cowell et al., 1971; Heineman & Williams, 1966). Nisin's use has 

been approved as safe in foods in 57 countries (Hurst & Hoover, 1993). In USA it is 

categorized by FDA (FDA, 1988) as "Generally Recognized As Safe" (GRAS). 

Nisin is a small polypeptide. Its sequence is made up of 34 amino acid residues 

(see Figure 2.2). Nisin is classified as an lantibiotic. The characteristic of lantibiotics is a 

common sequence of amino acids suggesting that the proteins from this group may have 

very similar evolutionary pathway (Banerjee & Hansen, 1988). It has been proven that 

there are certain residues, such as dehydro residues, that are crucial for nisin activity (Liu 

& Hansen, 1990). Nisin also has five thioether bridges that enhance its stability. In 

addition, nisin is very heat resistant (thermostable) and can retain its activity even when 

autoclaved for 15 min. at 1210C (Ray, 1992b). 

2.5.3 Mechanism of nisin action against Gram-positive bacteria 

It is believed that nisin has a profound impact on cell membrane integrity 

(Garcera et al., 1993, Hurst & Hoover, 1993). Once integrity is deteriorated it triggers out 

cytoplasm leakage and cell death (Ruhr & Sahl, 1985). However, the exact mechanism is 

not completely understood. 

Nisin is believed to use a "barrel-stave mechanism" to inhibit microbial growth 

(Benz et al., 1991). In this mechanism, barrel staves represent singular peptide molecules 

that have their hydrophobic segments facing outward and hydrophilic regions are 



Figure 2.2 Primary structure of nisin. Abu - 2-aminobutyric acid; Dha - 
dehydroalanine; Dhb - dehydrobutyrine; S - thioether bridges; (Shiba et 
al, 1991) 
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gathered in the interior of the protein molecule. First, nisin adsorbs onto the surface of 

susceptible bacterium. Then hydrophobic regions of nisin insert into the hydrophobic part 

of bacterium's membrane (Fleming et al, 1985). Then it is possible for another nisin 

molecule to become attached to an already anchored protein and to form a structure that 

resembles a barrel stave. In this manner a so-called "lethal ion channel" can be formed 

(Benz et al., 1991). Hydrophobic association with the hydrophobic environment inside 

the cell membrane gains additional stability of structure formed in this way. Since the 

hydrophilic regions of nisin molecules embedded in bacterial membrane would be 

protruding, then a pore with hydrophilic walls could be formed. This pore would serve as 

an escape channel for ions from the bacterial cytoplasm, resulting in cell lysis. 

2.5.4 Hen egg white lysozyme 

Lysozyme in contrast to nisin is an enzyme whose molecular weight has been 

estimated as 14,307 based upon amino acid sequence and 14,400 by sedimentation 

equilibrium. The isoelectric point (pi) of lysozyme is 11.35 (Web site: 

sigmal.sial.com/sigma/proddata). The main source for lysozyme is the albumen of hen's 

egg. It can be extracted from the albumen where it is found at the concentration of about 

0.5% (Proctor & Cunningham, 1988). However, it can be also found in other natural 

sources such as cruciferous vegetable, bacteriophage, human saliva, tears, and milk. In 

food applications lysozyme is used as a bio-preservative to extend the shelf life of foods 

such as pickles, meats and dairy products. In particular, in Europe, lysozyme is used as an 

additive to hard cheeses to prevent gas formation and cracking of the cheese wheels by 

saccharolytic, butyric-forming clostridia, especially Clostridium tyrobutyricum 

(Wasserfall & Teuber, 1979). In Japan, lysozyme is used in foods that are easily spoiled 

by LAB. Similar to nisin, lysozyme is extracted from natural sources, and is considered 

as a class I enzyme. 

Lysozyme holds great potential in food preservation due to its high stability and 

activity under wide range of physical conditions (Hayase & Fujimaki, 1975, Laretta- 

Garde, 1987; Proctor & Cunningham, 1988). The activity of lysozyme is a function of 

both pH and ionic strength. Lysozyme is active over a broad pH range (6.0-9.0). At pH 
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Figure 2.4 Mechanism of lysozyme's action against Gram-positive bacteria (web 
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6.2, maximum activity is observed over a wider range of ionic strengths (0.02-0.100) than 

at pH 9.2 (0.01-0.06) (Web site: sigmal.sial.com/sigma/proddata). 

Lysozyme is a positively charged enzyme. Similar to nisin, lysozyme has 

inhibitory activity toward Gram-positive bacteria. Lysozyme catalyzes hydrolysis of the 

1,4-P linkages between N-acetyl-D-glucosoamine and N-acetylmuramic acid in 

peptidoglycan heteropolymers of prokaryote cell walls (see Figure 2.4) (Proctor & 

Cunningham, 1988). Lysozyme possesses a binding site for a hexasaccharide segment of 

peptidoglycan. The substrate is thought to bind in a cleft located between two halves of 

the enzyme molecule. The enzyme promotes catalysis by inducing stearic strain in the 

substrate. The presence of Asp52 and Glu35 on either side of the substrate cleavage site 

aids in catalysis. Lysozyme is often referred to as muramidase and these names are used 

interchangeably. In enzyme systematics, lysozyme appears as hydrolase (o-glycosyl or 

peptidoglycan N-acetylmuramoylhydrolase). There are several slightly different 

structural forms of hen (gallus gallus) egg white lysozyme (see Figure 2.3). As shown in 

Figure 2.3, all are comprised of two chains: A and B. Each chain has 129 amino acid 

residues. There is only one difference in the secondary structure, chain A has 13 P turns 

and chain B has 12 P turns. All the remaining structures are as follows: 1 sheet, 3 strands, 

7 helices, 13 (chain A) or 12 (chain B) P turns, 1 ytum, 1 p bulge, 2 hairpins, 4 disulfide 

bridges (web site: www. biochem.ucl.ac.uk/bsm/pdbsum/). 

Lysozyme is inhibited by indole derivatives, which bind to and distort the active 

site and imidazole, formation of a charge-transfer complex. It is also inhibited by surface- 

active agents such as sodium dodecyl sulfate, sodium dodecanate, and dodecyl alcohol. 

Other compounds of these types will inhibit lysozyme provided that the carbon chain 

present is at least 12 or more carbons in length. Lysozyme is also inhibited by N- 

acetylglucosamine (NAG) and lactone analogs of peptidoglycan (Web site: 

sigmal.sial.com/sigma/proddata). 



16 

2.6 Bioluminescence assays 

The Bioprobe version 2.1 (serial No 000065) manufactured by Hughes Whitlock 

Ltd., Monmouth Gwent, U.K. was employed for this task. The bioprobe device depicted 

in Figure 2.5 allows for the measurement of the number of viable bacteria present either 

on the surface or in the solution. In contrast to conventional methods that rely on 

collecting microorganisms from the surface, the bioprobe allows measurements to be 

taken directly from the surface. There are no specific requirements as to the surface type, 

and measurements can be taken on virtually every type of surface. The surface however 

has to be relatively flat in order to assure that the device will function properly. 

Measurements usually take no longer than one minute. 

The measurement by itself is based on the reaction between ATP (adenosine- 

triphosphate) and liciferin-luciferase system. In the presence of ATP, luciferase emits 

light which is measured by a photomultiplier (luminometer installed in Bioprobe). The 

amount of light generated from the reaction is directly proportional to the amount of ATP 

present in the solution (Patterson et al.,1970). Results from the bioprobe are expressed as 

relative light units (RLU) and therefore it is necessary to construct a standard curve that 

relates RLU to the units of interest. It is also important to note at this point that ATP 

disappears within two hours after cell death (Munsom et al., 1976). Therefore if 

measurement of viable bacteria only is desired, then it is necessary to consider the "two- 

hour gap". 

The Bioprobe is supplied with a reagent kit. The first solution is an extractant. 

The purpose of the extractant is to disrupt cell membranes in order to release ATP from 

inside the cell. Then a second bio luminescent reagent is applied. The active compound in 

the second reagent is the luciferase, an enzyme. So, once ATPs are available the reaction 

takes place and photons are emitted. The emission is amplified by a photomultiplier and 

result is displayed. 
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Vacuum 
seal 

Figure 2.5 Bioprobe version 2.1 employed in the project. 
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CHAPTER 3. Materials and Methods 

3.1 Experimental objectives 

1) Evaluate synergistic effect gained by action of lysozyme and nisin acting 

together at the interface. 

2) Develop bioluminescence protocol to enumerate bacterial cells absorbed to 

the surface. 

3) Develop iodination protocol to determine fractional surface coverage by nisin 

and lysozyme. 

3.2 Nisin and Lysozyme solutions 

3.2.1 Nisin and Lysozyme 

Pure nisin, lot # NP 26/2 and NP 72 was obtained from Aplin Barret (Dorset, 

U.K.) with an activity of 5 x 107 IU '* /g. Nisin was used without further treatment. 

Lysozyme from hen egg white (HEW) was obtained in pure hydrochloride crystal 

form from Fordas Sa. (Lugano, Switzerland). HEW lysozyme was also used without 

further treatment. 

3.2.2 Calculations of Protein Solutions 

Since it was required to work with very small quantities of both proteins in this 

experiment, separate stock solutions of nisin and lysozyme were prepared. A final 

solution consisting of both proteins was then made. The quantities of ingredients needed 

for both stock solutions and the final solution were calculated according to computer 

calculation sheet based on Microsoft Excel (Appendix A). The idea of preparing 

'" IU - International Unit, expresses antimicrobial activity of nisin; one gram of pure nisin corresponds to 4 
x 107 IU (Ray, 1992b) 



24 

solutions in this manner (by dissolving concentrated stock solutions) was to assure the 

possible highest accuracy of measured small quantities. It is quite obvious that preparing 

the final solution by dissolving stock solutions results in smaller errors than preparing 

final solutions from protein powder. 

Both nisin and HEW lysozyme were dissolved in 0.01 M citric buffer (pH = 4.5). 

Citric buffer was prepared by dissolving 0.01 M sodium citrate dehydrate crystals 

(NasCeHsO? x 2H2O, Mw = 294.1) and 0.01 M granular citric acid (H3C6H5O7 x H2O, Mw 

= 210.14) in distilled water. Both chemicals were obtained from Mallinckrodt Specialty 

Chemicals Co., Paris, Kentucky 40361. The total volume of citric buffer was chosen 

according to the needs for a particular experiment. 

3.2.3 Protein ratios 

The ratios of nisin and HEW lysozyme used in the experiment were based on 

molecular weights of both nisin (Mw = 3510) and HEW lysozyme (M* = 14307), 

hereafter referred to as "molecular ratios". This choice was dictated by the considerable 

difference in the size of the nisin and lysozyme molecules and seemed to be most 

reasonable. 

Quantities necessary to prepare final solutions also were calculated based on the 

calculation sheet mentioned above (Appendix A). 

In the experiment four different nisin/HEW lysozyme molecular ratios were 

tested. They are listed below in Table 3.1. 

Table 3.1 Molecular ratios of nisin and HEW lysozyme used in project. 

Molecular ratio # nisin lysozyme 
1 0.10 0.90 

2 0.50 0.50 

3 0.25 0.75 

4 0.90 0.10 
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3.3 Model bacterial target - Listeria monocytogenes. 

Listeria monocytogenes Scott A was originally obtained from C. Donnely, 

University of Vermont and was used in all the experiments throughout the project. The L 

monocytogenes culture was maintained in incubator set at 320C. The culture was 

transferred every 48 hrs, using 5 % as an inoculum for the new culture. However, for the 

use in experiment culture of 11-12 hr (corresponds to absorbance = 0.450-0.470 at 

650nm) of age was used as the most viable culture as based on results from the growth 

curve. The bacterium was grown in brain heart infusion (BHI) broth (Difco Laboratories, 

Detroit, MI). To dissolve the BHI, instruction supplied by manufacturer was followed. 

Once prepared, it was stored in the refrigerator at 440C and used as needed. 

Prior to experimentation, a growth curve of L. monocytogenes was constructed to 

determine age of the culture at which the bacteria are the most viable and vigorous. 

Additionally, based on the constructed curve growth kinetic parameters were calculated. 

The growth curve was based on optical density of growing L monocytogenes in BHI 

broth. A spectrophotometer "Spectronic 20D" (Milton Roy Company) was employed to 

measure absorbance at 650nm. The culture used to establish the curve was transferred 

from 48-hr mother culture as a 5 % inoculum into the BHI broth. The first measurement 

was taken at time "0-hr" and the last one at time "27-hr". The measurements were taken 

every 30 minutes. In order to assure accuracy of the plotted curve the measurement was 

performed in duplicate, one sample from each experiment (total of four measurements at 

once) and two such experiments were carried out on different days. One point on the 

curve corresponds to the mean value of eight measurements. 

Inoculation density was initially measured and thereafter assumed to be 109 

cells/ml when using standardized growth conditions. For all the experiments where L 

monocytogenes was involved a volume of 0.3 ml of the bacterial culture was used. 

3.4 Model Food-Contact Surface. 

Microscope cover glass was chosen as a model food-contact surface. It was 

obtained from Fisher Scientific, Pittsburgh, PA, and sold under the trade name 
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Fisherbrand® Microscope Cover Glass, lot # 12-541 A, size 18 x 18 - 1.5 (1 oz.). The 

surfaces were assumed to be optically flat and without any surface irregularities that 

could influence adsorption. This implies that any film that was formed on the surface can 

be considered as an outcome of pure adsorption phenomena and moreover that the 

adsorption was not associated with simple protein entrapment into surface crevices and so 

forth. 

However, before the experiments were started, surfaces were treated (silanized = 

derivetized) with dichlorodimethylsilane (0.1 % DDS) dissolved in xylene. The 

procedure was very similar to the methods described by McGuire et al. (1995, 1995a). 

The treatment renders surfaces to be either hydrophilic or hydrophobic, where 

hydrophobicity depends upon the concentration of DDS that results in a film of methyl 

groups covering the surface. 

3.4.1 Hydrophilic surfaces. 

All surfaces that were to be treated were placed into test tubes. Then 10ml of 

1/1/5 (by volume) of NH4OH/H2O2/H2O was added. After that, the rack with test tubes 

was placed in a water bath set at 80oC and heated at this temperature for 15min. All tubes 

were shaken while in the water bath. Then, each surface was rinsed with 20ml of distilled 

deionized water (dd H2O). After rinsing, the mixture (ratio 1/1/5, by volume) of 10ml of 

HCI/H2O2/H2O was applied. Then tubes with microscope cover slips once again were 

placed in the water bath set 80oC for 15min. Shaking was again applied. After this step 

was finished, the surfaces were rinsed in 30ml of dd H2O. At this point, surfaces were 

assumed to be uniformly hydrophilic and could be stored in 50 % ethanol (EtOH) for use 

in experiments. The solution of 50 % EtOH assures that treated surfaces maintain their 

hydrophilic properties. Every time the surfaces were transferred, care was taken to 

prevent the surfaces from drying. 
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3.4.2 Hydrophobic surfaces. 

The surfaces previously prepared as hydrophilic and stored in 50 % EtOH were 

rinsed with 40ml of dd H2O. Then dichlorodimethylsilane (DDS) was dissolved in xylene 

to obtain 0.1 % solution of DDS in xylene. Once the DDS solution was ready, the glass- 

plate surfaces were put in it for one hour at room temperature with shaking. The surfaces 

were then rinsed in 100ml of xylene, followed by acetone, and finally EtOH. Surfaces 

were then stored in 50 % EtOH solution and used when needed. 

3.5 Antimicrobial Activity of Protein Film Adsorbed onto the Surface - 
Bioluminescence Measurement. 

Bioluminescence was used as a measure of antimicrobial activity of proteins on 

food-contact surfaces. The measurement is based on the amount of ATP generated by 

viable microorganisms and reported as relative light units (RLU). 

The Bioprobe is supplied with a reagent kit that consists of an extractant and the 

bioluminescent reagent (enzyme cocktail - luciferase). To measure the amount of 

bacteria left on the surface the instruction supplied by the manufacturer was thoroughly 

followed (Bioprobe Operating Guide ver. 2.1). Modifications to original manufacturer's 

protocol in order to increase accuracy of measurements were introduced. At the final 

stage of experiment when surfaces with adsorbed proteins where exposed to L 

monocytogenes the volume of bacterial culture dropped onto the surface was 0.3ml as 

contrasted with the manufacturer's suggested volume of 5ml. However, at the same time 

it is recommended to either increase volume of both reagents or decrease volume of the 

bacterial culture in order to obtain more precise measurements. The volume of both 

reagents was kept at the level recommended by manufacturer - 2 drops of each reagent 

and volume of L. monocytogenes was decreased from 5ml to 0.3ml. 

Since the outcome generated by bioprobe is given as RLU, a standard curve for 

the device was constructed. The curve relates RLU to colony forming units (CPU) at.a 

given bacteria concentration. For this experiment the same bacterial culture was used. 

The experiment started when L. monocytogenes culture reached 11-12 hrs of age 
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(confirmed by absorbance = 0.45-0.47 at 650nm) as determined from the growth curve 

(described earlier in "Materials and Methods). The original culture was assumed to have 

a concentration of 109 cells/ml. Dilutions from 109 to 102 cells/ml of original culture were 

prepared. Then measurement of each dilution was taken. The measurement was repeated 

4 to 5 times on each dilution. The entire experiment was carried out in duplicate on 

separate days. It means that every point of the standard curve corresponds to the mean 

value of eight or ten separate measurements. Simultaneously with measurements, agar 

plate counts were performed to determine CFU for the culture. In order to do this, the 

original culture (109) was diluted to 103 and 102. Then 0.1ml of each dilution of the 

original culture was seeded on a Petri dish and the culture was allowed to grow for 24 

hrs. The number of colonies was then counted. Since 0.1ml was taken from 103 and 102 

dilutions, additional dilution of about one log unit on the logarithmic scale took place. In 

other words, the reading for 103 concentration actually corresponds to 102 concentration 

and reading for 10 to 10 , respectively. The medium used for plate counts was plate 

count agar from Difco Laboratories, Detroit, MI and prepared according to the 

manufacturer's directions. 

3.6 Experiment Protocol 

3.6.1 Experimental design 

The experiment was divided into the following steps: 

1) protein adsorption 

2) sequential rinsing 

3) surface exposure to L monocytogenes 

4) sequential rinsing 

5) bioprobe measurement 

Mixtures of both nisin and HEW lysozyme were applied onto either the hydrophobic 

or the hydrophilic surfaces. The volume of the protein solution that was pipeted onto the 

surface was 0.3ml and assured an even distribution on the coverglass surfaces. The 

protein-surface contact time that was used in the experiment was 3 hrs. Four different 
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molecular ratios of nisin and HEW lysozyme were examined. All the molecular ratio 

calculations are on a 3.5-in. diskette as an Appendix A. Two ratios on both hydrophobic 

and hydrophilic surfaces were tested on'one day. There were four samples of each ratio 

and each ratio was tested in duplicate on separate days. After protein solutions were 

pipeted onto the surface, glass jars were positioned up-side-down on top of them to 

prevent water evaporation. This step was taken to maintain constant protein concentration 

in solution. Additionally, paper towels soaked either with water or with EtOH were put 

underneath the jars in order to maintain relative humidity. Ethanol was used only when L 

monocytogenes was present on the surface, to serve as a disinfectant in case of accidental 

spilling. 

After three hours of adsorption, sequential rinsing was applied in a series of three 

large Petri dishes with citric buffer. The surface was dipped in the buffer and gently 

moved back and forth in order to remove loosely bound proteins. The dipping was done 

successively in each Petri dish for about 15sec. The rinsing time in each Petri dish was 

kept relatively constant in order to maintain consistency in rinsing conditions. After 

rinsing, surfaces "armed" with antimicrobial film were exposed for L. monocytogenes for 

five hours. The five-hour contact time was necessary to obtain a 3-hour net contact time 

to allow for ATP to be released following cell death. After five hours, one can expect the 

presence of active ATP molecules in solution that were released from cells 2 hours ago. 

The volume of L. monocytogenes culture that was applied to the surface was 0.3ml, the 

same as that in protein adsorption step. Also, jars positioned up-side-down were used for 

the same purpose as in protein adsorption step. 

After five hours, the 3-step sequential rinsing process was conducted exactly the 

same as for protein rinsing to remove loosely bound L. monocytogenes cells. Precautions 

were taken to prevent contamination by L. monocytogenes (Appendix B). 

After these four steps bioluminescence measurements were obtained. The surface 

was placed onto the sample plate on the bioluminescence device (see Figure 2.5) and the 

measurement was recorded. After recording the measurement, the surface was discarded 

into an autoclavable plastic bag. Two types of measurements of the number of bacteria 

were taken. One was a measurement in solution. For this type of measurement, rinsing 

after L. monocytogenes exposure was not done and measurement was taken with 0.3ml of 
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bacterial culture present on the surface after 5-hour contact time with "armed" surfaces. 

A second type of measurement was determined after rinsing the surface. This 

measurement represented the number of bacteria that could withstand regime of the 

rinsing, an indicator of how tight was the adsorption to the surface. 

3.6.2 Controls 

For each molecular ratio of nisin and HEW lysozyme tested in the experiments 

there were two controls. One of them was "nisin only". The amount of nisin used in this 

control was exactly the same as used in corresponding samples of both proteins. The 

second control was "lysozyme only". Molecular calculation for controls of all the ratios 

tested in the experiment are also included on mentioned earlier 3.5-in. diskette. 

Besides these two controls there also was a control where the surface was not 

preconditioned with antimicrobial proteins. Bare surfaces of either hydrophobic or 

hydrophilic character were exposed to L monocy to genes culture and then the same 

protocol was followed as described for the other samples. Also, at time zero, immediately 

after bacterial culture was placed on the surface, the numbers of bacteria were recorded. 

3.7 HEW Lysozyme Radiolabeling 

Iodine isotope 125I was utilized to label the tyrosine residue present on the HEW 

lysozyme. These experiments were conducted in the Animal Sciences Department 

(OSU). It was determined by Horbett (1981) that protein iodination with 125I allows one 

to obtain labeled proteins that do not exhibit significant changes in their structure. It is 

assumed that there is no preferential adsorption of labeled protein. In other words, 

adsorption with labeled protein or with its native form (not labeled) should present the 

same characteristics. At the same time radiolabeling with     I yields high specific activity 

(Matthews et al., 1982, Jentoft & Dearborn, 1979). Protein labeling with I25I compared to 
14C has higher energy and higher specific activity but at the same time iodination is more 

dangerous and l25I has a shorter half-life than carbon isotope. I4C labels lysine residue by 
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reductive methylation, using I4C-formaldehyde and sodium cyanoborohydride 

(NaCNBHj). 

For our study 0.05M phosphate buffer (pH = 7.5) was used instead of citric buffer 

(pH = 4.5) since it was determined in earlier tests that at pH = 7.5 iodination results in 

higher yield of labeled proteins than at lower pH's. The bulk concentration of HEW 

lysozyme was 1.0 mg/ml. The reaction to label lysozyme was carried out as follows: 

10 fi.1 of lysozyme solution 

- add 1 mCi Na125I 

- start reaction with 10 ^il of chloramine-T (1 mg/ml) for 2min. 

- stop the labeling with the addition of 10 \il of Na metabisulfide (1 mg/ml) 

- labeled lysozyme was separated by gel filtration column filled with Sephadex G-75- 

120. 

The protein adsorption protocol was maintained the same as it was used before. Labeled 

protein was added to obtain specific activity of protein solution as high as 500 cpm/jig of 

lysozyme in the solution. After adsorption occurred (3 hrs) loosely bound proteins were 

rinsed off by dipping the surface in citric buffer in the manner described earlier. Then, the 

cpm of the adsorbed protein was measured. The measured radioactivity was converted to 

mass using the control that resulted in a specific activity of 344.313 cpm/ng of lysozyme. 

The measurements were carried out in triplicate for hydrophobic and hydrophilic surfaces 

separately. 
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CHAPTER 4. Results and Discussion 

4.1 Listeria monocytogenes Growth Curve and its Growth Kinetic 

Parameters 

Since the measurement is based on the number of ATP it was necessary to 

determine when L monocytogenes culture reaches its maximum viability at given 

conditions (temp., medium type, % of inoculum, etc.). Since all the conditions were 

assumed to be kept constant throughout the entire experiment it was sufficient to 

construct a growth curve just once. Conditions that were used to grow L monocytogenes 

culture are described in a previous chapter (Materials and Methods). 

The growth curve for L. monocytogenes is shown in the Figure 4.1. The results 

show a typical bacterial growth pattern. All the growth phases are easily distinguished. 

However, one can not see the death phase since it was not of an interest to find out when 

cells loose their viability. Therefore only four phases can be found. They are: 

1) lag phase (0-6 hr), during this phase cell mass usually increases a little, without an 

increase in cell density. In this period microorganism adapts to new environment by 

synthesizing new enzymes and at the same time by repression of other enzymes. 

2) exponential phase (6-11 hr), often referred to as logarithmic. Once cells have fiilly 

adjusted their metabolism to their new environment they start rapid reproduction. The 

cell mass and number increase exponentially with time. It is important to note that the 

average composition of a single cell remains approximately the same during this 

phase. The cellular metabolism is set to achieve maximum rates of reproduction since 

there is an abundance of all the nutrients. This phenomenon gives a basis to calculate 

specific growth rate (\i) that is one of the most important parameters of cellular 

growth. Once specific growth rate is calculated, doubling time (T2) can be calculated 

as well. Both parameters were calculated and may be found in subsequent text. 

3) deceleration (11- 12 hr), the stresses caused by depletion of nutrients and 

accumulation of by-products result in unbalanced growth. At this point of growth, cell 



Figure 4.1  Growth Curve for L. monocytogenes 
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starts adjusting its metabolism on survival in more arid environment. That is why one 

can observe that growth rate is impeded considerably (see slope at 11 hr on the graph). 

4)  stationery (12- 18 hr), in this phase death rate is equal to growth rate. However, this 

phase is important because the cell is still active and produces secondary metabolites. 

It is often observed that even though cell mass remains constant cell viability 

declines. Sometimes a second growth phase occurs. This growth is based on the 

nutritious compounds that are released from lysed cells. However, this was not 

observed for the L. monocy to genes culture used in this study. 

Specific growth rate was calculated as a slope of curve representing exponential phase 

where data for absorbance was In-transformed. Specific growth rate also can be 

calculated from the slope of curve where data was transformed by log 10; but then it 

needs to be multiplied by 2.303 since log 10 = 2.303. Most reasonable approach is to 

choose two points that when linked together give a line of the steepest slope. Routinely, 

two adjacent points are also picked up for calculations. That guarantees that points of the 

highest growth rate will be picked up as the most representative since at these two points 

culture is limited the least. The highest value for the slope of the growth curve was found 

between 9.0 - 9.5 hr with two adjacent values for the absorbance at 8.5 and 10.0 hr. The 

slope was calculated as 0.1106 (see Figure 4.2). To obtain Specific Growth Rate "fi." it is 

necessary to log transform the data for absorbance at 650 nm. The value for the slope = 

0.1675 (see Figure 4.3). Since the data was logic transformed it is necessary to multiply 

the results by 2.303 to obtain "p.". So, fi = 0.3858. It is also possible to calculate doubling 

time 'T/'. 

SINCE=>lnX = lnXo+^*t 

OR => log X = log X0 + -^—!- 
6 b   0    2.303 

t/ 

OR=>X = X0*2/
T2 

T„CM     _      In 2    0.6931 
THEN => T2 = =  

SO=>T2 =^^- = 1.80hr = 108min. 
0.3858 
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Figure 4.2 Specific growth rate - time vs. average abs. 
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In summary, the growth curve presents a typical pattern for microbial growth. 

However, the lag phase is shorter than is usually observed. The length of the lag phase 

depends mainly on the inoculum size. For this study inoculum of 5 % of original culture 

was used, which is generally recognized as large. However, 5 % was chosen deliberately 

in order to minimize the likelihood of potential contamination by other microorganisms. 

The culture is most vulnerable to contamination at the very beginning of its growth phase 

when it uses its metabolism to adapt to new conditions. In other words, if the starter is too 

small then there is a danger that undesired microorganisms can accidentally prevail and 

outcompete the inoculated bacteria for available nutrients in solution. 

4.2 Standard Curve for Bioluminescence Device. 

Based on the results from the growth curve, 11-hour culture (absorbance of 0.450- 

0.470 at 650nm) was used for this experiment. In earlier experiments it was found that 

culture age is the most influential factor for consistency of bioprobe measurements. 

Therefore this factor was taken into account and 11-hour culture was used for all the 

experiments in this project. The conditions under which the experiment was carried out 

were specified in a previous chapter (Materials and Methods). The objective of this 

experiment was to construct a curve that would show the relationship between RLU 

(relative light units) from the bioprobe (that reflects amount of ATP generated by viable 

cells) and the corresponding number of colonies at a given bacteria concentration. 

The original 11-hr culture was diluted in order to have a series of eight 

concentrations ranging from 108 to 102 cell/ml. Results from bioprobe measurements for 

all eight concentrations are shown in Table 4.1. At the same time, agar plate counts were 

carried out for cultures used in experiments performed on different days. Since the same 

bacterial culture may give different CFU when grown on different days it was expected to 

have an influence on the bioprobe measurement. Indeed, results showed that L. 

monocytogenes culture gave different plate counts. That is why the results from the plate 

counts were very important for the development of a standard curve, as will become 

evident. 
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Table 4.1 Standard Curve experiment. 

CFU from agar 
plale count 

2.9 x 10$ 
^ 

CFU from agar 
plate count 

2.1 x 109 

CONC. RLU AVE. SD RLU AVE. SD 
10* 12275 

12968 761.09 

8509 

9258 1026.9 
12675 10259 
12500 10329 
13209 9159 
14182 8034 

10' 8484 

7458.6 737.49 

6817 

5623 770.67 
7379 5777 
6881 4825 
7873 5085 
6676 5611 

106 637 

623.75 96.32 

522 

482.2 178.8 
749 762 
589 470 
520 311 

346 
10^ 216 

168.25 43.94 

135 

113 24.3 
160 92 
112 125 
185 82 

131 
10« 64 

80.75 28.77 

42 

63 19.9 
49 87 
102 75 
108 68 

43 
10J 45 

40.5 4.2 

25 

31.6 7.83 
36 38 
43 42 
38 27 

26 
10^ 18 

22.25 6.85 

10 

14.6 6.19 
32 7 
22 19 
17 22 

15 
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Figure 4.4 depicts average RLU from the bioprobe vs. corresponding 

concentration of L. monocytogenes. The two curves in Figure 4.4 correspond to the day 

on which the experiment was performed. Both curves are exponential functions. 

Figure 4.4 Standard curve - concentration vs. average RLU for both experiments 
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Both curves do not overlap. Since they are exponential functions, with one unit on 

the concentration axis (X-axis) the response on the RLU axis (Y-axis) is exponential. It 

was necessary to find a factor that could possibly exert an influence on bioprobe 

measurement. As it was mentioned earlier, not only is culture age an important factor in 

the bioprobe measurement, but also the difference in number of bacteria within in the 

measured concentration (CFU) plays significant role. That is why agar plate counts were 

performed for both cultures simultaneously with the bioprobe measurement. Figure 4.5 is 

a plot where RLUs for each day were divided by the CFU number of the culture used that 
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day. More precisely, each average value for RLU was divided by 2.9 and by 2.1, 

respectively (see Tab. 4.1). Then, RLU's were In-transformed to obtain a straight line. 

Again, two lines are shown in Figure 4.5, corresponding to the data from both 

experiments. However, because of the division operation and In-transformation there is 

almost a perfect match. The "R2" value for both curves is 0.95. 

Figure 4.5 Standard curve - concentration vs. In of average RLU for both experiments 
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Therefore the standard curve yields a reliable estimate of CFU under the conditions that 

were used in this study. 
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4.3 Evaluation of Synergistic Effect of HEW Lysozyme and Nisin Acting in 
Tandem on Hydrophobic and Hydrophilic Surfaces. 

The results from this experiment are summarized in Table 4.2. For this 

experiment 11-hr L monocytogenes culture was used. In the experiment there were two 

controls, "lysozyme only" and "nisin only" for each molecular ratio as described in 

chapter 3 "Materials and Methods". There were also controls in which L monocytogenes 

was adsorbed to either hydrophobic or hydrophilic surfaces shown in table as "L m. 

only". All details of the calculations performed for this experiment are available from 

3.5-in. disk (Appendix A). Bioprobe measurements were also taken immediately after L 

monocytogenes (0.3 ml, cone. 109) was pipeted onto the surface. The average RLU for 

five samples was 17174.4. At the same time, agar plate counts for L monocytogenes 

culture were determined. The average CPU for the culture used for this experiment was 

equal 2.63. At. this point the validity of the standard curve constructed in previous 

experiment was verified. It was determined that the 11-hr (absorbance of 0.450-0.470 at 

650nm) culture is the most viable, meaning that the concentration of bacteria should be 

109. If RLU (17174.4) were divided by CFU (2.63) one would obtain 6530.19 (y-value, 

see Figure 4.5). Then, either of the two equations for the standard curve (Figure 4.5) 

could be used to calculate X-value that stands for culture concentration. The above 

calculations indicate that the concentration of the L monocytogenes culture used for this 

experiment was 109 (with CFU = 2.63). 

In Table 4.2 there are two columns of results for both hydrophobic and 

hydrophilic surfaces. One of the columns gives the results of the bioprobe measurement 

taken on the surface ("Measurement on Surface") where L monocytogenes culture 
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Table 4.2 Synergistic effect study for hydrophobic and hydrophilic surfaces. 

CONC. 
HYDROPHOBIC 

MEASUREMET 

ONSURFACE 

MEASUREMET 

IN SUSPENSION 

HYDROPHiLIC 

MEASUREMET 

ON SURFACE 

MEASUREMET 

IN SUSPENSION 

0.1/0.9 45.50 402.25 23.85 

43.40    (o.i2) 

540 

0.9/0.1 CONTR. 
LYSO- ONLY 

432.75 36.40    *(0.0005) 733.75 

0.1/0.9 CONTR. 
NISIN ONLY 

31.75  *(0.0005) 993.75 31.65 "(0.007) 1198.25 

0.5/0.5 46.25 1479 68.65 639.75 

0.5/0.5 CONTR. 
LYSO- ONLY 

51.75 *(o.oos) 518.75 46.90 "(0.0005) 493.50 

0.5/0.5 CONTR. 
NISIN ONLY 

52.25 "(0.004) 3592 44.60 "(0.0005) 983.75 

0.75/0.25 20 195 125.5 420 

0.75/0.25 CONT 
LYSO- ONLY 

41.5   *(o.ooo5) 214 139    *(o. (0.0005) 775 

0.75/0.25 CONT 
NISIN ONLY 

39 70.0005; 290 287.8 *(o.ooo5) 740 

0.9/0.1 160 360 

0.9/0./ CONTR. 
LYSO- ONLY 

335 tii-A^Mftj- 385 

0.9/0.1 CONTR. 
NISIN ONLY 

w& & 13,4, '%<&$' 375 

CONTROL 

L.m. ONLY 
V8I $'*%&; 435.2 

'< -M; 
316 340 

•     p-values for the difference between the sample average and its control average. Also see explanations 
in text. The p-values are based on paired t-test. The hypothesis tested was \L\ - (I2 = 0. 
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(0.3 ml, cone. 109) was rinsed (as described in "Materials and Methods") from the surface 

after 3-hr net contact time. In contrast, the "Measurement in Suspension" was taken 

before rinsing but also after 3-hr net contact time. The "Measurement in Suspension" 

represents the number of bacteria present on the surface plus non-adsorbed bacteria 

suspended in 0.3 ml of the L. monocytogenes culture applied. The purpose of these two 

measurements was to find out the influence of adsorbed antimicrobial proteins not only 

on bacteria that are in direct proximity but also on bacteria that are little bit further from 

the surface. 

From these results, it appears that film consisted of HEW lysozyme and nisin 

adsorbed to the surface has a potential to kill bacteria that try to attach not only to the 

surface but also bacteria suspended in solution. This is indicated by "Measurement in 

Suspension" results compared to the initial Bioprobe measurement (17174.4). However, 

the incidence of such a lethal impact has not been determined. On the contrary, this 

conclusion seems to be irrational when results for "Measurement in Suspension" are 

compared to corresponding "Control L. m. only". These results, in turn, imply that L. 

monocytogenes has the ability to adsorb to the surface in more than one layer and that the 

bioprobe reagents can not penetrate microbial film formed this way. In any event, the 

results for "Measurement in Suspension" suggest that bacterial adsorption onto the 

surfaces with preadsorbed antimicrobial proteins is a cumulative property influenced by 

many factors. Fortunately, the results for "Measurements on Surface" are easier to 

interpret. In these measurements factors influential on the relationship between adsorbed 

proteins and suspended bacteria could be excluded or at least were of less significance. 

From the results of "Measurement on Surface" one can notice that the ratio of 0.9/0.1 

(nisin/lysozyme) turned out to be the most efficient of all the ratios tested in this study. 

The antimicrobial effect of both proteins attached to the surface is more than additive, 

especially for hydrophobic surfaces (see Figure 4.7). Bacteria may be thermodynamically 

driven to adsorb onto hydrophobic surface, which in turn could result in more contact 

between proteins and bacteria. This factor could 



Figure 4.7 Comparison of antimicrobial effect on Hydrophobic surfaces as "Measurement on Surface" 
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possibly explain the resultant behavior of the examined proteins at the molecular level. 

Different results were obtained for the same ratio (0.9/0.1) when the surface properties 

were altered from hydrophobic to hydrophilic (see Figure 4.8). However, the effect is the 

same, with L. monocytogenes being killed more effectively when both proteins are 

present on the surface. However, in this case it is important to note that the extent of the 

antimicrobial effect is not as high as it was for the case of hydrophobic counterparts. The 

antimicrobial effect for the 0.9/0.1 ratio on hydrophilic surfaces is more additive than 

multiplicative (synergistic). A similar relationship was observed for the 0.75/0.25 ratio. 

However, the extent to which bacterial adsorption was inhibited was not as high as for 

0.9/0.1 ratio. For the case of the 0.75/0.25 ratio, it is more of an additive than a 

synergistic effect. However, a similar relationship between antimicrobial activity on 

hydrophobic and hydrophilic surfaces was observed for 0.75/0.25 and 0.9/0.1, the only 

difference was the magnitude. Again, the effect was smaller for hydrophilic surfaces as 

compared to hydrophobic counterparts. When the molecular ratio was reversed from 

0.9/0.1 (nisin/lysozyme) to 0.1/0.9 (nisin/lysozyme), then neither synergistic nor additive 

effect was observed. From the results obtained using ratio 0.1/0.9 through 0.5/0.5 up to 

0.9/0.1, is apparent that antimicrobial effect increases gradually as compared to the 

controls where both proteins act as a single antimicrobial agent. This fact could be 

correlated with the increasing number of nisin molecules in the ratio. This may imply that 

at the molecular level nisin is the major force that kills bacteria. However, the presence of 

lysozyme even in a small quantity (as low as 10 % of the total number of molecules) 

seems to result in a synergistic effect in killing bacteria. 

At this point it would be good to recall the mechanisms by which both proteins 

act on microorganisms to kill them. The mechanisms and findings from this research 

could be linked together to give a rational explanation of observed results. Namely, 

lysozyme acts on the cell wall, which is the first obstacle encountered by an antimicrobial 

on the way to the target structure. Lysozyme deteriorates the integrity of cell wall. 

Probably, sometimes the deterioration is so profound that it leads directly to cell death. 

However, it is likely that some cells survive the lysozyme treatment. The nisin's mode of 

action is to disrupt the cytoplasmic membrane. If a cell with deteriorated cell wall 

integrity from exposure to lysozyme was then exposed to nisin, then 



Figure 4.8 Comparison of antimicrobial effect on Hydrophilic surfaces as "Measurement on Surface 
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the access for nisin to cell membrane would be much easier and it would entail higher 

antimicrobial activity than either protein would act alone. If nisin were to act alone then 

cell membrane accessibility would be limited and the antimicrobial effect would be 

lower. That is probably why both proteins facilitate cell disruption when they work 

together (in tandem). The most effective ratio between nisin and HEW lysozyme that was 

used in this research was 90 % nisin and 10 % lysozyme (molecular basis). In light of 

above explanations and the ratio determined in this study, it seems that 10 % of lysozyme 

molecules is just enough to render the cell membrane more susceptible to nisin's action 

and then 90 % of total number of molecules is most effective to cause cellular leakage. 

Such a large number of nisin molecules may be necessary to arrange the channel built out 

of nisin molecules in the cell membrane to allow for "ion escape" from inside the cell. 

From a simple calculation it can be shown that for one pore in a cell wall caused by HEW 

lysozyme, nine nisin molecules is needed to complete disruption. 

In Table 4.2 one can find numbers in brackets placed next to the measurements in 

all columns exempt from "Measurement in Suspension". These numbers are p-values 

calculated for the difference between the measurement average and its control average. 

4.4 Radiolabeling Study 

lodination allows labeling of tyrosine residue. HEW lysozyme contains tyrosine, 

so iodination allows this tyrosine to be effectively labeled. Nisin lacks a tyrosine residue 

in its structure and at the same time is a very small molecule. Therefore nisin was not 

labeled. The same procedures used in the other experiments were followed in the 

radiolabeling study, with some exceptions as described in "Materials and Methods". The 

results are shown separately for hydrophobic surfaces (see Table 4.4) and for hydrophilic 

surfaces (see Table 4.3). Also, some important measurements are listed below: 
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1) counting of control 

and counted) 

2) specific activity of control 

control) 

3) surface area of cover glass 

4) background counting 

- 53644.000 cpm/ml (1ml of prepared solution was saved 

344.313 cpm/|ig (cpm of control divided by mass of 

2.261 cnT 

- 113.125 cpm 

Table 4.3 Radiolabeling study - hydrophilic surfaces: 

Sample 
measured 

cpm(a) 

measured 

cpm(b) 

measured 

cpm(a) 

measured 

cpm(b) 

measured 

cpni(a) 

measured 

cpm(b) 

Total 

mass (a) 

0*8) 

Mass per 

unit area 

Oig/cm*) 

/ 175.00 143.00 61.875 29,875 0.180 0.087 0.266 0.118 

2 154.00 134.00 40.875 20.875 0.119 0.061 0.179 0.079 

3 139.00 171.00 25.875 57.875 0.075 0.168 0.243 0.108 

Average:0.102 

Table 4.4 Radiolabeling study - hydrophobic surfaces: 

Sample 
measured 

cpm(a) 

measured 

cpm(b) 

measured 

cpm(a) 

measured 

cpm(b) 

measured. 

cpm(a) 

measured 

cpm(b) 

Total 

mass (a) 

(Hg) 

Mass per 

unit area 

(Hg/cmJ) 

/ 139.00 117.00 25.875 3.875 0.075 0.011 0.086 0.038 

2 165.00 146.00 51.875 32.875 0.151 0.095 0.246 0.109 

3 131.00 146.00 17.875 32.875 0.052 0.095 0.147 0.065 

Average: 0.071 

The results from the radiolabeling study showed that HEW lysozyme adsorbed 

more onto the hydrophilic surfaces. The data for the second protein - nisin that was 

present in the solution is not given since nisin was not labeled. Since lysozyme adsorbs 

more on the hydrophilic surfaces than onto hydrophobic ones it may be expected that 
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lysozyme ought to experience more conformational changes than on hydrophilic surfaces. 

That, in turn, could cause a loss of some antimicrobial activity exhibited by the native 

form of lysozyme. That could be especially true if lysozyme's active site participates in 

adsorption. The data from synergistic effect study shows that best synergy was obtained 

when nisin/lysozyme ratio was 0.9/0.1. However, ratio 0.75/0.25 also gave reasonably 

good antimicrobial effect. 

There was a noticeable difference between the hydrophobic and hydrophilic 

surfaces. The antimicrobial effect on hydrophobic surfaces was much better than on 

hydrophilic. That was the case for both ratios - 0.9/0.1 and 0.75/0.25. The pattern of the 

effect is similar on both surfaces, but the extent varies. If the findings from the 

synergistic effect study are compared with the radiolabeling study then it seems that 

higher affinity of HEW lysozyme to hydrophilic surfaces influenced its activity and that 

could be one of the compelling factors explaining lower antimicrobial activity on 

hydrophilic surfaces observed in the synergistic effect study. However, a more thorough 

understanding for an interpretation of the events occurring on both types of surface will 

require additional data for nisin adsorption. 
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CHAPTER 5. Summary 

The objective of this study was to find out whether or not a synergistic 

bactericidal effect exists when nisin and hen egg white (HEW) lysozyme are used 

together on food-contact surfaces. Experiments were conducted with four different ratios 

(based on molecular weight) of lysozyme and nisin. Results indicated that synergy was 

evident when the molecular ratio of nisin to HEW lysozyme was equal to 0.9/0.1. The 

results also showed that synergy was more pronounced on hydrophobic surfaces as 

compared to hydrophilic surfaces. However, on both surfaces the same tendency was 

observed. Results also suggest that the primary factor that inhibits adhesion of Listeria 

monocytogenes cells onto surfaces is nisin, but HEW lysozyme also plays an important 

supplemental role. It is hypothesized that lysozyme may pre-deteriorate the most 

external, cellular barrier rendering the cell more accessible to nisin. 

The results from the synergistic effect study were supported by a radiolabeling 

study. Since one protein attached to the surface can be replaced by another one from bulk 

phase then the molecular ratio of proteins present in solution does not have to be equal to 

the ratio of protein adsorbed onto the surface (fractional surface coverage). The 

radiolabeling study was conducted to estimate the ratio of proteins adheared to the 

surface. These data, in conjunction with data from the synergistic effect study, explain to 

some extent the difference between antimicrobial effect on hydrophobic and hydrophilic 

surfaces. Since lysozyme adsorbs more on hydrophilic surfaces it may experience more 

conformational changes. That can entail deterioration of antimicrobial activity of 

lysozyme on hydrophilic surfaces. Such results were observed in the synergistic effect 

experiments. However, in order to provide better insight it is recommended that future 

studies collect data on the adsorbed mass of nisin. 

In this study, L monocytogenes was a model food-borne microbial target. A 

growth curve for this bacterium was developed. It revealed that L monocytogenes 

reaches its maximum viability at 11-hr (corresponding to 0.450-0.470 of absorbance at 

65()nm) of its growth under the conditions used in the experiment. 
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This research showed that a synergistic bactericidal effect between HEW 

lysozyme and nisin is gained when they act in tandem on food-contact surfaces provided 

that the molecular ratio is around 0.9/0.1 (nisin/HEW lysozyme). 
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Appendix A - Protein calculations 

A 3.5-in. diskette is attached to this thesis. In order to open it go to "Microsoft 

Excel '97". Then go to "File" on the tool bar and click "Open". To open the calculation 

sheet click on "SVi Floppy (A:)" and go to "Protein calculations". The calculation sheet is 

prepared with all four protein ratios that were used in the project. Any numbers can be 

changed as needed by following the instructions. 
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Appendix B - L. monocytogenes and Lab Safety 

1) All the areas where L. monocyogenes is handled are to be identified with international 

biohazard symbol. 

2) The pipetting of L. monocyogenes is to be performed with plugged pipettes or with the 

aid of mechanical piping devices. Such devices are to be disinfected after use. 

Pipettes and pipette tips should be of the plastic disposable type which are to be 

discarded after a single use into autoclavable bags identified with the biohazard 

symbol. 

3) All infectious material to be discarded must be autoclaved under conditions that result 

in sterilization. 

4) Bench-top work areas are to be disinfected with appropriate agents prior to after 

working with L. monocyogenes. 

5) Eating or storage of food, drinking and smoking are not permitted in the laboratory. 

6) Individuals are required to wash their hands with an antiseptic soap after working with 

L. monocyogenes. 

7) Centrifugation of L. monocyogenes or manipulation using syringes are to be done only 

in a biological containment cabinet. 

8) All accidents involving L monocyogenes are to be reported to the laboratory 

supervisor without delay. 


