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ABSTRACT



Novel methods to improve the microbiological quality and to cxtend the shelf life of
(oods would be advantageous. In this study, the killing effect of UV, laser, microwave
radiation, conventional heating and ozone was investigated, alonce and in various
combinations, on saline suspensions and agar plate cultures of Listeria monocytogenes,
Salmonella typhimurium, Campylobacter jejuni, Shewanella putrefaciens, Pseudomonas
Jragi, Micrococcus luteus and on E. coli (lux) as an indicator organism. /. coli (lux) was
the most sensitive to the effect of UV, whereas M. lufens was the most resistant to UV
and Nd:YAG laser radiation. §. putrefaciens was the most sensitive bacterivm to
Nd:YAG laser radiation. With microwave (reatment, a temperature between 70-71°C was
the critical point for killing bacteria by microwave energy, wlthough there was evidence
of an athermal effect of microwave on bacteria. Ozone was effective against the bacieria
used, although the killing of bacteria on the toodstulfs was less significant than kiliing on

plates.

The killing effect of Nd:YAG laser and COy laser was also investigated on different
bacteria on agar plates. Higher frequencies of the Nd:YAG laser resulted in improved
clearing cffccts and, with the CO; laser, continuous wave always showed better clearing
compared to pulsed wave. In comparison of the two laser types, the energy density
needed for the Nd:YAG laser was approximately 300 times more than that nceded by the

CO, laser to produce the same clear area on the agar plates.

Sequential treatment of bacterial suspensions by UV, microwave/conventional heating
and Nd:YAG laser gave much greater killing than the sum of the effect of the three
treatmenls alone. Also, greater killing was apparent with the order: laser,
microwave/conventional heating and UV compared to the order: microwave/conventional
heating, UV and laser. Under standard conditions, the priority of the order L+H+UV over
the order H+UV+L was seen consistently through the different experiments aud the
difference was statistically significant. Diffcrences between the best and worst orders of
treatment were increased when more severe (reatment conditions were used. Results
showed that killing by the scquential treatments on bacteria applied o smoked salmon

was almaost the same as that for the sum of the three trealments alone.

vi




The bioluminescent bactefial strain, E. coli (lux), was investigated as an indicator
orghnism as part of a possible rcal-lime method of measuring the efficiency of the
different (reatments and combinations. UV reduced the viability of the bacterium by
about 8 logs, but the light output iromediately after treatment was not significantly
affected by UV wreatmcent. In contrast, laser treatment and conventional heating reduced
the light output dramatically without greatly reducing the subsequent viable count. These
observations highlight limitations of the use of the bioluminescence technique as a real-
time monitor of bacterial viable cell numbers. However, under standard conditions,
perhaps with a more highly bioluminescent organism, it is possible that the method could

be useful in the study of particular decontamination processes.

In this study, the killing méchanisms by different treatments were investigated. It was
shown that cell constituents released by one method of treatment could protect bacteria
against subsequent treatments. In another investigation, release of nucleic acid and
protcin by different treatments varied and in general, the greater the killing effect
produced, the greater thc release of material. Only killing by UV did not release a
significant amount of nucleic acid and protein. These results suggest that each treatment

caused diflerent types of damage and has a different killing mechanism.

A quick freezing of the bacterial suspensions after microwave treatment increased
their susceptibility to the killing effect of subsequent treatment(s). This method could be
suggested as a part of a decontamination procedure in the food processing industry but

needs more investigation.

Laser, microwave or conventional heating sensitise the bacteria to lysis by SDS, but
these effects were lower for ozone and minimal for UV treatment. L. monocytogenes was
highly sensitive to SDS and also there was a synergistic effect between SDS and other
treatments on killing of the bacterium. So, SDS or similar detergents could be used in

decontamination of seafood factories or other materials and surfaces.

By scanning and transmission electron microscopy, no gross ultrastructural changes to
the internal structures of the cell or rupture of the cell-envelope of E. coli were observed

with the different treatments.
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INTRODUCTION
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CITAPTER 1 INTRODUCTION

1.1 Background

While the natural resources available for food production are shrinking, the world’s
population goes on increasing. Unfortunately every year tonnes of [ood are spoiled by
physical, chemical and microbial activities. However, by far the majority of Tosses results
from (he effect of microorganisms. Microbial food spoilage ends in the loss of its original
nutritional value, texture and Ilavour due to activily of different kinds of microbes e.g.
bacteria, fungi and yeasts. Also, food can play a major cole in the transmission of
foodbarne pathogens such as Salmonella, Listeria, Campylobacter, E. coli or cause
intoxication such as botulism and staphylococcal foud poisoning. Several methods e.g.
heating, refrigeration, [reezing, drying, chemical preservation, smoking, irradiation and
combinations of these have been used to protect foodstuffs against spoiters and
pathogens, Despite all of these methods that have been developed over the centuries,
some of which are very old, and there is still an urgent need to develop more effective

decountamination techniques.

In this thesis, the focus of interest will be on the problems of spoilage and its
prevention in relation to seafoods, which are amongst the most perishable ol all
loodstuffs. Every year, millions of tonnes of fish and fishery products enter into national
trade. Seventix percent of the world’s catch of fish and fishery products are consumed as
food. Finfish and shellfish, after meat and poultry, are the most important animal protein
foods for most of the world and consumption of fish is increasing every year. The
microbiological condition of this food can be a concern. Fish flesh contains a fow level of
carbohydrate and high fevels of protein and free-non-protein nitrogen (NPN)} compounds
which, post-mmortem, are available to support the growth of spoilage orgunisms and
pathogens. These organisms can reduce t.he shelf life of the products or threaten the
health of the consumers and so reduction in their numbers during processing or
packaging and before storage plays an important role in making food safe and providing a

longer shelf life.




1.2 Natural micro-{lora of fish and shellfish

The population and composition of micro-flora (mainly bacteria) found on the skin,
gills and in the intestines of fish after capture is variable and depends on the environment
from which they are taken, the season, water gualily and conditions of harvesting,
handling and processing. Water guality is the most important envicommental [lactor
affecting the initial number and types of bacteria. Incidence percentages of different

bacteria on the outer surface of newly caught fish and shellfish are shown in Table 1-1.

Bacteria from the gencra: Acinetobacter, Cytophaga, Flavobacterium, Moraxella,
Pseudomonas, Shewanella (formerly Alieromonas) and Vibrio predominate on the
surface of fish and shellfish taken from temperate waters, while Bacillus spp.,
coryneforms and Micrococcus spp. frequently predominate on fish taken from subtropical
and tropical waters (115, 171). The Gram-ncgative bacteria on warm-waler finfish are
similar to those on cold-water fish. Fresh-water fish show similar patterns except that
Aeromonas replaces Vibrio. Psychrobacier, Acinetobacter, Corynebacterium and
Micrococcus dominate on crustaceans, with a lesser proportion of Pseudomonas (153).
The composition of the micro-flora of fish from fresh-water environments is also
influenced by temperature and will vary from that in marine environments. Method of
harvesting, handling and storage of fish in the fishing vessel will also affect the bacterial
population. The microbiological quality of brinc water and ice, which arc used for storage

of fish before processing, is a concern, 4s is Lhe variation in temperature of the fish (171).

The natural bacterial flora on farmed fish and shellfish from temperate waters is
similar to the micro-flora of wild (ish (177). Those in ponds or in shallow waters near
shore are closer to human waste than wild fish, so this may cause a higher frequency of
contamination with bacteria that are non-indigenous to the water. For example, Listeria
monoecytogenes was not isolaled from wnpolluted ocean waters and spring water, bat the
organism could frequently be isolated from surface waters and polluted sea-water (88),
and is found on raw fish c.g. salmon and on products that do not receive a listericidal
treatment, e.g., cold-smoked salmon (15, 88). Gram (62) estimaled that very high
numbers of Enrerobacteriacae could be found on fish caught in polluted warm waters.
Sceveral anthors showed that 10-30% of total numbers of bacteria from tropical waters

could be Gram-positive incloding Bacillus and Micrococeus (12, 92, 170, 185). In some

2




countrics in Southeast Asia, farmers are using human and animal excreta for organic
fertilisation or enrichment of shrimp and fish pounds (140, 205). Although with farmed
fish and shellfish in (ropical waters, the micro-flora is similar Lo tropical wild fish and
shellfish (21, 224), the level of faecal contaminants such as Salmonella and E. coli ate
high (Table 1-3). Marine vibrios are also found on shellfish and fish rcared in tropical
waters (140, 152). A comparison of the surface micro-flora of fish and shellfish from

temperite and tropical waters are listed in Tables 1-2 and 1-3, respectively.

1.3 Spoilage of fish and shellfish

Afier death, the flavour and odour of {resh fish will change, due to endogenous
biochemical changes in carbohydrales, nucleotides and lipids. Some bacleria change
rimethylamine oxide (IMAO) to trimethylamine (TMA), and cause oxidative
deamination of amino acids and peptides to ammonia, release of fatty acids, and
breakdown of sulphur-containing amine acids to methylmercaptan, dimethyl sulphide and
hydrogen sulphide (61, 105). These changes cause the fishy, ammonia and sulphide
odours and pulpy texture of spoiled fish. The most common bacteria identified with
spoilage are species of Shewanella and Pseudomonas (94, 115), with Shewanella
putrefuciens predominating at lower storage tcmperatures (61, 105). Gram-negative
bacteria are dominant on fish spoiled at elevated (emperatwes (10-37°C), with
Aeromonas (particularly Aeromonas hydrophila), Vibrio and possibly coliform bacteria
being identified more [requently than 5. putrefaciens. Indeed, there is cvidence that
Aeromonas or other members of the Vibrionaceae may dominate the spoilage micro-flora
of fish held above 5°C (14, 65, 114, 218). Contamination of fish due to contact with nels,
ropes, deck boards and human hands or during packing and storing operations below

decks can also affect subscquent spoilage.

Shrimp spoilage is different since the animals die immmediately after capture. The trawl
picks up a huge amount of mud with the shrimp. Bacteria from the mud, ice and boat
surfaces can grow during the several days before the shrimp reach the processing plants.
Most shrimp have high bacterial counts ( 10%-107 cfufg) at the time of rcceipt at the

processing plant. Refrigerated storage selects for a psychrotrophic micro-flora; the




dominant spoilage bacteria appear to be members of the Acinetobacter-Moraxella group.
However, Pseudomonas and coryneform bucteria are commonly associated with the

spoilage micro-flora (153).

1.3.1 Spoilage of fish and shellfish stored at ambient temperatures

During ambient storage of tropical fish and shellfish, mesophilic bacteria will reach a
level of 107-10° cfu/g after 12-24 hours (55, 64, 65). The micro-tlora is dominated by
meshophilic Vibrio or Aeromonas spp. (59, 66, 169), and, particularly if the fish are
céught in polluted waters, mesophilic Enferobacteriaceae (62). Al ambient termperatures,
motile aeromonads are the specific spoilers of aerobically stored fresh-water fish (9, 59,

66). 8. putrefaciens may also take part in the spoilage (13).




Tabie 1-1 Bacterial flora on the surface of newly caught fish and shellfish from tropical and
temperate marine and fresh waters,

Incidence (%)

Species ‘Temperate Tropical
Marine Fresh Marine Fresh
Gram-negative
Pseudomonas D-10 0-22 0-53 0-16
Moraxella 0-14 0-52 0-36
Acinetobacter 0-11 0-15 0-8
“Acromobacter™ 5-530 0-t0 0-15 0-19
Alcaligenes 0-10 0-10
Flavobacterium 2-25 0-6 0-54 0-13
Vibtio® 0-60 0-80
Aeremonas 0-30 0-2
FEnterobacteriace® 0-18 0-10
Chromebacterium 0-20
Gram-positive
Micrococcus 0-53 0-10 0-60 0-30
Staphylococcus 0-41 018
Bacillus® 0-24 0-42 0-5
Coryneforms 0-10 0-12 0-55 0-5
Lactic acid bacteria 0-3

a} “Acromobacter” denotes Gram-negative, nonfermentative rods, and probably covers strains now
identified as Aciniobacter and Moraxella, and includes Shewanelly putrefaciens, which is found in
low numbers an newly caught fish,

b) Includes Photobacterium phosphoreun.

¢} Tnclean walers, mainly psychrotrophic strains (e.g., Serratia liquefaciens or Hafria atvei)

d) Clostridia may be isolated in low numbers,

Data from (63)
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Tauble 1-2, Surface micro-flora of fish and shellfish from temperate waters

Wild fish and shelfish

Faried fish and shellfish

Psendomonas
Moraxella
Acinetobacter
Alcaligenes
Shewanella putrefaciens
Flavobacterium
Vibrio spp.
Photobacterivm spp.
Aeromonas spp.
Bacillus spp.
Micrococcus spp.
Clostridium
Corynebacterium

Natural bacteria flora is similar
ty the micro-florn of wild fish
and shelllish  +

Listeria monocyfogernes

C. botulinum

Data from (63)

Table 1-3 Surface micro-flora of fish and shellfish from tropical waters

Wild fish and shellfish

Farmed fish and shetlfish

V. cholerae
V. vulnificus
V.parahaemolyticus

Micro-flora of temperate wild fish

+
LEnterobacteriaceae (in polluted waters)
Bactlluy
Micrococeus

Micro-flora of tropical wild fish
+

Salmonella (in some Asian countyics)

F.ocoli

Data from (63)

¢




1.3.2 Spoilage of fish and shellfish stored in ice

During storage of fish, surface bacteria can invade the flesh by moving between the
muscles especially when the skin flora increases above 10%fu/ cm (160). During ice
storage, the aerobic count incrcases with a doubling time of approximately 24 hours and
will, after 2 to 3 weeks, reach numbers of 10%-10° clu/g tlesh or Jera® skin (63). The
composijtion of the micro-flora changes dramatically during storage. Thus, during acrobic
iced storage, the micro-flora is composed almost exclusively of Pseudomonas spp. and S.
putrefaciens. This is truc for all fish and shelifish whether caught or harvestcd in

temperate (65, 109), or subtrapical and tropical waters (26, 106, 112, 169).

S. putrefaciens is very important as a spoilage bacterium of iced fish. The bacterium is
the specific spoilage bacterium of marine temperate water fish stored aerobically in ice.
The number of S. putrefaciens is inversely linearly related to the remaining shelf life of
iced cod (93). Barile (13) reported mackerel spoilage after 15 days in ice due to S.
putrefaciens and Pseudomonas spp. when iced immediately after capture. However,
when held for 9 hours at 26°C before icing, the mackerel spoiled after 5 days duc to
Peusodomonas and mesophilic Bacillus spp.. S. putrefaciens usually constitutes 1% or
less of the micro-flora of fiesh fish (23), but increases relative o the acrobic count and
constitutes 30% to 90% of the micro-flora at the point of spoilage (23, 93). This
bacteriutn has been isolated from tropical fresh waters, but does not appear to be
important in the spoilage of iced fresh watcr fish from tropical waters (66, 112).
Pseudomonag spp. are, together with the above bacterium, spoilers of marine tropical fish
stored in ice.(26, 55, 62). Pseudomonas spp. are also the specific spoilers of iced stored
tropical fresh water fish (66, 112). In contrast to Pseudoronas spp., S. puirefaciens can
grows 1o levels of 10>-10% cfu/g after vacuum packing and subsequent iced stosage of fish
from temperate marinc walers, because the bacterium is capable of anazrobic respiration
using TMAO as electron acceptor (34, 93). Photobacterium phosphoveumn is another
bacterium that has an important role in spoiling of vacuum-packed fish from temperate

marine waters (34).




1.4 Characteristics of some spoilage bacteria

1.4.1 Shewanella putrefaciens

The bacterium was fiest dentificd as a member of the group Achremobacter. This
group contained various Gram-negative, non-[crinentative, oxidase-positive, rod-shaped
bacteria. S. putrefaciens then was transferred o Psendomonas by Long and Hammer in
1941. In 1985, MacDonnel and Colwell, suggested that the bacterium be transferred (o a
completely new spectes, Shewanefla in honour of Dr. J. Shewan. The bacterium is a rod
motlile by polar flagella and has been isolated from marine and fresh water, lakes,
sediments, oil fields and proteinaceous foods. The importance of the bacterium in the
food industry 1§ due to the spoiling ability of the bactertum in low-temperature stored
foods, mostly with high protein content and high pH. So, typically, marine fish, chicken
and high-pH meat can be spoiled by §. puirefaciens. The organism can change TMAQ (o
TMA and produces a variety of volatile sulphides, including I1,S, which can make a fishy
smell. The food spoilage strains of S. putrefaciens are all psychrotrophic and grow at

4°C, and many at 0°C. The bacterium rarely grows at 37°C.

1.4.2 Pseudomonas fragi

Mecmbers of this genus are Gram-negative, aerobic and straighl or slightly curved rods.
They are ver}‘ common in fresh foods becanse of their association with water, soil and
vegetation and they can contaminate meat, milk, poultry, eggs, scafood and vegetables.
Many species are psychrotrophic and are important spoilage agents in refrigerated foods.
P. fragi is oxidase-positive, 0.5-1.0 pm in width x 0.8-4.0 pm in length with a single,
polar flagellum and can grow at 4°C but not at 41°C. The bacterium produces lipase,
protease and amylase and potentially can spoil milk, sealvod and meat. It is importaat to
know that foods spoiled by this bacterinm are not harmful for consumers, but they have a

lower quality and, due to changes of flavour, odour and texture, may not be consumed.




1.4.3 Micrococeus luteus

The genus Micrococeus is Gram positive, spherical in shape with a diameter of 0.5-2.0
i, nen-sporing and asually non-motile and. All species are catalasc and oxidase
positive and can grow in the presence of up o 5 % NaCl. The primary natural habitat is
mammalian skin; the secondary habitat is meat and dairy produets, soil and water. It is
non-pathogenic, but some strains may be opportunistic pathogens. The cell wall of
micrococei consists of a thick, rigid layer of peptidoglycan. M. futeus are sphercs 0.9 -
1.8 um in diameter occurring in tetrads and in irregular clusters of tetrads. Colonies are
yellow, yellowish green or orange pigmented. The bacterium frequently has been isolated

from speiled fish.

1.5 Bacteria pathogenic for humans and associated with fish and
shellfish

Some of the pathogenic agents responsiblc for health hazards of sea-foods are listed in
Table 1-4.

Table 1-4 Bacterial health hazards associated with fish and shellfish products.

Indigennus . Non-indigenous
Fouxin preformed in Infection Toxin preformed in Infection
prodiict product
Clostridinm botuliniun Listeria monocytogenes® Staphylococcus aureus | Salmonella
(non-proteolytic Vibrio cholerae Clostridium botulinum | spp.
types B, II, and I') Vibrio parahaemolyticus | (proteolylic lypes A Shigella spp.
Vibrio wulnificus and B%) E. coli
Aeromonas hydrophila Mesophiic histamine-
Plesiomonas shigelloides | producing bacteria
Shewanella alga” (Morganetla morgonii)

a) L.wonocytogenes seems to persist in the aguatic environment once introduced.

b} S alga is a recently defined species that has not been implicated in foodborne discase but has caused
wound infection and bacteremia Lhrough contact with warm water,
¢) Clostridium botulinum types A and B occur in the gencral environment and arc frequently found in

water.

Data from (63)




1.5.1 Vibrio cholerae

This bacterium is responsible for epidemic cholera. 'I'his disease is an acute, diarrhoeal
illness caused by infection of the intestine. Although medical and public health has
improved, this disease remains a major public health problem, particularly in developing
countries. As a result of the multiple sources of contamination, a wide variety of foods
have been dircetly or indirectly inplicated as a vehicle of V. cholerae, the most common
being fish, sheltfish and crustaceans (134). Fish and shelifish may be contaminated with
V. cholerae at harvest. Marine animals are contaminated both externally and/or in (heir

gut through filter feeding and ingestion (41).

V. cholerae was for many years the only species of the genus of Vibrio. The number of
species within the genus has increased considerably during the last 30 years and currently
numbers morc than 30. The species is divided inte serotypes based on their O somatic
antigens. Strains associated with cholera have typically possessed the Ol antigen,
although non-OQ1 serotypes are now also responsible for cholera-like disecase. In 1991,
long-distance translocation of the bacterium was demonstrated when V. cholerac O1 was
isolated from shellfish harvested off the US Gulf (39, 129). The isolated bacterium were
shown by molecular typing to belong 0 the same clone as Latin American slrains
prevalent at the time. Further investigations revealed that bilge and ballast water on
American ships present in the area werc contaminated with the bacterium (129). Isolation
and identification of V. chelerae non-Ol from oysters, different fish specics,
environmental samples, seafood and patients after caling scalood have been reported

(120, 128, 163).

1.5.2 Vibrio parahaemolyticus

The organism has been 1solated from fish, shelllish and other seafood and also from
coastal waters. V. parahaemolyticus is [requently isolated from frozen, covked scafood
from Eastern countrics. Due to its halophilic nature and the marine source of V.
parahaemolyticus. raw and cooked seafood such as shrimp, prawn, lobster and crab may
carry the infection. In Western countries, raw nolluscs and cogked crustaceans are the

most common food source of V. parahaemolyticus while, in Asian countries, fish is a
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commaon source because it is eaten raw. Although V. parahaemolyticus is sensitive to
heat, cooked foods may be contaminaied by raw producis with which they come in
contact. The numbers of organisms present 1 nalurally contaminated food is low, approx.
100 g-1, and may increase ten-fold in the summer (40). Thus an increase in number

during storage is vsually necessary to establish an infection in healthy hosts.

V. parahaemolyticus infections occur worldwide but most of the food-borne disease
outbreaks of the organism due to seafood have occurred in Asian countries with the
highest incidence in Japan (95). In 1999, during a study of samples of seafood imported
from Hong Kong, Indonesia, Thailand and Vietnam, V. parahaemolyticus was recovered
from 45.9% of samples. The incidence rates were: for shrimp 75.8%, crab 73.3%, snail
44.3%, lobster 44.1%, sand crab 32.5%, fish 29.3% and crawfish 21.1% (217). Among
622 outbreaks of food-borne iliness reporled in Taiwan during 1981 to 1989, the most
frequently isolated organism was V. parahaemolyticus and seafood products were the
major source (27). Tn another study, among 102 outbreaks of food borne disease reported
to the Taiwan Department of Health, it was responsible for 56.7%. This organism has
been a leading cause of problems, particularly in the warmer months, in Taiwan for many
years (145), frequently in food from sea water and fresh water (218). Tt has also been
found, with an incidence of 77%, in oysters (Crassosterea gigas) originating from the

southern coast ol the state of Sao Paulo, Brazil (128).

Generally, the incidence ot V. parahaemolyticus gastro-centeritis is usually higher in
the summer following the seasonal pattem of the bacterium in the natural environment.
Naturally contaminated scafood e.g. fish, shell{ish and crustaceans are the major sowrce
of the pathogen, either eaten raw, inadequately cooked or cross-contaminated after

cooking (90).

1.5.3 Vibrio vulnificus

The Centre for Disease Control reported a role of V. vulnificus in food-related disease
in 1976 (17). Seawater and aquatic creaturcs were the main habitat of this 01‘gani51ﬁ (38,

143). Tt can cause wound infections, gastro-enteritis, or a syndrome koown as “primary
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septicacmia” (U.S. Food and Drug Administration,
http://vin.cfsan.fda.gov/-mow/chapl0.html). V. wudnificus is a mildly halophilic
bacterium that occurs naturally in estuarine and seawaters, residing in high numbers in
ftlter-feeding shellfish such as oysters, clams and mussels. It has also been isolated {rom
a wide range of environmental sources, inciuding water, sediment, plankion and other
marine fish and crustaceans in a variety of countries (148). The bacterium infects only
hurnans and other primates but most healthy people arc resistant to infection. A strong
association was seen between V. wuinificus infection and patients who had certain
underlying diseases such as liver dysfunction, certain bloed disorders, diabetes, cancer,
increased serum iron levels with chronic alcohol abuse and with malignancies or
gastrectomies (28, 90, 137, 148, 191). No major outbreaks of ilincss have been attributed
to this organism. Sporadic cases occur frequently, becoming more prevalent during the

warmer months and with a high mortality rate of between 40 to 60% (90).

1.5.4 Clostridiuum botulinum

Clostridinm botulinum, one of the most important of the pathogenic food-borne
bacteria, i1s an anaerobic, Gram-positive, spore-forming rod that produces a potent
neurotoxin and it is responsible for the paralysing disease botulism. This specics is
divided into seven types (A, B, C, D, E, F and G) on the busis of the antigenic specificity
of the toxin produced by each strain. Al} of these strains produce neurotoxing with similar
effects on the host, but the different types of Loxins are serologically distinct. Types A, B,
E and I cauge human botulisin whercas types C and D cause most cases of botulism in
animals. Types A and B are found primarily in soif and seawater sediments and in fish or
mvertebrates in fresh water and seawater. Type E outbreaks atrc usually associated with
conswmption of fish (22, 192, 214). The organism has been isolated from fish farms and
farmed trout (19}, waterfow] (144), the fresh water environment (198) and in fish from

markets (74).

Generally, any food that, when processed, allows spore survival, and is conducive to
outgrowth of spores and toxin production, and is not subscquently heated before

consumption, can be associated with botulism.



http://vm.cfsan.fda.gov/~mow/chaplO.html

L5.5 Salmonella

Salmonellae are Gram-ncgative, rod-shaped and non-spore forming, usually 0.7-
1.5%2-5 pm in dimensions and the majority of them are motile by peritrichous flagella.
At present, more than 2370 specific serological types are recognised. Salmonellae are
frequently found in the intestinal tracts of domestic or wild animals. They can survive for
10-12 weeks in water and for many months in faccces, soil and pastare {Josland, 1951;
Mair and Ross, [960). Surface waters can be contuminated by run-off from farms and
from sewage,

Seafood can be contaminated with salmonellae in rivers, lakes and in-share waters, or
during handling after harvesting. Food wastes and animal manures are often ted to fish
and crustaceans in earthen ponds and salmonellae are frequently found in the ponds.
Brackish waler and shrimp raised in them are inherently contaminated with salmonellae
and, at higher stocking densities, the incidence of salmonellae increases (152). Food
animal origins are the primary vehicles for outbreaks of the disease. Fish and shellfish
have been responsible for two salmonella outbreaks in Canada in 1982, five in ngland

and Wales in 1984, four in Poland in 1980 and one in the USA in 1982 (33).

Farmed seafood, or seafood harvested from in-shore waters or rivers may contain
salmonellae and fish caught in deep waters may be contaminaled after harvesting. Among
211 shrimp samples from various countries, 8.1% were positive for salmonellae (54) and
among 494 samples of catfish in the USA, 5.2% were positive (36). In another study,

salmonellae were isolated from smoked fish and shellfish (78).

1.5.6 Listeria monocytogenes

Listeria monocytogenes is a food-borne pathogen, which can cause outbreaks and
sporadic listeriosis. The organism has been found in at least 37 mammalian species, both
domestic and feru, as well as 17 avian species and some species of fish and shellfish.

Some studics suggest that [-10% of humans may be intestinal carriers of the organism. It




1s also iselated from soil, silage and other environmental sources. {U.S. Food and Drug

Administration, http; /vm.cfsan.fda. gov/~mow/chap6.htnl),

1.5.6.1 Taxonomy

The organism was first described in 1926, after an infectious epidemic among
laboratory rabbits and guinea pigs (139). The isolated organism was named Bacterium
monocytegenes because the infection was characterised by a monocytosis. A simifar
bacterium isolated from the liver of infected gerbils was named Listeralla hepatolytica by
Pirie (151), who suggested the current name Listeria in 1940 in honour of Lord Lister, an
eminent English surgeon. Now, L. monocytogenes is situated in the genus Listeria and it

is generally accepted that the genus consists of 4 species and 3 subspecies (186).

1.5.6.2 Bacteriology

Cells are Gram-negative, short, regular rods with rounded ends that can occur singly,
in parallel or in short chains arranged to form a V shape. The cells are 0.4-0.5wm in
diameter and 0.5-2.0 pm in length. The organism is motile by means of a few
peritrichous tlagella when grown at 20-25'C. Listeria spp. will grow in most bacterial
culture media but growth i1s cnhanced in the presence of glucose, serum and blood. After
incubation for 24h at 37" C on nutrient agar, colonies are 0.5-1.5 mm in diameler, roand,
translucent with a watery appearance and have a finely textured surface and an entire

margin (123},

1.5.6.3 Pathogenicity

Awwong Listeria spp., L. monocytogenes and Listeria ivanovani are pathogenic to
humans and animals. Listcriosis, the disease caused by pathogenic listeria, can allect
many of the body’s orguns, including the gastromtestinal tract. Immunosuppressed
humans are more iikely to become ill but many people will remuin symptomless. 1t is
hypothesised that isolation of Listeria spp. trom human stools may merely reflect the

transit of the organism from contamination within a given food. Detection methods to
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distinguish between virulent and non-virulent strains of L. monocytogenes are still being
developed so thosc used are based on historically accepted techniques (186). It has been
reported that P-hacmolysin produced by L. monocytogenes is correlated fo the
pathogenicity of the organism (43), also a number of specific genes play a role in
virlence of the bacterium. Genes cssential for intracetular replication and intea and
intercellular mobility are focated in a chromosomal region hetween ldh (encoding lactate
dehydrogenase) and prs (encoding phosphoribosyl-pyrophosphate synthetase) genes. The
extracellular protein p60, which has peptidoglycan hydrolase activity and catalase,
superoxide dismutase and also a group of genes, which encoding large and small

internalins have been recognised to be involved in pathogenicity {57).

1.5.6.4 Ecology

Isolation of listeria has been reposted from both cultivated and uncultivated soils, mud
and moist soils (68, 215) us well as from surface and spring water (67, 211) and sewage
(5, 211). Becausc the organism is isolated from surface waters, it was suggested that
waters receiving sewage effluent may be a route for recycling listeria (43, 211). Such
waters were contaminated up to a distance of 25 miles from a treatment plant {(43). L.
monocytogenes has been isolated in dairies (187), in poultry processing (10) and in meat
processing factories (194). In seafood processing environments, L. monocytogenes is
isolated more frequently from chiller rooms, as well as from floors and drains. Brine

tanks were algo identified as a source of listeria contamination (186).

1.5.6.5 Epidemiology

L. monocytogenes is a food-borne pathogen that is capable of causing sporadic and
epidemic illness. Although some believe that humans are infected after direct contact
with diseased animals (195) and soil, L. monocytogenes is an envirommental contaminant
and probably the primary means of transmission to humans is through food contaminated

during produetion and processing {6).




The well-categorised risk groups include pregnant women and their Toetuses.
neonates, the elderly, and adults with & compromised iimmune system, e¢.g. renal
transplant patients, paticnts on corticosteroid treatment, 1HV/AIDS patients and

alcoholics, whose resistance to infection is low (2, 4, 25).

" Molecular typing technology has improved the epidemiology of listeria. The most
common serotypes isolated from lood-borne listeriosis are 4b, 1/2a and 1/2b (186),

although not all L. monocytogenes isolated from food are pathogenic (80, {54},

The minimum infective dosc for food-borne listeriosis is still not delined; however,
the most at-risk foods are reported to be ready-to-eat mcals, requiring no further heat
treatment. These include ready-cooked chicken, sliced ham, pate and processed meat
paste, shelifish products, soft and surface tipened cheese and foods held under

refrigeration (73, 154).

Surveys of fresh water, sea water and live fish and shellfish have suggested that
contamination with Listeria spp. is more likely to occur in fresh water fish than sca water,
and is dependecnut on the presence of the bacteria in the surrounding waters (15). Listeria
species (81%) and L. monocytogenes (629%) were found in a high percentage of samples
of fresh water (river, contact with domestic animals) in a Californian coast estuarine

cnvironment (29).

1.5.6.6 Prevalence of L. monocytogenes in the fish industry

L. monocytogenes can grow at refrigeration temperatures of 4 C and down to 1° C
{(166). Heating at 60 C should achicve a 4-log reduction over various heating times

depending on the level of curing salts used and the fat level of the fish (15).

Prevalence of L. monocylogenes in fresh, [rozen and processed seafood has been well
investigated. The organism has been found in frozen fish (18), frozen minced fish (158),
raw seafood (161) and frozen and processed seafood (76). Also Listeria spp. and L.

monncytogenes were found in raw, cooked. processed and {rozen shrimp (15, 122, 127).

Survival of the organism in smoking and other light preservation processes like

marinating and curing is of concern (71, 91, 121). L. monocytogenes has frequently been
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isolated from cold-smoked salmon in different countries. Rorvick and Yndestad (158)
reported L. monocytogenes in 9% ol cold-smoked salmon samples in Norway whereas
Farber (48) reported 31.2% of samples positive for the hactecium in Canada and Hudson
et al. (86) reported 75% positive in New Zealand. Some believe that the organism cannot
survive after hot-smoking process carried out at 65°C for 20 min (91), bur Dillon ez al.
(44) reported isolation of Listeria spp. {25.4%) [tom hot-smoked fish. However, this may
have been due Lo post-processing contamination. The contamination of salmoun by L.
monocytogenes during cold-smoking processing is a concern. A high incidence of
contamination with L. monocytogenes has beep reported during filleting and the
subscquent smoking processing. Although the incidence was increased on fillets and
simokehouse environment samples, no fillets were positive immediately after smoking
and before further processing, suggesting that the cold simoking process had an cffect on
reducing the nombers of the bacterium. The authors emphasized that lurther investigation
was required in this arca (157). In another study, two cold-smoked salmon processing
plant were studied. In the first processing plant, no L. monocytogenes was found on raw
fish but the level of final product contamination varied hetween 31-85% whereas, in the
second processing plant, the level of contamination of both raw fish and the product
varied from O to 25%. It was concluded that contamination of the final product {(cold-
smoked salmon) was due to contamination during processing rather than to
contamination from the raw fish. However, the possibility that raw lish was an important
source of contamination of the processing equipment and environment could not be

excluded (201).

Although no cases of listeriosis have so far been directly linked to sinoked-salinon, the
presence of L. monocytogenes is a serious concern due to the fact that product is
consumed as ready-to-cat products without a heat treatment, which would inactivate the
pathogenic bacteria, In a study to evaluate the L. monocytogenes subtypes associated with
foods, specifically smoked fish, the data suggested that at leasl some of the subtypes
present in ready-to-cat foods may have only limited human-pathogenic potential (141).
Isolation of L. monocytogenes from food may be complicated. There is little quantitative
work on the levels of 1. monocytogenes in seafood products due (o the fact thal the

bacteria may have been sub lethally injured by heating, freezing, acidification or drying
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and use of pre-enrichment broths are necessary for recovery of the injured cells. Reported

levelds have been approximately 100 cfu/g (133).

1.5.6.7 Isolation and enumeration

Based on different types of food, several methods of isolation have been used. The
two common isolation protocols, which also have been used for detection of Listeria spp.
in seafood, are those formulated by the US Food and Drug Administration (190) and by
the US Department of Agriculture (130). The most common selective enrichment broths,
which have been used in both methods and their modifications are: Listeria Enrichment
Broth (LEB), Fraser Broth, Polymyxin Acrifavin Lithium Chloride Ceflazidime Aesculin
Mannitol Bgg Yolk Broth (PALCAM) and the most common isolation plating media used
are Lithium Chioride Phenylethanol Moxalactam (LPM) medium, Oxlord agar, modified
Oxford agar, PALCAM agar and Haemoelytic-Ceftazidime-Lithium Chloride agar
{HCLA).

Lovett e af. (118) compured the FDA and the USDA method for the recovery of L.
monocytogenes in inoculated seafood and reported that the FDA method is better for
isolation of heat-stressed cells and the USDA method may a better procedure for
recovery of unheated Listeria from a high background. In 1994, Ben Embarek (15)
suggested that PALCAM agar or modified Oxford Agar are superior for products such as
smoked salmon with non-stressed Listeria cells and a large background flora. The use of
direct plating lor recovery of Listeria, expected to be injured or stressed in most scafood
was not rccommended (16). In a comparison of selective direct plating media lor
recovery and enurmneration of L. monocytogenes from artificially-contaminated cold-
smoked salmon, Oxford agar and Lee’s modification of Oxtord agar, in comparison to

other agars were satisfactory (147).

1.6 Preservation of sca-foods

Several ways have been used for preservation of fish and shellfish including:




1.6.1 Chilled products

Storage in ice is the general method. This method is normally used to protect fish and
shelfish from spoilage as much as possible during transport to the processing plant to
ensure both microbiological quality and safety. The periads involved vary from a few
hours to 3 weeks or more. Storage is normally in melting ice or chilled brine (or sea
water) at ~2°C, lmportant bacteria in fresh and packed fish and shelllish stored chilled or

in ice are shown in Table 1-5.

1.6.2 I'rozen products

In most cases seafood are frozen unwrapped to facilitate rapid freezing, but for somne
purpeoses products may be packaged before freezing. All types of [reezing systems are
used for seafood including contact plate or shelves, brine and other direct cantact
refrigerant systerns, continuous moving-belt air-freezing systems and passive air blast
freezing as well as (raditional sharp freezers (150). Frozen seafood is taken to a
temperature below —18°C and, more commonly with modern practices, to even lower
temperatures. Storage ol frozen seafood is at -20°C or lower to maintain product quality.

Fish frozen before rigor mortis are often held at -7°C for a few days to enhance quality.

1.6.3  Lightly-preserved seafood products

This group includes fish products preserved by a low level of salt (<6% [w/w] NaCl
in the water base) and, for some products addition of preservative such as sorbate,
benzoate, NOy or smeke. The pH of the products is high (>5.0), and they are often
packaged under vacuum and must be stored and distributed at chill temperature (<5°C).
The products usuvally have a shelf life of 3 to 6 weeks. These products are thc. most
dangerous group and almost any of the pathogenic organisms listed in Table 1-4 may be
transferred via these types of stored food and distributed at chill temperatare (<3°C). C.
botulimum, L. monocytogenes and Aeromonas spp. can grow in these products and
spoilage is mainly caused by bacterial action. Bacleria important in lightly preserved

seatood are shown in Table 1-6.




1.6.4 Semi-preserved seafood products

Fish products with a high salt content (>6% NaCl in the water phase) or pH below 5.0
ta which preservative (benzoate, sorbate, nitrate) may be added, are defined as semi-
preserved. Several kinds of products from Northern Furope, Southern Durope and
Southeast Asia are semi-preserved. Raw material for caviar production is a semi-
preserved product and is held in 4% to 5% acetic acid und 5% to 10% NaCl for 2 to 4
weeks. Storage temperature is <10°C. C. botulinwm may constilule 4 serious risk in these
products and spoilage is caused by the activity of the lactic acid micro-flora or by
autolytic changes. Important bacteria in semi-preserved scafood products are shown in

Table 1-7.

1.6.5 Heat-treated seafood products

Many seafood products receive a heat treatment as part of the processing. Depending

on the temperature used, they can be classified into the fellowing four categories:

1. Pasteurised products that are often vacuum packed and must be distributed at chill
temperature (5°C), such as hot-smoked fish, which 1s usually brined or dry salted and

dried before smoking at an internal ternperature of approximately 65°C for 45 minutes.

=

2. Cooked products, e.g., shrimp or cooked and breaded fish fillets, oftcn packed and
sold frozen.
3. Canned (not sterilized) products, e.g. crab meat, these products, which receive heat

treatment for | min at 77.2°C — 98.8°C, must be distributed at chill temperature.

4. Commercially sterilized (canned) products: These products including canned
mackerel, tuna and salmon have received sufficicnt heat treatment to allow distributien
and storage at ambient temperature.

Bacteria important in heal-treated seafood preducts are shown in Table 1-8.
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1.7 Some methods which could potentially be used for preservation of

food

Some methods, which are already in nse for food prevention but have not necessarily
been widely implemented, and other methods with potential for food preservation are

described below:

Table 1-5 hmportant bacteria in tresh and packed fish and shellfish stored chilled or <

in ice

Spoilage bacteria

Health hazards

Pseudomonas spp.
Shewanella putrefaciens

C. botulinum -
V. parahaemolyticus

V. vulnificus

V. cholerae

A. hydrophila

Y. enterocolitica

L. monocvtogenes

Table 1-6 Important bacteria in lightly-preserved seafood products (<6 % NaCl +

preservative)

Spoilage bacteria

Health hazards

Lactic acid bacteria
Hafnia alvei

Serratia ligefaciens
Enterobacter spp.

C. botulinum
L. monocytogenes
Aeromonas spp.




Table 1-7 lmportant bacteria in semi-preserved seafood products (> 6% NaCl +

preservative)
Spoilage bacteria Healtl: hazards
Halococcus spp. C. batulinum
Lactic acid spp.

Table 1-8 Important bacteria in heat-treated seafood products

Spoilage bacteria Health hazards
Heat-resistant psychotrophic C. botulinum
Molds and yeast L. monocytogenes

B. cereus

All above data from (63)

1.7.1 Radiation

These techniques rely on the direct action of the radiation on the microbes and can be

classed into two types, ionising radiation and UV radiation,

L7.1.1 Ionising radiation

Ionising radiation includes gamma radiation, X rays and accelerated electrons. Gamma
radiation is not a new technology and has been used for many years for the sterilisation of
inedical supplics and for the treatment of plastics (o reduce contaminatton. The use of the

technology for treatment of food is also not new. Today, many countries use this
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technique for proccssing certain foods such as spices, fruits and vegetables. Two
countries have used the irradiation factlities for disinfection of seafood. One is located 1
France for shrimp and has been in use since 1989 and the other in Bangladesh for dried

fish, which has been in operation since 1993 (149).

. The hiclogical action of radiation is through the disruption of the main target, DNA.
Water in moist foods is ionised by radiation. Electrons are expelled from the water
melecules and cause the breakage of chemical bonds. The products then recombine to
form hydrogen, hydrogen peroxide, hydrogen radicals, hydroxyl radicals and hydro
profix radicals. These radicals are very short-lived (less than 107 sec), but still cause
sufficient damage and destroy the bacterial cell. The damage to the cell is achieved with
radical and ionic attack on the cell. wall, membrane and on the cell metabolism. Later, the
direct effect of the radiation on the DNA molecule becomes apparent when the helix fails
to unwind and therefore the organism cannot reproduce {Ginoza, 1967). The damage to
the DNA is due (o the production of double-stranded breaks and occasionally thymine
dimers (8). Because ionising radiation relics npen the interaction of ions with the target,
the smaller and simpler the organism is, the highes the dose of radiation needed to destroy
it. Also, in general, Gram-negalive bacteria are maore sensitive than Gram-positive oncs
and rods are more sensitive than cocci. Yeast and moulds tend to be more resistant than
bacteria, and bacterial spores are even more resistant, viruses arc generally the ruost

resistant of the microorganisms (149).

1.7.1.2 UV radiation

Ultraviolet radiation includes the portion of the radiant energy spectrum between
visible light and X-rays. UV radiation has a wavelength approximately between 100 and
400 nm. It has been divided by the International Commission on Hlwminalion into three
regions UV-A (315 to 400 am), UV-B (280 (o 315 pm) and UV-C (100 to 280 nm).
Wavelengths below 100 nm are generally absorbed in the air and this region is also

termed the vacuum ultraviolet (VUV) range.

UV radiation is gencrally effective at reducing bacterial populations (11, 24, 85, 96,

222). The sensitivity of microorganisms to UV radiation varies with the wavelength of
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the radiation. Gartner in 1947 reported that the optimum lethal wavelength for all
microorganisms was at 254 nm and this wavelength has been uscd for many bactericidal
applications. Many factors may affect the action of UV radiation on bacteria such as:
depth of the layer irradiated, starting concentration of the suspcnsion of the test
organisims, transmittance at 254 nm of the suspension, type and arrangement of UV
lamps, method of dose measurement and irradiation time (175). Like ionising radiation,
UV is effective primarily on the cellular DNA. The major damage is against the more
sensitive pyrimidine bases (132). The damage is primarily due to the production of
linkage between successive pyrimidines on the DNA strand forming dimers, but a minor
cffect is due to double-strand hreaks (8). Cross-linking of the DNA and protein play a

significant rolc in the killing of the cells (173).

Although UV has low penctraiion power, it is used frequently -in order to kill
microorganisnis that exist on the surface of a variety of materials and in water (79, 167,
174). A comparison study was done on the germicidal effect of UV light on pathogenic
and indicator organisms. The doses of UV light nccessary for a 99.9% inactivation of
cultured vegetative bacterza and total coliforms were comparable. However, to inactivate
viruses, bacterial spores and the amoeba cysts, doses required were about 3 to 4 times, 9
times and 15 times, greater respectively (24). In another study, Butler ¢ al. (20) found
1.8, 2.7 and 5.0 mWs/cm? were required for a 3 log reduction (99.9% inactivation) of
Campylobacter fejuni, Yersinia enterocolitica and E. coli in 1.0 cm depth of bacterial
suspension. Sommer ef al. (176) exposed three I, coli strains, three bacterial viruses and
spores of Bacillus subtilis to UV light. They found that the E. coli strains and phage phi
X174 were most UV susceptible, followed by phage B40-8 and finally MS2 and bacterial
spores. The killing effect of UV also has been investigated on antibiotic-resistant strains
of Staphylococcus aureus and Enterococcus faecalis in order to treat wound infections.
Results suggest that Enterococcal bacteria are more susceptible to the killing effect of
UV. These data also suggest that UV light al 254 nm is bactericidal for antibiotic-
resistant strains of S. aureus and E. faecalis at times as short as 5 seconds (30). The cffect
of UV on three bacterial and one viral fish pathogens was investigated in water of
different salinities. A UV dose of 2.7 mWs/om? resnlted in a 99.999% (5 log) reduction in

viable count for Vibrio anguillorum, Vibrio salmonicida and Yersinia ruckeri. 122
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mWs/em® was required for a 3-log reduction of infectious Pancreatic necrosis virus
(IPNV} (111). Straus et al (181) applied high intensity ultraviolet germicidal (UVG)
lamps at various times and distances against L. moncyfogenes. They indicated that UVG
wrradiation is an effective way of killing the bacterium on surfaces and conld therefore be

uscful in the food manufacturing industry.

UV radiation in [ood industries

The use of UV radiation as an applicable method for bacterial decontamination of
loods has received limited investigation in the {ast two decades. In 1982, the effect of UV
irradiation at 254 nm and doscs of 300 mWs/cm® from a photochemical reactor or 4.8
Ws/em? from a high intessity UV-C famp on the microbiological count and storage-life
of fish was studied. A 2-3 log reduction in surface microbial count of mackerel was
reported. Also, the treated fish wrapped in | mm polyethylenc and packed in ice at —1°C
had a shelf life of at least 7 days longer than that of untrcated contrels. The results
showed that spray washing with chlorinated water by itself or in combination with UV
was necessary to reduce surface counts on rough fish to the same extent as those on

smooth- surface fish treated by UV alone(8%).

Fresh meat has been the subject of other studics. Experimental results showed that UV
treatment of fresh beef could cffectively increase the lag phase of bacterial growth until
adeguate cooling had occurred. It was reported that, UV was more cffeclive on the
sinooth surface of beef, where the meat fibres are parallel to the surface than rough
surface cuts of meat such as round steak (180). It was also shown that UV could be used
to reduce E. coli and Salmonella senftenberg on pork meat surfaces. The authors
suggested more research was needed (o determine the antimicrobial activity of UV

exposure of meat carcasses or meat cuts in a food-processing environment (216).

When Salmonella typhimurimin on agar plates and poulry skin was treated by UV
cnergy, a 3-log (99.9%) reduciion in viable count on agar plates was obtained at
20000Ws/em?2, whereas, on the surface of pouliry skin, an 80.5% reduction in
Salmonella typhimurium was oblained with same UV cnergy (183). Another study on

broiler carcasses suggested that UV radjation could reduce Salmonella surface
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contamination without a negative affect on carcass colour or increasing the rancidity of
the meat (203). Also UV was also shown (o reduce Salmonella enteritidis on agar plates
and eggs shell. ‘t'he dosage of UV was about 6 times more effective on the bacterium on
agar plates than on the eggshell (103). Combined treatment with UV, chlorine, sodium
chloride and wisodium phosphate on the reduction of Yersinia enterocolitica and
mesophilic aerobic bacteria on eggshell surfaces was studied by Favier ef al. (49). They
found that, on un-inocwlated eggs, the best results were obtained by a combination of
chlorine and UV. On Y. enierocolitica-inoculated eggs, a combination of rrisodiam
phosphate and chlorine gave the highest reduction. It was concluded that Y. enterocolitica
was more resistant to UV radiation than the natural mesophilic aerobic micro-flora on the

eggshells, except when a low tnoculum (4,39 log ctu/egg) was assayed.

The effect of UV on reduction of bacteria in food package cartons is another area that
has been studied. A synergistic ¢ffcct between low concentrations of hydrogen peroxide
and UY irradiation on spores of Bacillus subtilis was reported. The type of inncr surface

of the carton was important for the efficiency of the treatment (179).

Effects of UV on food

It is well known that UV irradiation can destroy certain vitamins, particularly vitamin
C and B vitamins. UV can also promote the formation of vitamin D from its precursors.
The oxidative deterioration of oils and fats, leading 1o rancidity, has been reported
following UV irradiation but there is some evidence to suggest that conducting the
irradiation under an inert gas blanket can reduce these effects. Application of UV in
foods would be limited to the doses which can be used safely on foodstuffs containing
high levels of oils and fats. The intense irradiation of fish oils has been shown (o be
linked to the production of toxic by-preducts, ¢.g. aldehydes, but there have been no
reports of the occurrence of thesc or similar compounds in foods which have undergone

UV irradiation (168).
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1.1.1 Microwave

Microwaves, in comparison to infrared and UV radiation are relatively long transverse
waves of 1 m to 1 mm in wavelength. They cover the broad range of radio frequencies
from 300 MHz to 300 GHz. Figure 1-1 shows the electromagnetic spectrum and the

relative position of microwaves.

Wavelength (m)

10 1 10" 107 107 10* 10° 10° 107
Rw' 10° 10° 10"
Frequency (H2) s Avisible Light,
700 650 600 S50 S00 450 400 Wavelength (nm)

Red Orange Yellow Green Blue Violet

Figure Error! No text of specified style in document.-1. The electromagnetic spectrum

Microwaves are reflected by metals, transmitted by electrically neutral materials such
as glass, most plastics, ceramics and paper and absorbed by electrically charged
materials. The conventional microwave oven normally works with a frequency of 2450
MHz and most of the sterilisation studies on food and destruction of microorganisms
reported use this frequency. Microwaves penetrate into food materials and, as they
penetrate, the energy they carry is converted to heat, actually by the food material itself, |
mainly by the mechanisms of polar and ionic orientation (116) (Figure 1-2). Culkin and
Fung, (32) reported that low frequency-range microwaves have better penetration into
food than higher ones. For large industrial applications in some countries, 915 MHz is

used for better penetration.
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Figure 1-2. Ionic and polar orientation

A few studies have reported that the bactericidal effect of microwave radiation may
be due to non-thermal effects. For cxample, tomato soup, vegetable soup and beef broth
were inoculated with E. coli and Salmonella typhimurium and healed in a 915 Mz
microwave oven. Temperature monitoring by temperature-sensitive paper strips showed
that different levels of the soups reached ditferent temperatures and also fewer surviving
bacteria were found at the top of the container, which had the coolest temperature. Based
on these results, the authors believed thal an extra cffect, morc than simple heating
caused bactertal killing (32). The effect on the activity of numerous enzymes of S. anreus
was examined after microwave and conventional heating. The data indicated that
activities of some enzymes after the treatments may have becn changed. For exampie,
malate dehydrogenase activity increased after conventional heating, but not to the extent
found in microwave-treated cells. The ratio of enzyme activily for heat-treated cells was
1.84 versus 2.72 from microwave-treated cells. Also, the aclivity of ec-ketoglutarate
dehydrogenase decreased with the ratio 0.24 for heat-trcated cells versus 1.76 for
microwave-treated cells. So, it was reported that microwave heating alfected enzyme

activity levels in a manner vnlike that observed 1o conventionally-heated cells (46).




Khalil and Villota (100} did a comparison of microwave and convenfional heating on
the destruction of Bucillus stearothermophilus spores. A greater lethality resulted from
microwave heating (han from conventional heating to the same temperature (212°F).
Thus they cencluded that there was evidence of an non-thermal effect of the microwave
radiation. In another study, several tubes containing 10 ml of suspension of S, aurewus
were subjected to various thermal treatments by microwave and conventional heating, By
using kerosine, circulated around the sample tubes situated in mmicrowave cavity, it was
tried to continuously remove heat from the sample and keep the set temperature stable.
The kerosene was cooled in another heat exchanger outside the microwave cavity using
cold water. Some tubes were exposed to conventional heating by distilled water bath. For
both heating modes, the toluol thermometer was used to eliminate any variance between
the temperature monitoring devices. A greater injury was observed. on S. auwreus by
microwave compared to a conventionally-treated cells at the same .temperature and
condition (99). Sun ef al. (184) reported that microwave accelerated the rate of
phosphoanhydride bond hydrolysis in RNA more than that observed after conventional
heating. This contrasts with a report by Rosen (159) that microwave energy is non-
tonizing and incapable of breaking chemical bonds. Tn all of the above studics, it seemed
that the investigators had difficulties in ieinperature monitoring and/or control of

temperature.

In contrast, other investigators believe the microwaves reduce bacterial numbers
entirely by thermal effects (58, 89, 107, 197). These effects include potentially
irreversible heat-denaturation of euzymes, proteins, nucleic acids or other cellular
constitnents vital to cell metabolism or reproduction, resulting in cellular dcath (77).
Howecver, this does not mean that athermai effects do not oceur in hiological systems. In
the specific area of the interaction of microwaves with microbiological systems, there is
very little evidence (o support the existence ol athermal effects and it seems that this area

needs more investigation.

Lin and Sawyer (113) used 2450 MHz microwave radiation on beef and results
showed that beet loaf wrapped m polyvinylidene chloride (PYDC) filim had lower levels
of survival of aerobic bacteria, S. auwreus and E. coli than unwrapped beef loaf.

Hollywood et al. (83) demonstrated that L. monocytogenes survived in all samples of
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mince beef cooked by microwave to the rare state, prior to the standing period and was
still preseni in one of three samples after (he standing period. L. monocytogenes was also
detected 1n one of three samples cooked to medium prior to a standing period. This

organisim was not detected in mince cooked by the conventional oven method.

Thompson and Thompson (193) and Villamicl e al, (199) demonstrated that
continuous microwave processing may be an effective and mild approach for the

pasteurisation of milk without changing its organaleptic quality.

The killing effect of microwave on L. monocytogenes in chicken has been the subject
of some studics. Coote ef al, (31} did experlents on chicken skin and whole chicken
and showed that when a temperature of 70° C is reached and maintained for at least 2 min
throughout a food there is a substantial reduction in the number of L. monocytogenes. In
another study, survival of the bacterium inoculatcd within and onto the-sin“facc of stuffed
chickens was cxamined. Results showed thul although high tcmpcratures: (72-85° C) were
recorded ai various locations in and on the chickens, some viable bacterial were still
recovered. Lack of uniform heating within microwave-cooked foods was suggested as a
{actor and the necessity of cnough standing time to allow for temperature equilibration
within the food when microbiological safety was important (1 19). When different strains
of L. monocytogenes were inocnlated into various chicken dishes and other chilled foods
before microwave cooking 1t was found that, even after following the manufacturcr’s
cooking instructions, the temperatures necessary to kill the bactecinm were not achieved
within some foods (202). In other work, L. monocytogenes was surface-inoculated on to
chicken breast and the chicken was exposed to the microwave and internal endpoint
temperatures of 65.5, 71.7, 73.9, 76.7 and 82.2° C were achieved. The thiee highest
temperatures achieved 2.5 to 3.5 log reductions in viable counts whereas the two lowest
temperatures reduced the bacterial population by less than 2 logs. Also it was concluded
that the temperature achteved within microwave-heated foods might vary widely. Surface
temperature is usually drastically different from the internal temperature and so, due (o
lack of uniformity of chicken breast samples and differences between surface and internal
endpoints, assigning the conditions sufficient to destroy L. monocytogenes in poultry

would need to be done carefully (75).




In 1995, Gundavarapu et al. (70) studied the effcct of different microwave power
levels on Lhe survival of five sfrains of L. monocytogenes in inoculated shrimp. They
macerated one hundred grams of shrimps by a blender and added | ml of Listeria
suspension containing 2x10° cfa/ml to make a uniform distribution of Listeria in shrimp
sample. The samples were cooked in the microwave oven at different power levels (240,
400, 560 and 800 W} using cooking limes predicted by a mathematical model as well as
20% longer times than thosc obtained from the model. Samples then were left for two
min to allow temnperaturce to equilibrate through the product. Results showed that at least
one replication of inoculated shrimps was positive for the presence of Listeria. No viable
L. monocytogenes were detected in shrimp cooked at 120% of predicted times, They
found that a mixture of the Listeria could be completely inactivated with 2 min holding
after microwave treatment for 108, 84, 62 and 48 s at 240, 400, 560 and 800 W,

respectively.

1.7.3 Laser

Since its introduction in the early 1960s, laser technology has progressed very rapidly
and today lasers are used in many ficlds such as welding, astronomy and surgery. The
term LASER is an acronym for Light Amplification by Stimulatcd Emission of
Radiation. The amplitication will produce a heam of photons with identical scalar and
veetor properties such as frequency, phase, direction and polarisation to the photon-
inducing amplification; the beam also has special characteristics such as monochromicity,
coherence and unidirectionalily. Laser sources are divided into three categories namely
solid state, gaseous and liquid (dye). Only solid-state and gascous lasers are considered

here and dye Jasers generally have Jow output powers.

1.7.3.1 Solid-state lasers

These include ruby and ncodymium ytuium aluminiuimm garnet (Nd:YAG) lasers.
These types of lasers have been used in cutting, drilling and marking of materials,
military range finders and targel designators, a varicty of scientific and technology

experiments and medical applications.




1.7.3.2 Gas lasers

These include helivm-neon and carbon dioxide lasers, which have been used f{or
material processing, marking materials, surgical applications and tactical systems in the

military.

1.7.3.3  Laser for decontamination of organisms

Three years after the discovery ol the visible light laser, Saks and Roth (162)
demonstrated that the ruby laser (wavelength: 694.3 nm) had a signilicant biocidal cffect
on Spirvgyre. To date, the bactericidal cffects of laser have been the subject of many
studies (Table 1-9). The majority of research on laser sterilisation of micoorganisms have
concentrated on dental application and the use of laser energy in food industries has been

of less concerrn.

Yunagawa et al (220) reported the bactericidal effect of a combination of wavelengths
from an argon ion laser on 21 different strains of bacteria. Each organisin was exposed to
20, 40 and 60 mW output power, and delivered over 30 min. The results are shown in
Table 1-10. Graru-positive bacteria were not sensitive to the laser light, and the authors
concluded that the rigidity of the cell wall was playing an fmportant part in bacterial
resistance. Some Gram-negative bacteria such as V. parahaemolyticus also were resistant
to laser light. In contrast, others have shown the bactericidal effect of CO, lascr, with no

remarkable difference between Gram types (189).

Ward et al. (206) used high-power Nd: YAG laser light (1064 nm wavelength) to inactive
bacteria and yeast on agar surfaces. They used different Gram-positive and pegative
bacteria and yeast and demonstrated that the sensitivity to killing by laser light was nat
primarily determined by cell size, shape, or clustering, or by Gram-staining
characteristics. Watson ef al. (213) compared bactericidal effects of different lasers and
wavelengths on bacteria. Seven laser instruments, delivering radiation at a selection of
wavelengths in lhe range of 0.355 to 118 um, were investigatced for their ability to kill E.

coli as a lawn on nutrient agar culture plates. A signilicant ability to kill the bactertum
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was observed with the COs (600 W), frequency-tripled Nd:YAG (1 and 0.04 W) and
Nd:YAG (200 W) lasers. The different killing efficiencies by the various wavelengths
were belicved to be partly due to the much higher absorption of radiation at 10.6 {m than
at 1.06 pm, by water in the bacterial cells and the swrrounding mediuwm (nutrient agar). In
another study, the bactericidal effects of laser radiation on Staphylococcus anrens were
studied with high power Nd:YAG laser radiation between 50 and 300 W. A range of
faser pulsc repetition frequencies (PRFE) from 5 to 30 Iz, with a combination of pulse
coergics from 2 to 30 J were applied. 1t was reported that pulse energy, PRF and cxposure
time were important criteria when considering inactivation of micro organisims by laser
radiation {221). A further study was done on E. ceoli in saline suspension. The Nd: YAG
laser caused more than 90% loss of viability of the bacterium during exposures that raised
the temperature of PBS suspensions of the bacteria to 50°C. In contrast, there was
minimal loss of viability after heating the same suspensions to 50°C in a water bath, or in
a PCR thermal cycler. The authors concluded that the bactericidal action of Nd:YAG
laser light at 50°C was due partly to thermal heating and partly to an additional, as yet

undefined, mechanism (207).
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Table 1-92. Some experiments on the bactericidal eftects of lasers

ELaser

Eneryy

Struins used

Medbia Relerence Year
Ruby 3-76 Mem™? Servatis marcesceis Solid and in Klein et el {102) LY65
Stapl. citrens liguict
Psendononas
Prenmoecoceus
b ixﬁr_n_‘gl’!lu.\‘ niger )
Helium Neon 25 kW Preudomonas ueruginesa Liquill and McGull and Bell 1966
Ruby 10 mW Provens valparis culitre mediu {13h
i Neodymiwm Glass | 40 mW Sitaph. aierens
Buacillus subtitis
(o9 10W Bucillus subtilis Scalpsl blades Adrian and Gross (3) 1979
Clostridinni sperogenes
spores N
cO2 mnw Bucillus subtilis Dental root Mook erf «f. (84) 1980
B. stearothermaphilus
CO, 10w Swaph. aiereuns Skin seeded Muiiarky ef ef. (138} | 1985
&, okl L
cO, 10w Sireptocrecis sangurs Glass slides Zakariasen ¢ @f. 19236
' Strep. mutuns (223
Actinemyces riscosus
Bucitlus cerets
Stapl, anrens
Preudamonas aeriginosa
Nd: YAG 20-120°W E. coli Wells of Schultz et of. t164) 1986
Staph. aurens microtiter
Freudomonas aeruginosa plates
Argon fluoride 300-330 mlem™ | Servatia marcescens Agar plates Keates et al. (97) 1988
cxeirmer Pseudomonas aeruginesa
Steyrlr. aurens
Strep. faecalis
Huemophilus tfluenzoe
Cundide albicuny
Asperpiltus niger B
Xenon chioride 0.7 Jiom® Strep. mitttetns Liquid culture Ntahholtz et e, (F78) | 1993
cxeimer L and blood agir
Nd; YAG 400 W Stuph. aurens Nutricnt agar Yeo of af, {220) 1008
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Sterilization of packaging materials in food industries also has been investigated. A
ultraviolet excimer laser, operating at 248 nm, was used to inactivate Bacillus subtilis
spores deposited on to planar alaminium and peolyethylenc-coated packaging surface. Kill
kinetics were found to be biphasic, with an initial rapid inactivation phase followed by
tailing. Although the authors had no definitive evidence, it was thought that spores
located within packaging crevices/pores were primarily responsible for the observed
tailing. They also found the spores on the unexposed underside of packaging surface.
The log count reduction in B. subtilis was dependent on spore loading and total UV dose
{210). In another study, when polyethylene preformed cartons werc exposed (o the
ultraviolet excimer laser, it was found that the inactivation of the spores and also the
distribution of UV was dependent on the type of carlon interior coating (209). In a further
study it was found that the germination ability of B. subtilis spores was altered following
UV-excimer laser treatment. The treated spores were recovered in lquid systeins
(nutrient broth, low acid nutrient broth, whole milk) but not on agar plates supplemented

with vegetable extracts or tysozyime (208).

Laser radiation has been investigated for decontamination of swrfaces and it was
suggested that it could be used for decontamination of containers, and perhaps their
contents, on a production line in the food industry (212). The potential of CO; laser for
decontamination of various foods such as fruits, vegetables and meats, as well as that of
solid surfaces, including metals and some plastic has been demonstrated. Carrot and
potato inoculated with E. coli were exposed to a CO; laser beam of { kW for pulse
duration of 2-10 ms and, alter 8§ ms, both samples with low inoculwn concentration
(1x10° cfwml) werc completely decontaminated. Also, when higher inoculum
concentrations (Jx10® cfu/ml) were used, after 10 ms a 5-log reduction in bacterial count
was observed. Serratia marcescens, S. aureus and Pseudomonas acruginosa were
inoculated onto hani, bacon and fish (whiting and herring) and a low—power laser beamn
was scanned across the surface of the samples. The potentiality of the laser beam to make
a clear area by inuctivation of bacteria was observed on bacon, herring skin and ham, but
not on the fish flesh. Also, preliminary studies on the nutrient content and lipid oxidation

cffect of laser-treated ham suggested that exposure had no significant effects (212).
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1.7.4 Pulsed electric tield (PEF)

- Pulses of high-voltage electrical fields are effective in killing bacteria, yeast and
moulds in liqud substances (125, 126). This technique is a non-thermal procedure. The
antimicrobial effect of a high electric field is due to the ability to cause lethal changes in
the cell membrane. If microbes, in a suspension, are exposed to pulses ol high external
electric field for short time periods (ps) this leads to an increase n the potemtial
difference across the cell membranes. An increase in the membrane potential leads to
reduction of membrane thickness, Breakdown of the membrane occurs if the critical
hheakdown voltage of larger than 1 V is reached through an increase in the external field
intensity. In higher electric field strengths, the pore formation on the celi wall becames
irreversible and cell death will happened due to destruction of the membrane functions.

This can kill microorganisms in a vety short time (136).

Although texture, flavour or colour of the produects are not affected, due to the non-
thermal nature of the technigue, this method can be used only in liquid foods. Also, this

method does not inactivate bacterial and fungal spores.
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Table 1-10. Effect of argon ion laser on 21 different strains of hacteria.

Organisms (and strain munber) Sensitivity to Laser at cnergy density
72 J/em 144 J/em 216 J/em

Gram-negative aerobic rods

Psendomonas geruginosa 1117 + 4 =

P. fluorescens K-35 + ! +

P. fluorescens 2101 + +

Acintebacter calcoaceticns _ - -

Grame-negative facuoltatively anaerobic rods

E. coli 5208 _ 4+ +

E. enli 3280 _ + +

E. coli 3284 _ _ +

Shigella sonnei _ -

Salmonella ryphimuriuin _ _ .

Sal. enteritidis _ +

Proteus mirabilis - _ +

Morganella organii 4 + +

Serratia marcescens fla-1

S, miarcescens Iva-1
Klebsiella preumoniae
Vibria parahaemolyticus 8406-2
V. parahaemolytivus 8406-3
Gram-positive rords
Bacilluy cereus BG-ac
Gram-positive cocet
Staphylococcus wurens 209P
S. aureus 100

S, aureus 196E

+) It a clearcd ared with diameter > 6 mm was observed then the bacterial species was regarded as
scnsitive.

+) For colonies obscrved growing in the exposed areas, hui at a reduced number, the sensitivity was
designated questionable.

-) If no visible reduction in the colony (ormation was observed the bacterial species was regarded as
insensitive.

Data from Yanagawa ¢t al. (220}
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1.7.5 Qzone

Qzone gas (O5) is a powerful oxidizing agent. Tn pature, it is continuously produced in
the upper atmosphere by the action of solar UV radiation upon oxygen (Oy). Passing
oxygen or dry atr through a high voltage clectric {ield (by a generator) can form the gas.
Ozone has been widely used for disinfection of drinking water and wastewater. The high
oxidizing potential and the ability of the gas to diffuse through biological membranes are
two of its strong biocidal characteristics. Some studies have shown that the (wo major
pathways for the oxidation reaction of the gas in water are reactions between molecular
ozone (direct oxidation) or free radical species formed from the autodecomposition of
ozone (indirect oxtdation) with some inorganic and organic compounds (53, 81, 82). It is
not well understood whether molecular ozone or radical species are responsible for the
inactivation of microorganisms. Ozone inactivation kinetics is difficull to measure
accurately, because the reactions between the vital components of thé microorganisms
and ozone are rapid. Also, ozone is rapidly destroyed by autodecomposition and by
reactions with other organic components present in solution (87). Komanapalli et al.
{104} exposed a wild-type and a mutant (DNA repair deficient) strain of . coli to ozone
at concentrations of 600 ppm for less than 10 min. Measurements were made of cell
viability, glyceraldehyde-3-phosphate dchydrogenase, malate dehydrogenase, lactate
dchydrogenase, gintathione disuiphide reductase, non-protein sulphydryl and total
sulphydryl compounds. The data showed that the most sensitive parameter was
glyceraldehyde-3-phosphate dehydrogenase followed by non-protein sulphydryl and total
sulphydryl compounds. Also, both the mutant and the wild-type strains were equally
sensitive to ozone. It was suggested that the sulphydryl group in the cell membrane is the
primary target of ozone attack and the RecA DNA repair systemn did not appear to play a

role in ozone resistance.

The effect ol chlorine and ozone on E. coli cells resuspended in waste-water has been
compared (7). Selected conditions (concentration and contact time) gave a similar
decrease (2.5 log) in the bacterial viability. Depending on the disinfectant tested,
differences in membrane permeability and cell surface hydrophobicity were observed.
Approximately 95.5% of the cells showed altered membrane permeability after

ozonation, while no changes in cell surface hydrophobicily were observed. The effect of
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chlorine was not linked to changes in membranc permeability. Also, alter chlorination, E.

coli cells showed a tendency to aggregate.

1.7.5.1 Killing effect of ozone on various hacteria

Ozone has been used to kill some bacterial fish pathogens, including Vibrio
anguillarum i scawater. The results sirongly sugpested that ozone treatment at more
than 1.0 mg of total residual oxidants (TROs) per litre for several minutes was able to
disinfect seawater for maricullure efficiently (182). The effects of ozone at (.25, 0.40 and
1.00 ppm on L. monocytogenes in distilled water and phosphate-buffered saline were
examined. Differences in sensitivity to ozone were found to exist among the six different
strains of . monocytogenes. Greater ccll death was found following exposure at lower
temperature. Ozone, alse at 1.0 ppm concentration completely inactivated all L.
monocytogenes cells inoculated on cabbage after 5 min (51). Bacteria surviving after
ozonation were studied by Lee and Deininger (108). The significant [inding was the
predominance of Gram-positives (75%) among the surviving bacteria after ozonation.
They included Mycobacteriwn spp., Bacillus spp., Corynebacterium spp. and
Micrococcus spp.. In another study, Kim and Yousef (101) exposed several tvpes of
bacteria to ozone and found that resistance to oxoue reaument to be in the order; E. eoli,
Pseudomonas, fluorescens, Leuconostoc mesenteroides, and L. monocytogenes. Also it
was found that S. gureus was more resistant than Strepiococcus faecalis and Candida
albicans when they were exposed to ozone in water (110). The antibacterial activity of
ozonated sunflower oil (Olcozon) was studied by Sechi er al. (165). Oleozon showed a
valuable antimicrobial activity against all microorganisms tested. Results showed that

Mycobacteria were maore susceptible to Oleozon than the other bacteria tested.

Ozonc has been used with other agents for greater effcct. For example, a combination
of ozone and CO, was used and a very effective synergistic effect was observed against a
virulent strain of . coli O157. This combinalion also was effective for bacterial
decontamination of black pepper (135). In another study, the bactericidal cffect of four
different treatments ((2/0;, Ox/UV, O0,/0+/UV and O, as the control) was compared. A

synergistic effect in reduction ol (he total aerobic plate count {APC), coliforms, E. coli
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and S. typhimurion was found by using combination of UV and ozone in poultry-
processing chiller water. Also, a synergistic reduction in APC bacteria was documented
for ozone acting in concert with UV photons as comparcd with the sum of the effect of
Oz and UV acting in series (42). Combination of pulsed electric field (PEF) and ozone, as
two non-thermal processing technologies with potential applications in food industry,
was studied by Unal et al. (196). They found thut exposure of L. monocvtogenes, E. coli
and Lactobacillus leichmannii to ozone followed by the PEF treatment had a synergistic
bactericidal effect. This synergy was most apparent with a mild dose of ozone against L.
leichmannil. In another sfudy a strong synergism between ozone and negative air ions
(NAT) on bacterial cell death was found, but the degree ol this effect varied depending on

bacterial species (47).

1.7.5.2  Ozone and the {ood industry

Oxidizing disinfectants containing chlorine, chioramines and ozone are the final
barrier in the Environmenial Protection Agency in the USA recommended multibarrier
approach to providing pathogen-free water to the consumer. They are the most commonly
used disinfectants for drinking water (124). Ozone is a protoplasm oxidant, and its
bactericidal action is extremely rapid. The greater oxidation potential and rapid
decomposition of orone are two reasons, which may lead it (o be a replacement for
chlorine as a common sanitizing agent in the food industry (182). Ozone applications in
the food industry are mostly related to decontamination of product surface and water
treatment, but it could be used to inactivate contaminant micro-fiora on different kinds of
foods. Also, ozone is suilable [or decontaminating produce, equipment, food-contact
surfaces, and processing enviconments (98). Tn one study, apples were inocwlated with E.
coli O157:H7 and treated with ozone. Results showed that treatments were more elfective
when ozone was bubbled during apple washing than by dipping apples in pre-ozonated
water (1). This method potentially could be used for other products. Da Silva ef al. (33)
studied sensorial and microbicidal effects of gaseous ozonc on different bacteria on agar
plates and [resh fish. Five species of fish bacteria, Pseudomonas putida, S. putrefaciens,
Brochothrix thermosphacta, Enterobacter sp. and  Lacobacillus  plantarum, were

inoculated on agar surfaces and exposed to different ozonation Gimes in a gas chamber.
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Results showed that low concentraiions of ozone (<0.27 x 107 gl'l) were an effective
bactericide of vegetative cells of these organisms. ! fog cfu/cm reduction in viable counts
of studied micoorganisms wus observed when the bacteria inoculated on the fish skin,
were treated with ozongc in the laboatory. Also whale {ish treaied in the laboratory using
commercial ozone generator showed improved scores for sensory analyses compared

with the contrels. Similar results were obtained when the fish were treated on board ship.

1.8 Scope of the project

Seafood arc amongst the most perishable of foadstuffs and novel methods to improve
the quality and extend their shelf life would be advantageous. The projoct sct out to
investigate the effect of different decontamination technolagies, alone or in combination,
initially on bacteria in liquid suspension and on agar surfaces and then on different foods.
These treatments included laser, UV, microwave, heat and chewtical agents. The main
target was to achieve ninimal processing by investigation of the combination of
treatments, in different orders, and to determine the maximum exposure thal the produce

can take before damage occurs (appearance, sensory evaluation).

Initially, some spoilage organisms and bacteria pathogenic in seafood, as well as E.
coli as an indicator organism, were tested (in suspension and on agar) against the
decontamination technologies (alone and in combination), to identify the most resistant
and sensitive bacteria to these treatinents. It was considered important to find out the least

exposure timne using the least energy for killing the bacteria.

The next stage was to identily the killing mechanisms. Investigations included
[ransmission and scanning clectron microscopy, measurcinent of leakage of intracellular

constituents (proteins, nucleic acids) and sensitivity of treated cells to lysis by SDS..

The project also focussed on one specific problem in the seafood industry. There are
reports of a high incidence of L. monocyiogenes in processed (smoked) salmon. These
studies suggested that although the [ish smoking process is effective in killing the
baclerivm, post-processing contamination occurred (156). 'Fhere is a high incidence of

the bacterium in the smoke-house and salmon slanghterhouse environment. It has been
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found that some specific strains of L. monocytogenes could survive in the processing
plant for several vears and continually contaminate the products (117, 156). For these
reasons, decontamination of the organism and other spoilage bacteria in the processing
area as well as on the products are important and can help to achieve safe products with

longer shelf-life.
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CHAPTER 2 MATERIALS AND METHODS

2.1 Bacteria and culture media

2.1.1 Bacteria

E. coli (DH5e PT7-3):

This bioluminescent strain was obtained [rom the culture collection of the Division of
Infection and Immunity, University of Glasgow and was used by Ford (52). The
bacterium has plasmid pT7-3, which encodes ampicillin resistance and contains the T7

promoter, ¢ 10, and Jux CDABE genes from Xenorhabdus luminescens {188).

Listeria monocytogenes (strain R479a):
Isolated {from a cold-smoked salmon processing plant and kindly provided by Dr. L.
Gram (200),

Shewanella putrefaciens (NCIMB 1732):
Fish spoilage organism. Obtained from the National Collection of Industrial and

Marinc Bacteria (NCIMB) Ltd, Aberdeen, UKL

Pseudomonas fragi (NCIMB 1353):
Fish spoilage organism. Obtained from the Mational Collection of Industrial and

Marine Bacteria (NCIMB) Ltd, Aberdeen, UK.

Micrococeus Inteus:
Isolated from chilled prawns purchased locally in Glasgow and was identified by the
API, NE and 50C, systems. The typical yellow colonred colonies and ease of growth on

media like nulrient agar and at 37°C were reasons to sclect this bacterium.




Staphylococcus aureus (strain 24):

This bacterium is an avian isolate, obtained Irom the culture collection of the Division
of Infection and Immunity., University of Glasgow. The bacterivm was originally
provided by Dr. McCullagh from a case of proximal femoral degeneration, in a broiler

from Northern Ircland.

Campylobacter jejuni (strain Col7):
The bacterium was obtained from the cullure collection of the Division of Infection
and Immunity, University of Glasgow. Originally it was a clinical isolate from the Public

Heulth Laboratory Service in Colindale.

Salmonella Typhimurium (strain 509):
This bacterium was obtained from the culture collection of the Division of Infection

and Immunity, University of Glasgow.

2.1.2 Media

2.1.2.1 Broths

All braths, after preparation, were stored at 4°C until required.

2.1.2.1.1 Nurient broth

Nutrient broth No. 2 powder (CM 67, Oxoid, 25g) was suspended in one litre of
distilled water and boiled until it was dissolved completely. ‘T'he medium was stexilized at

121°C for 15 min.
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2.1.2.1.2 Trypiic say broth (1SB) '
Tryptic soy broth powder (CM 129, Oxoid, 30g) was suspended in one litre of distilled

water and boiled until it was dissolved completely. The medium was sterilized at 121°C
for {5 min. ‘
2.1.2.1.3 Listeria Enrichunent broth (LEB) .'

Listeria enriclunent broth hase powder (CM 862, Oxoid, 18g) was suspended in 500

ml of distilled water. The content of one vial of Listeria Selective Enrichment

Supplement (SR 141E, Oxoid) was then added to the medium and mixed. The medium l

was sterilized at {21°C for 1S min.

2.1.2.1.4 Campylobacter enrichment broth (CEB)
Brucella broth powder (Difco, 14g) (50) was suspended in 500 ml of distilled water

and boiled until it was dissolved completely. The broth was then sterilised at 121°C for

{5 min. Aseptically, 2 ml of distilled water was added to a vial of Campylobacter Growth

Supplement (SR 084E, Oxoid) and the contents were added to the broth at 45°C.

2.1.2.2 Agars
All agar media were dispcnsed aseptically into petrl dishes under a laminar flow

cabinet and then stored at 4°C until required.

2.1.2.2.1 Nutrient agar
Nutricnt agar powder {Oxoid, CM3; 282) was suspended in one litre of distilled water.

The mixture was heated to 100°C to dissolve the powder and autoclaved at 121°C for 15

min,




2.1.2.2.2 Nutrient agar plus ampicillin

E coli (lux) was routinely grown on nutrient medium containing 50 pg/l of ampicillin.
Ampicillin (sodium salt, Sigma, 200mg) was dissolved in 20 ml of distilled water as a
stock solution. 5 ml from the stock was filter-sterilized (0.2 1m, Minisart®, Sartorious)
and added to one litre of sterile medium, cooled to 45°C, to give the required

concentration of the antibiotic in the medivm.

2.1.2.2.3 Plate counr agar
This medium containing casein-peptone glucose yeast cxfract and is suitable for
enumeration of wide range of bacteria. Plate count agar powder (Merck, 22.5g) was
suspended in one litre of distilled waler. The mixture was heated to 100°C to dissolve the

powder and then it was autoclaved at 121°C for 15 min.

2.1.2.2.4  Tryptic soy agar plus yeast extract and glucose (TSA+YG)

Paranjpye et al. (147) used this medium to enumerate L. monocytogenes. To prepare
the medium, Tryptic soy agar powder (Difco, 40g) and yeast extract powder
(DUCHEFA, 6g) were suspended in 1 litre of distilled water. The mixture was heated to
100°C to dissolve the powders and autoclaved at 121°C for 15 min. The medium was
then cooled to 50°C. 2g of D (+) glucase (Analar®) were dissolved in 5 ml of distilled
water and this was then filter-sterilized and added to the medium through a 0.2 pum filter
(Minisart®, Sartorious) The medinm was mixed and dispensed aseptically into sterile

petri dishes,

2.1.2.2.5  Listeria selective agar (Oxford agar)

This agar is a selective and diagnostic medium for detection of L. monocytogenes.
This medium have alternative supplement containing Amphotericin B as a replacement
for cycloheximide. Listeria selective agar base powder (CM856, Oxoid, 27.75g) was
suspended in 500 ml of distilled water and boiled until it was dissolved completely. The

medium was then sterilized at 121°C for 15 min and cooled down to 50°C. Ascptically,
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the content of one vial of Oxford-Listeria-selective-supplement (Merck) was added to the

medium and mixed. The medium was dispensed aseptically into sterile petri dishes.

, 2.1.2.2.6  Listeriet monocytogenes blood agar (LMBA)

Listeria monocytogenes Blood agar base powder (LAB M™, 50g) was suspended in
one litre of deionised waler and boiled until it was dissolved completely. The medium
was then sterilized at 121°C for 15 min and cooled down to 47°C. Aseptically, the
contents of two vials of X072 (LAB M™) supplement and 50 ml of sterile citrated sheep
blood were added to the mediun and slowly mixed. The medinm was dispensed

aseptically into sterile petri dishes

2.1.2.2.7  Campylobacter selective blood agar (CSBA)

Blood agar basc No: 2 powder (Oxoid, 40g) was suspended in one litre of distilied
water and sterilized. Aseptically. the contents of a vial of Campylobacter Selective
Medium (SRO98E, Oxoid) and delibrinated sheep blood (5% v/v final) were added to the

medivm and mixed well. ‘fhe medium was dispensed aseptically into sterile petri dishes

2.1.2.2.8  Baird-Parker agar (BPA)

Baird-Parker medinm powder (CM275, Oxoid, 83g) was suspended in one litre of
distilled water and sterilized. Aseptically, 25 ml of the media was pipetted into each plate

and allowed o dry.

2.1.2.3 Modified agars

The following sclective agars were made for cnumeration of bacteria surviving ozone
treatment of food samples and also to avoid growih of other bacteria present in samples

(chicken skin and smoked sahmon).
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2.1.2.3.1  Modified Campylobacter Selective Bload agar (MCSBA)

This agar was used for growth of surviving cells of C. jejuri after treatment of chicken
skin by ozone. It was identical to Campylobacter Selective Blood Agar, described abave
except that it also conluined one vial of Campylobacter growth supplement (SR 084K,

Oxoid) per 500 mi ol medium.

2.1.2.3.2  Modified Listeria selective agar (MLSA)

This agar was used for growth of surviving cells of L. monocytogenes after trealment
of smoked salmon by ozone. [t was identical to Listeria Selective Agar, described above
except thar it also contained Listeria Enrichment Broth base powder (CM8S6, Oxoid, 18
g) and one vial of Listeria Selective Enrichment Supplement (SR 141E, Oxoid) per 500

mi of medium.

2.1.2.3.3  Modified Bismuth Sulphate agar (MBSA)

This agar was used for growth of surviving cells of S. typhimurium after tecatment of
chicken skin by ozone. Mannitol Selcnite broth base powder (CM 3998, Oxoid, 19g) was
dissolved in 1 litre of distilled water and boiled unti! it was dissolved compietely. After
sterilization and cooling down, Bismuth Suiphate agar powder (CM 201, Oxoid, 20g)
was dissolved in the broth and heated gently with frequent agitation until the mediurm just
began to boil. It was simunecred for 30 sec to dissolve the agar. 25 ml of the medium was

pipetted into ¢ach plate and allowed to dry.

2.1.2.4  Media and growth conditions for bacteria

Media and incubation conditions used for each strain are shown in Table 2-1
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2.1.3 Calture methods

2.1.3.1  YPreparation of bacterial suspensions (All strains except C. jejuni)

A colony from a fresh agar plate culture was inoculated into 50 ml of the appropriate
broth (Table 2-1). The lask was shaken at 180 rpm for 18-20 h at the appropriate
temperature. The cutture (15 ml) was then placed in a sterile plastic universal bottle and
centrifuged at 4000 rpm for 7 min. The pellet was resuspended in 15ml of normal saline
and diluted with sterile physiological saline to compare with the MacFarland standurd

solutions.

2.1.3.2 Preparation of C. jejuni suspensions

1-2 colonies of the bacterium were inoculated mto a 100-ml bottle cantaining 50 ml of
Campylobacter Enrichment broth. The bottle was incubated at 37°C in a 200 rpm shaker
for 2 h. The suspension was then placed in an anaerobic jar undler microaerophilic
condilions (80% nitrogen, |5% carbon dioxide and 5% oxygen) for 36 h. The suspension
was then centrifuged at 4000 rpm for 7 min and the cells were resuspended inte normal

saline as described above.

2.1.3.3 Preparation of lawned plates for laser treatment

Nutrient agar (for all strains except L. monocytogenes) and Listeria selective agar ({for
1. monocytogenesy plates were made and left to dry for 30 min in a clﬁss II faminar air
flow cabinet (I'low Laboratories, Germany). Also bacterial suspensions were made as
described before and colony counts were made. Then (.75 ml of the suspensions were
pipetted onto the appropriate plates and allowed 1o flood the surface. The lawned plates

were dried for 30 min in a Class I microbiological safety cabinet before use,
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Table 2-1. Media and incubation conditions used for each bacterial strain

i AR : : ‘ temperature (°C)
1 Nutrient broth Nutrient agar + ampicillin
E. coli (lux) + ampicillin 37
TSA
2 S. putrefaciens Nutrient broth Nutrient agar 20
3 P. fragi Nutrient broth Nutrient agar 20
4 TSA
L. monocytogenes TSB 37
Listeria selective agar
Modified Listeria selective
agar (MLSA)
5 M. luteus Nutrient broth Nutrient agar 37
6 TSA
S. aureus TSB 37
BPA
7 TSA
S. typhi i TSB 3
IPIRaRIran Modified Bismuth Sulphate 7
agar (MBSA)
8 CSBA 42
C. jejuni CEB (Microaerophilic
Modified Campylobacter conditions)
Selective Blood agar (MCSBA)
2.1.3.4  Preparation of lawned plates for ozone treatment

Tryptic soy agar (TSA+YG) plates were made as described in section 2.1.2.2.4. Also
bacterial suspensions were made in saline for each strain as described before and colony
counts were made. 100 pl of the suspension was pipetted onto the surface of TSA+YG

agar and spread evenly. Plates were left to dry for 15 min in a Class III microbiological

safety cabinet before use. For each strain, 5 plates were made.




2.1.3.5 Colony count method

Generally, 100ul of the bacterial suspension were pipetted into 9.9 ml of sterile normal
saline. Ten-fold dilutions were prepared from 107" to 107 by pipetting 200 @l into 1.8 m!
of saline. From each dilution, 20 ul was pipetted as a drop onto the surface of the
appropriate dried agar plates. Each count was set up in duplicate. Plates were incubated
overnight and in some cases lor up to 1 week at the relevant temperature and any colonies

were counled,

2.2 Decontamination systems

2.2.1 UV lamps

UV lamps (3 x 30 W) operating at band C {(180-280 nm) were ué‘.ed (Figure 2-1).
Before using, the lamps were warmed up for 30 min. The energy from the UV famps was

calculated from:
Energy (J/em”) = Power (LW) x Time (s)

The power of the famps was measured with a UV meter (MaCam®Scotland, UK),
which was placed at the target sites. Table 2-2 shows the power measnred at different

distances from the tamps.

Through Lhe experiment the coergy density was calculated by rmultiplying the

measured power at each distance by the exposure time.
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Figure 2-1 Treatment of samples by UV lamps

Table 2-2 Power of UV lamps at different distances

Distance of lamps from the UV meter

Power of lamps

(cm) (LWatt)
40 847
50 650
60 540
70 490
80 460

‘N
o




2.2.2 Nd: YAG laser

A pulsed, 400W, Nd:YAG laser (Lumonics, MS830, Rugby, UK) operating at 1064
nm was used, with a fibre optic beam delivery system and collimating focusing lens
assembly. The actual laser output power was measured with a power/energy meter

(FieldMaster, Coherent, UK). Table 2-3 shows the calibration of the Nd: YAG laser.

Table 2-3 Calibration of Nd: YAG laser with different parameters

Beam parameter Set power | Actual power
Pulse energy PRF (W) : pu
) (Hz)
) 15 75
24 5 120
8 15 120
10 15 150
50 5 250
24 10 240
8 30 240
60 5 300
20 15 350
30 15 450

The beam diameter was fixed at 2 cm (when the agar was exposed it was 1.4 cm) on
the surface of the suspension. The diameter was measured from burn prints produced on
photographic paper (Rypma, 1997). The energy density (ED) of the Nd:YAG laser was
calculated from:

ED = Actual power output X Exposure time / Measured beam area (J/cm?)
The power output (P,) was obtained from
P, =f xPe

Where f is the pulse repetition frequency (PRF) and Pe is the pulse energy (J).
Throughout the experiments, the laser output pulse energy was set at 20 J, delivered over
8 ms, operating at a PRF of 15 Hz. With these parameters, the calculated ED for 1 sec

exposure time was 111.5 (J/em®), but the actual measured ED was 69.1(J/cm?). This
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discrepancy was due to losses through the optical system before the laser beam reached

the target.

2.2.3 CO;laser

A 2000 W gas CO; laser (Rofin-Sinar, 1700 SM, Germany) operating at 10600 nm
was used. The output beam was delivered to the sample by using a flat mirror. The

energy density (ED) of the CO; laser is defined as:
Energy density (J/cm?) = Power (Watts) x Time / Area (J/em?)

Power and time were set on the laser control panel and were controlled by a computer.
A piece of Perspex” was exposed to different laser powers (W) for 1 sec and the diameter

was measured. The beam area was calculated for each power. The restilts are shown in

Table 2-4.

Table 2-4. Measured beam diameter and beam area for different power setting of
the CO; laser

Power Beam Beam | Power | Beam Beam
(W) | diameter area (W) | diameter area
‘ (cm) (em?) il (cm) (em?)
0 | 066 034 | 80 1.40 1.54
200 | 067 | 035 [ 9 1.55 1.38
30 | o074 043 | 100 | 1.60 2.01
20 | 1.00 078 | 200 -':5} 1.92 2.89
50 | 110 098 | 300 | 200 314
60 1.27 127 | 500 | 2.06 333
70 1.37 147 | 1000 | 207 3.36
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2.2.4 Microwave/conveniional heating

A domestic microwave oven (800 W, SANYO EMS 153) operated at 2450 MIiz was
used. Also, a normal laboratory water bath with digital-control of temperature was used

for heating the samples for different times.

2.3 Investigation of hacterial treatments

2.3.1 Treatment of bacterial suspensions with UV radiation

A suospension (1.0 ml) of bacterium was pipetted into the wells of multiwell petri
dishes (1.7 cm internal diarneicr) and exposed to the UV light for different times and
distances from the lamps. Belore exposure, 100pul of the bacterial suspension was
removed as the conirol and viable counts were determined. Tmmediately after UV

exposure, a further sumple was taken for viable counting, .

2.3.2 Treatment of bacterial suspension with microwave energy

For the controlled application of the microwave treatment, 50 ml of the bacterial
suspension was placed into a sterile 200-m! conical flask. The flask was placed into the
central cavity of the microwave oven and the samples were exposed for different times.
The temperature of the baclerial suspension was obtained by using a digital thermometer
before and immediately after treatment. Before and after treatment, 100 the bacterial
suspension was removed for viable counts as a control and to determine the effect of the

bacterial reduction due to the microwave.

2.3.3 Treatment of bacterial suspension with Nd: YAG laser radiation

I ml of bacterial suspension was pipetted into the wells of multiwell petri dishes (1.7
cm internal diameter) and exposed 1o the laser beam for various tines. Before and
immediately after treatment, viable cell counts were made as a control and to determine

the effect of the laser.
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2.3.4 Treatment of bacterial suspensions with ozone

100 mi of bacterial suspension was placed into a sterile 100-ml Duran bottie
(suspension was 6 cm deep and 4.5 cm in diameter) and a colony count was made. A
generator (Fischer, Badgodesbergi, Germany) was used to create the ozone gas from
olxygcn. On the ozone generator, the oxygen inlet [low rate was regulated to 100
litres/hour just before the main switch was turned on. Ozone was delivered into the
suspension bottle by a rubber pipe with a sterile stainless steel tube (5 mm diameter) at
the end. The stainless steel tube was placed, 5.5 cm, into the suspension and the gas was
bubbled through o weat the suspension. Exposure times were 2, 5, 10 and 15 minutes.
Tmmediately afier treatment, the generator was switched off and the slainless steel tube
was removed from the suspension. For safety, a vacuum pump (Nederman®, Sweden)
was placed over the bench through the experiment to remove any ozone gas. The treated
suspensions were left under vacumn for 1-2 min and then colony counts were made,

using the protocol previously described.

2.3.5 Treatment of bacterial suspensions by conventional heating

1.1 m! of bactexial suspension was pipetied into a sterile glass test tube (1 x 10em) and
the tube was placed in a water bath for various times and temperatures. The (nbe was
removed (rom the water bath and the suspension was left to cool at room temperature.

Colony counts were made belore and after treatment.

2.3.6 Sequential treatment ol bacterial suspensions with UV and laser radiation

I mi volume of the bacterial suspension was pipetted into the wells of’ multiwel} petri
dishes (1.7 cm internal diameter) and exposed to the first treatment. 10 pf {rom the
treated suspension was taken for viable count and the rest of the suspension was cxposed

to the second treatment. Viable counts were also made after the second trcatment.
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2.3.7 Sequential treatment of pre-heated (by microwave) bacterial suspensions

with UJV and laser radiation

50 mi of the bacterial suspension was placed into a sterile 200~ml conical flask and
exposed to the microwave radiation as described in section 2.3.2. The flask was then
cooled under tap water. Viable cell counts were made and 1 ml from the treated

suspension was taken for further treatments by UV and lager as described in section 2.3.6.

2.3.8 Scquential treatment of bacterial suspensions in different orders with laser,

UV and microwave radiation

The experiment was designed so as to incorporate all possible orders of treatments
with laser, UV and microwave radiation. | ml volumes of bacterial suspension were
pipetted into the wells of multiwell petri dishes (1.7 cm internal diameter) and exposed to
the fascr beam or UV radiation as described in sections 2.3.1 and 2.3.3. The treated
suspension was then exposed to the laser or UV radiation as second treaument or 500 pl
of the treated suspension was pipetted in fo a sterile 200-ml conical flask containing 49.5
ml of normal saline (20-fold dilution). The flask was exposed to microwave radiation for
L5 sec as described in section 2.3.2 as the second treatment. Due 1o the nature of the
microwave radiation, a small volume of the suspension would not allow a controlled
treatment, so a 50 mi volume of suspension was made. Finally, the appropriated third
treatment was made. After each treatment, viable counts were made by removing 10

volume of suspensions.

2.3.9 Sequential treatment of bacterial suspensions with laser, UV and

conventional heating

1.1 ml of the bacferial suspension was exposed to the three trcatments in different
orders. For treatment with UV or laser, 1.1 ml volume of the suspension were pipetted
into wells of the multiwell petri dishes (1.7 cm internal diameter). For treatment with
conventional heating, .1 ml volume of the suspension was pipetted into a sterile gluss

test tube (I x {0cm) and the tube was placed into the water bath at 50 or 55°C for § min.
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After each treatment, the suspension was pipetted into a sterile test tube and the tube was
placed in a 25 °C water bath for 5-6 minutes to cool down under standard conditions.

After cooling, 10 ul volumes were taken for viable counts,

1

2.3.10 Treatment of bacteria on agar plates with ozone

The experiment involved the use of 2 chambers, namely the measurement and the
treatment chambers. Prior to treatment, the UV lamps used for ozone measurement were
warmed up for 30 min. Both chambers were vented in air before the samples were placed
carefully into the treatment chamber. With the four samples in position, QI to Q4,
(Figare 2-2}, the lids were immediately sealed. The oxygen inlet flow rate on the ozone
generator was regulated to 100 litres/hour, just before the main switch was turned on,
Oxygen passing through the corona in the generator rapidly tormed ozone gas. A rubber
tubc fed the ozone into a common pipe connecling both chambers. However, during
treatment, the concentration of ozone in the chambers was 6.6 mg/inin. A computer
recorded the temperature and the drop in UV nrradiance as the ozone concentration
increased during (he ozonation process. After the required freatment time, the ozone
generator was swiltched of{. Samples were immediately removed from the chamber and
both chambers were vented with a suction fan. Subsequent experiments were conducted

identically, varying only the duration of treatment.

Y Ozone gas inlet
"

o1 o |
= = /
Q3 Q4 /

= =/

Figure 2-2. Location ol lawned agar plates in the treatiment chamber during ozonation




2.3.11 Bioluminescence assay

A suspension of £, coli ({ux) (1.0 ml volume cantaining 1.3 x 10° cfu/ml) was pipetted
into the wells of multiwell petri dish and exposed to the UV soutce (3 x 30 W jamps) for
3, 5,8, 12 and 20 s at 70 cm or exposed to Nd:YAG lascr radiation for 7, 8, 9, 10 and 11
s as described above (sections 2.3.1 and 2.3.3). 50 ml of the suspension was exposed to
microwave radiation as described in section 2.3.2 for 10 and 15 s. For exposure to
conventional heating, | ml of the suspension was pipetted into a test tube and the tube
was placed in a water bath for 5, 10, 15 and 20 min at 45, 50, 55°C. Alter each trcatment,
1001 vohime of the suspension was removed [or viable counting and the rest of the
suspension was placed into a disposable measuring cuvette (Polystyrene, Clinicon) for
luminometery. All cuvettes were placed into a cold box for transport to the microbiology
lab. The time between the end of the treatments and start of the bioluminescence assay
was about 2 h, All cuveties were placed into a luminometer (Model 1251, Bio-Orbit) to
measure the fight output for 0.5 5, every tew minutes over a period of 1 . Also, one
cuvette containing 1ml of saline was nsed as the conirol. The mean light output over the
measuring time was compared to the cell numbers by viable counts. To make a standard
cuarve, a bacterial suspension was made and then several dilutions, from 107 1o 10'7, were

done. Viable cell counts were made and the light output measurcd {or all difutions.

2.3.12 Bactericidal effect of two laser types on agar plates

By using the Nd: YAG laser, different pulse energics, 4, 8 and 24 Joules, delivered
over 8 ms were used and the frequency range was varied between 5 and 60 Hz. The
exposure time was adjusted from 8 - 48 seconds. With the CO, laser, different
frequencies at 100 and 200 W, woere used. Each lawned plate was divided into five
exposure sites and was mounted on a laboratory jack and positioned beneath thé laser
beam. Fach experiment was repeated in triplicate. After exposure, the platcs were
incubated overnight at the relevant temperatures and, for more accuracy, each segment
was observed under a profile projector to measure the area of clearing. Plates were placed
on a projector and the distance between the projector and screen was fixed at 5 times

magnilication. The average diameters of the clear area where no bacterial growth was
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observed were measured for each set of the laser paramcters. The arcas of bacterial
inactivation werce calculated and these values were plotted as a function of the encrgy

density at different frequencices.

2.4 Killing mechanisms

2.4.1 Investigation of effect of released cell constituents on protection of bacteria

against subsequent treatments

A flask containing 50 ml bacterial suspension was exposed to microwave radiation for
15 sec. The suspension was centrifuged at 4000 rpm for 1O min. 15 ml of the supernate
was filtered through a 0.2 pm size sterile filter into a sterile universal bottle. A viable cell
count was made to confinn sterilisation of the supernate. In parallel, this procedure was
made withoul any microwave radiation. The optical density (OID) at 260 nm in a quartz
cuvette was determined for both supernates against normal saline. 1 ml of fresh bacterial
suspension, which was made separately, was pipetted into each solution and viable cell
counts were made. 1 ml [rom each suspension was taken and sequentially exposed to

taser and UV radiation as described in section 2.3.6.

2.4.2 Investigation of effect of different cooling methods after microwave

treatment on effectiveness of laser treatment

A flask containing of 50 ml of bacterial suspension was exposed to microwave
radiation for 15 sec. Three bijou bottles, each containing [.5 ml of this bacterial
suspension were prepared immediately after treatment. Colony counts were made and the
first bottle was left at room temperature, the sccond one was placed on ice for 5 min and
the last bottle was placed in a mixture of dry ice and acetone for about 15- 20 sec until
frozen. The cooled suspensions were then removed and allowed to rcach room
temperature. Another colony count was made then 1 ml {rom cach bottle was taken and
cxposed to laser radiation and a further colony count was made. The same procedure was

ulso done but without any microwave treatinent to compare the results,
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2.4.3 Measurement of released nucleic acids and protein after different

treatments

_ Bacterial suspensions were exposed to different treatments as described above. The
treated suspension was then ccatrifuged for 8 min at 4000 rpm. The supernate was
filtered through the (.2 wm filter to remove any cells. 100 wl of filtered solution was '
placed into a quarlz cuvelle and the OD was obtained against normal saline at 260 and

280 nm.

2.4.4 [Effect of different treatments on the sensitivity of E, coli to lysis by SDS

As a measure of the level of cell damage (by the various treatments) the sensitivity of
cells to lysis by sodium dodecyl sulphate (SDS) was determined. A sithilar method was

used by Woo et al. (219) to investigate the damage done to microwave-treated cells.

Treated bactcrial suspensions were centrifuged for 8§ min at 4000 rpm. The supernates
were removed and the pellets resuspended in 15 ml of saline. The resulting suspensions
were divided into two sterile universal bottles (each containing 7.35 ml) and 150 pl of
SDS stock solution (Fisher scicatific, 50 mg/ml) was added to the first bottle (0.1% w/v '

final SDS concentration) and the same amount of normal saline was added to the second

bottle. The bottles were placed into 37°C and shaken (180 rpm) for 3 h. Yhe OD at 600

nm against normal saline was obtained for each suspension at 0, 30, 60, 120 and 180 min.

2.4.4.1 Effect of different concentrations of SDS on bacteria

The experiment was done at two temperatures, first at room temperature and the
second at 50°C in a water bath (for £. coli only). 1 ml of bacterial suspension was added
to the SDS solutions to the final SDS concentration (0.01, 0.05, 0.1, 0.2, 0.3, 0.4, and ‘

0.5%). Colony counts were made at time 0 and after incubation for 15 and 30 muin.
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2.4.4.2  Susceptibility of bactcria to killing by SDS after different ¢reatments

Suspensions of the bacterium (1.1 ml volume) were exposed to different treatments
and then the suspensions were divided into two sterile universal bottles (each contained
7.35 ml}) and 150 pl SDS stock (50 mg/ml for E. coli and 5 mg/mt for L. monacytogenes)
was added to the first bottle (0.1% w/v final SDS concentration for E, coli and 0.01% wiv
final SDS concentration for L. monocytogenes) and the same amount of normal saline
was added to the second bottle, The bottles were placed into a 37°C incubator with a
shaker (180 rpi) for 1 h, Colony counts were made and the OD at 600 nm against normal
saline was obtained for both suspensions at time 0 and after incubation for 30 and 6() min

(15 min for L. monocytogenes),

2.4.5 Electron microscopy of E. coli (lux)

Suspensions of the bacterium (1.1 ml) were exposed to the different treatments as
described before. Colony counts were made and scanning electron microscopy (SEM)

and transmission electron microscopy (TEM) were done on the samples,

2.4.5.1 SEM processing

All suspensions were centrifuged at 4000 rpm for 3 min and pellets were fixed in 2.3
% wiv glutaraldehyde in phosphate buffer for about 1h. Samples then were rinsed 3 times
in 0.1 M phosphate buffer (pH 7.4) for 5 min each and spun down at each change at 4000
rpm for 2-3 min. Samples were stored in buffer at 5°C overnight and post-fixed in 1%
w/v osmium tetroxide for 1h. They were washed three times in distilled water for 10 min
(spun down at each change at 4000 rpm for 2-3 min). Samples were placed onto Poly-
lysine coated cover slips for 30 min and were dehydrated in an alcohol series (30%, 70%,
90%, 100%, and dried 100%) each for 10 min except for absolute alcohol, which was
twice for 10 min. They were then critically point dried for 1k 40 min, in Polaron CPD.
Cover slips were mounted on double sided copper tape and gold coated then examined
using a Philips 500 scanning electron microscope. Images were examined over a range of

magnifications (x1600-x12500) and rccorded by Image Saver for Windows.
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2.4.5.2  TEM processing

[

All suspensions were centrifuged at 4000 rpm for 3 min and pellets were fixed in 2.5
% glularaldehyde in 0.1 M phosphate buffer (pld 7.4) for about 1h, then they were rinsed
3 times in phosphate buffer for 5 min each and spun down at each change. Samples werc
stored in buffer at 5 °C overnight. Suspensions were post-fixed in [% w/v osmium
tetroxide for Lh. They were washed in distilled water for 10 min, three times (spun down
at each change for 2-3 min). Samples were embedded in agarose to produce pellets and
then cut into smal! pieces. Samples were dehydrated in an alcohol scries 3G% (10 min),
50% (10 min), 70% (overnight at 4°C), 90% (10 min), 100% (2x10 min), and dried 100%
(10 min). They were then pul in propylene oxide for three changes, each of 5 min. The
samples then were put i:nto tubes containing 1:1 propylene oxidc:aml;jite resin. They
were rotated a few hours with the cap on and then left over night with cap off to allow
propylene oxide to evaporate. The samples were transferred to fresh Araldite resin the
next day. The samples were embedded in resin and left in an oven at 60°C to be
polymerised for 48h. 70-80 nm sections were made by using a Reictert ultera microtome
and mounted on 300 mesh formvar-coated copper grids. The sections were contrast-
stained by 2% w/v uranyl acetate in methano] for 5 min and lead citratc for 5 min and

were ¢xamined by Zeiss 902 TEM.

2.5 Decontamination of selected foodstuffs

2.5.1 'Total bacterial count of smoked salmon

Packs of smoked salmon were purchased from various local shops and opened
aseptically. lg of smoked salmon was placed in 9 ml of peptone saline (10g Bacto-
peptone, Difco) in 1 litre of normal saline and stertlized). In a class I safety cabinet, this
mixture was homogenised by a mixer-emulsifier (Silverson Machines 1.id, London) and
dilutions from 107! o 107 were made. Nine plates containing plate count agar in three

groups were prepared and 100 ul of each dilution was spread onto the three plates and
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allowed to dry. The first group was placed at 18°C, the second at 30°C and the last one at

37°C for 48 h and any colony forming units were counted.

2.5.2 Isolation and enumeration of 1. monocytogenes in smoked salmon

Smoked salmon (1g) under aseptic condition was placed in 9 ml of Iisteria
Enrichment Broth (LEB). In a class IlI safety cabinet, this mixturc was homeogenised and
100 111 of the nuxture was spread on Oxford agar and EMBA. "The platcs were incubated
at 37°C for 48 h to detect any colonics directly from the sample. The rest ol the mixturc
was incubated at 30°C for 48 h on a shaker (150 tpm) and, after 24 and 48 h, 100 pl of
the mixture was plated on Oxford agar and LMBA. The plates were incubated at 37°C for
48 It to find any Listeria. Gram staining, oxidase and catalase tests were done on the

suspected colonies and identity confirmed by APT®Listeria kit (Bio Merieux, France).

2.5.3 Dccontamination of smoked salmon by sequential treatment of UV, laser

and conventional heating

Packs of smoked salmon were purchased from various local shops and opcned
aseptically. Total counts and Listeria counts (or E. coli counts) were made as described
above. Then the salmon slices were divided into several 1.5 cm diameter picces (about
0.4 g weight) with a No 8 cork borer. Each piece was placed in a sterile petri dish. A
suspension of bacteria was made and 10 Wl of the suspension was placed on the top of the
sample and allowed to dry for about 15 min. Three samiples were taken as controis and
the rest of the samples (in groups of 3) were exposcd to the various trealments. Each
sample was put into 9.6 ml of saline and homogenized. The mixture was diluted and
colony counts were done on the appropriate agar, Plates were incubated at 37°C for 48 h

and colonies were counted.
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2.5.4 Decontamination of L. monocytogenes on smoked salimon by ozone

Modified Listeria selective agar (MLSA) was used to isolate L. monocytogenes form

the smoked salmon samples.

_ Smoked salmon slices were divided into several pieces with a No 7 cork borer (about
lem in diameter) and weighed. Each piece was placed into a sterile petri dish. A
suspension of L. monocyfogenes was made and 10 pl of the suspension was placed on the
wp of the sample and allowed to dry for about 15 min. A total of 1! smoked salmon
samples were prepared, three were used as controls, 4 samples were treated for 10
minutes with ozone and the rest of the samplc were treated for 15 minutes. Ozonation
were carried out in same way as described in section 2.3.10. After treatment, the samples
were transferred into universal bottles filled with 9 ml of Listcria enrichment broth. 'Lhe
samples were homogenised before plating 100 pl onto MLSA. Co'ldny counts were

obtained after incubation for 48 h at 37°C.

2.5.5 Decontamination of selected bacteria on chicken skin by ozone

Chicken skin was aseptically removed from their carcasses and divided into several
pieces with a No ¥ cork borer. Each piece was weighed and placed on a sterile petri dish.
Similar to the last section, |1 samples were prepared for cach bacterium. 10ul of the
bactertal suspension was placed on cach sample and then the samples were treated with
ozone for 10 and 15 minutes. After treatment, each sample was transferred into a sterile
glass universal bottle containing 9 ml of peptone saline and shaken at 200 tpm for 15
minute before plating the 1004l onto the appropriate modified selective agar. These plates

werc incubated under the appropriate conditions for 48h and any colonies counted.

2.5.6 Statistical analysis of data

Each experiment was repeated 3 times for statistical reliability, By vsing Microsoft’s
Excel programme, the mean of the results, log reductions in viahle counts and standard
deviations were calculated for each set of experiments and also the results were plotted.

A l-log reduction in viability is equivalent to 90% reduction in viable count i.¢. 90%
g Y |
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kitting, a 2-log reduction is equivalent to 99% reduction in viable count, 3-log reduction
is equivalent to 99.9% reduction in viable count, 4-log reduction is equivalent to 99.99%

reduction in viable count etc.

Results from the statistical software program Graph Pad Instant were determined by
using the statistical tests: one-way analysis of variance (ANOVA) and Tukey-Kramer

multiple comparison tests, it was assumed that if P<0.05 the test was significant.
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Chapter 3
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CHAPTER 3 RESULTS

3.1 The Kkilling cffect of UV, microwave and Nd:YAG laser radiation

on selected bacteria in saline suspension

A series of treatments was made to identify the most resistant and sensitive bacteria to
cach treatment (aJone or sequentially) and to determine the least exposwre time using the
minimum energy for killing the bacterin. Shewanella putrefuciens, Pseudomonas fragi
and Micrococcus luteus were chosen as examples of Gram-negative and Gram-positive
spoilage bacteria that are important in seafood. Listeria monocytogenes was chosen as a
pathogenic bacterium that can potentially be transterred to the conswmer via seafood and
has frequently been isolated in smoked salinon products. E. coli is commonly used as an
indicator organism in the food industry and a bioluminescent construct, £, coli (lux), was
selected in order to assess the feasibility of using light output measurements to monitor

bacterial killing.

3.1.1  Treatment ol bacterial suspension with UV radiation

Exposure times for Gram-negative hacteria were 3, 5 and 8 sec at 50 (650
nWatt/cm?/s), 60 (540 pWatt/cm?/s) and 70 (490 uW'att/cmzz‘s) cm distance from the
lamps. Exposure times for M. [uteus were varied between 10, 15 and 20 sec at 40 (847
{WWatt/cm?/s), 50 and 60 em from the lamps. Colony counts were made before and
immediately after treatments. All experiments were repeated 3 times. Tables 3-1, 3-2, 3-3
and 3-4 show the average number of surviving bacteria and the log reduction in viable
counts as a function of distance from the 1V lamps and different exposure times. Figure
3-1 shows a comparison of the killing effect of UV radiation on the selecled bacteria. The

limit of detection of viable count is also shown.

It can be see that UV was effeclive in killing these bacteria but the Gram-negative
strains were more sensitive than the Gram-positive bacterium. Among the Gram-ncgative

bacteria tested, E. cofi (lux} was the mosl sensitive, then P. fragi then S. putrefaciens. A
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high standard deviation was observed at low exposure times. This may have been due to
the necessity to switch off the UV lamps [or a few seconds in order for the operator to
move in and out of the famp guard area between treatments. This could have affected the
power of the UV lamps and account for the variable killing effect with short exposure

times. 2700 uW s/cm?® produced more than a 6-log rcduction in viable counts on E. coli

{lux). 'Yhe same energy densily produced a 2.55 and 2.92 log reduction respectively in the
viability of P. fragi and §. putrefaciens, but 11000 pW sfem®, was necessary for a 2-log

reduction in the viability of the M. {uteus.
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Table 3-1. Killing effect of UV radiation on S. putrefaciens in saline suspension

Time Distance Energy density Mean* of survival of Log Log
(sec) (cm) (pWatt s/em?) bacteria after treatment reduction reduction
(cfu/ml) STDEV**
3 70 1470 1.20 0.34
3 60 1620 1.05 0.58
3 50 1950 1.86 0.50
5 70 2450 1.70 0.44
5 60 2700 2.55 0.56
5 50 3250 3.04 0.80
8 70 3920 1.83 0.31
8 60 4320 4.28 0.28
8 50 5200 4.34 0.25

* Mean of 3 observations

**STDEV: Standard deviation

Table 3-2. Killing effect of UV radiation on P. fragi in saline suspension

Time Distance Energy density Mean of survival of Log
(sec) (cm) (LWatt s/em?) bacteria after treatment reduction
(cfu/ml) (cfu/ml)

L E 2.6x10° S
3 70 1470 1.7 x 10’ 1.38
3 60 1620 1.2x 10° 2.34
3 50 1950 1.3x 10° 2.31
5 70 2450 44 x 10° 1.77
5 60 2700 3.1x 10° 2.92
5 50 3250 1.5 x 10° 4.25
8 70 3920 9.5x 10° 5.43
8 60 4320 9.1 x 10° 5.45
8 50 5200 <50 >6.41
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Table 3-3. Killing effect of UV radiation on E. coli (lux) in saline suspension

Time Distance | Energy density Mean of survival of Log Log
(sec) (cm) (uWatt slem’) bacteria after treatment reduction reduction
(cfu/ml) (cfu/ml) STDEV
3 70 1470 1.43 0.32
3 60 1620 1.85 0.17
3 50 1950 3.20 0.40
S 70 2450 1.84 0.17
5 60 2700 >6.85
5 50 3250 >6.85
8 70 3920 >6.85
8 60 4320 >6.85 -
8 50 5200 >6.85
Table 3-4. Killing effect of UV radiation on M. luteus in saline suspension
Time Distance Energy density Mean of survival of Log
(sc) (c) (uWatt s/em”) | bacteria after treatment | reduction
(cfu/ml (cfu/ml)
g AR R lixﬂ
10 60 5400 45x 10 0.44
10 50 6500 1.2 x 10 1.02
15 60 8100 3.5x 10° 1.56
10 40 8470 1.6 x 10" 0.91
15 50 9750 20x 10° 1.80
20 60 10800 22 % 10° 1.76
15 40 12705 23x 10 2.74
20 50 13000 4.4x 10’ 2.46
20 40 16940 32x10° 3.59
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Figure 3-1. Comparison of the killing effect of UV radiation on selected bacteria in saline suspension
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3.1.2 Treatment of bacterial suspensions with microwave energy

For the controlled application of microwave energy, a large volume (50 mi) ol
bacterial suspension was used throughout these cxperiments. All experiments were
repeated 3 times. The results are shown in ‘Fables 3-5, 3-6, 3-7 and 3-8 and in Figures
3-2 and 3-3. There was little reduction in viable counts after treatment of S. putrefaciens
and P. fragi for up to 15 min bat, after that, survival decreased sharply to less than 50
cfu/ml (the limit of detection) for both bacteria. 'I'his happened when the temperature was
raised to 71°C or more, during 20 s of treatment, There was some temperature variation
hetween 68 4 10 70.7 °C, when suspensions of £. coli and M. luteus were treated for 21 s.
Some colonies were detected when the fluid temperature was < 71°C but, as with the
previous strains, viable counts decreased sharply when the temperature was raised to >

71°C.

From these data it is difficult to say which bacteria were most sensitive (o microwave
treatment, bul generally it seemed that 8. putrefaciens und P. fragi were slightly more
sensitive to treatmenl than & coli and M. lutens. Due to the nature of microwave
radjation, control of accretion of temperature through the exposure time was very
difficult and the size, shape and place of the container during treatment were critically
important. With the procedure used, a temperature between 70-71°C was the critical point

for killing bacteria by microwave energy.
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Table 3-5. Killing effect of microwave radiation on S. putrefaciens in saline suspension

Exposure Temperature Mean of survival of Log reduction Log
time (sec) range bacteria after treatment (cfu/ml) reduction
(°C) (cfu/ml)

Contiol | 2186822 | 7 15x10°

5 26.5-29.1 9.4 x 10’ 0.21

10 42-43.8 5.0 x 10’ 0.47

15 52.5-53 4.1x 10’ 0.56

20 71-71.5 <50 >6.78

Table 3-6. Killing effect of microwave radiation on P. fragi in saline suspension

Exposure Temperature Mean of survival of Log reduction Log
time (sec) range bacteria after treatment (cfu/ml) reduction
°C) STDEV
24522 | e 0.22

27-28.6 0.26 0.16

10 41.5-44.5 1.0 x 10° 0.26 0.23

15 50.5-56.5 6.8 x 10’ 0.43 0.63

20 71.6-73 <50 >6.86
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Table 3-7. Killing effect of microwave radiation on E. coli (lux) in saline suspension

Exposure Temperature Mean of survival of Log reduction Log
time (sec) range bacteria after treatment (cfu/ml) reduction
(°C) ( cfu/ml) STDEV
o oiRss e eA X0 . p e 0.09 |
49.6-51.5 1.6 x 10° 0.27 0.59
57.9-68.3 1.0 x 10° 0.48 1.11
68.4-76.7 6.7 x 10°* 1.67 3.14
78.4-87 <50 >7.09

*Value when temperature of suspension reached 68.4°C. No cfu was detected when the temperature
reached to 76.7°C and 300 cfu/ml were detected at 70°C

Table 3-8. Killing effect of microwave radiation on M. luteus in saline suspension

Exposure Temperature Mean of survival of Log reduction Log
time (sec) range bacteria after treatment (efu/ml) reduction
(°C) ( cfu/ml) STDEV#**
Control | 208218 |  46x10° s 0:.09%
12 48.7-51.5 3.0 x 10 0.26 0.59
15 52.3-58.8 2T %10 0.31 1.11
18 60.7-68. | 1.1x 10’ 0.70 3.14
21 70.3-76.4 8.4 x 107* 3.82 0
24 81.2-86.6 <50 >6.34

*Bacteria were detected only when temperature was 70.3°C
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Figure 3-2. Comparison of killing effect of microwave energy on selected bacteria in saline
suspension (1) -

T/ E. coli (lux)
M. luteus

Limit of detection

control 15
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Figure 3-3. Comparison of killing effect of microwave energy on selected bacteria in saline
suspension (2)




3.1.3 Treatment of bacteriat suspensions with Nd:YAG laser radiation

Tables 3-9, 3-10, 3-11 and 3-12 show the killing effect of the laser on each bacterium.
Figure 3-4 shows a comparison of the killing effect of the lascr on these bactesia. Except
for S. putrefaciens, energy less than 550 J/em?® did not produce a significant reduction in
viab[s counts. However, a log reduction of morc than 6.89 was apparent from (he viable
counts of 8. putrefaciens with this energy density. Survival of P. fragi, F. coli and M.
futeus was below the Iimit of detection (50 cfu/mli, >6 log reduction) after 691, 760.1 and
829.2 J/em® of laser energy, respectively. Thus, laser energy from the Nd:YAG laser
was cffective in killing bacteria in suspension in a shorl time (few sec). No large
difference was seen in the laser energy density requircd for killing Gram-positive or
Gram-negative bacteria, although M. [uzeuy proved to bhe the most cesistant. S.

putrefuciens and P. fragi were more sensitive to the laser treatment than E. cell,
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Table 3-9. Killing effect of Nd:YAG laser radiation on S. putrefaciens in saline suspension

Energy Mean of survival of Log reduction Log reduction
Time (sec) density bacteria after treatment (cfu/ml) STDEV
(J/e
e 1 s T D 0.04

3 0.13 0.15

4 276.4 0.27 0.08

5 345.5 0.45 0.65

6 414.6 0.56 0.14

Vi 483.7 1.19 0.30

8 552.8 >6.89 -

Table 3-10. Killing effect of Nd:YAG laser radiation on P. fragi in saline suspension

Energy Mean of survival of Log reduction Log reduction
Time (sec) density bacteria after treatment (cfu/ml) STDEV
Ofem) | ___
‘ 175 ofr$§ 7 el ““20 i . ;

5 345.5 0.03

6 414.6 0.07

7 483.7 0.25

8 552.8 0.24

9 621.9 I

10 691.0 >6.97 -
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Table 3-11. Killing effect of Nd:YAG laser radiation on E. coli in saline suspension

Energy Mean of survival of Log reduction Log reduction
Time (sec) density bacteria after treatment (cfu/ml) STDEV

(J/em®)
483.7 0.01 0.11
552.8 0.09 0.18
621.9 0.46 0.63

10 691.0 2.58 0.62

11 760.1 >6.89 -

Table 3-12 Killing effect of Nd:YAG laser radiation on M. luteus in saline suspension

Energy Mean of survival of Log reduction Log reduction
Time (sec) density bacteria after treatment (cfu/ml) STDEV
(J/em®)
AR i 0O | OSSN
552.8 0.06 0.15
621.9 0.59 0.14
691.0 0.90 0.15
760.1 2.19 0.87
829.2 >6.54 -
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Figure 3-4. Comparison of the killing effect of Nd:YAG laser on selected bacteria in saline suspension
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3.2 Treatment of bacterial suspensions with combination of UV and
laser radiation
- The killing effect of combined UV and laser treatments, sequentially, was

investigated. The lowest energy densities for each technique that produced a smallest

significant reduction in viable count, were chosen for the combination experiments. The

parameters used for each bacterium are listed below:

Bacteria S. puérefaciens P fragi E. coli M. luteus
Laser & sec (414.6 I cm®) 8 see (552.8 )/ ond’) 9 sec (621.9 J/ cm’) 10 see (691 J/ cm?)
parameters 7 see (483.7 ) e’} 9 soc (621.9 J/ and) 10 sce (691 J/ em®) i1sec (7681 J/ cm?®)
Uv 3 see/ 60 e (1620 3 see/ 70 cm (1470 3 see/ 70 cm (1470 10 sec/ 60 cm (5400

pwatt o) Uwatt s/cr’) Pwald sfena®) Jwatt sfen?)

arameters

pars 5 seef G em (2700 S see/ 70 cn (2430 & see/ 70 ¢m {2450 1S sue/ 66 cn (8100

Lwait sem’) watd sfen?) Jowatt sfent”) svatt sfenv’)

The survival and mean of the log reduction in viablc counts for the different bacteria
by each set of parameters in different sequences on the bacteria is shown in Tables 3-13,
3-15, 3-17 and 3-19, also the mean of the log reduction by each treatment alone and the
sum of the log reduction by the individual treatments shown in Tables 3-14, 3-16, 3-18
and 3-20, ‘The results show that the response of each strain to the combined treatments

was slightly dilferent.

S. putrefaciens: In comparison to the sum of the log reductions by individual
trecatments, a slight syeergistic ¢ffect (about 0.5 log greater reduction in viable counts)
was observed. This was only seen for the combination of 3 sec UV and 6 sec laser
exposure. No greater reduction in viable count was observed for other energics comparcd
to sum of log reduction by two (reatments separately. Generally, however for this

bactcrium, the order: UV then laser showed a better killing effect than laser then UV.

P. fragi: In confrast to the previous strain, killing by the combination of two

treatments with UV then laser was nol significant compaved to the swm of the log
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reductions of the individual treatments. However, about a | log greater reduction in

viable counis was monitored with laser then UV,

- E. coli (lux): Similar to P. fragi, an increase of about 0.3-0.5 log reduction in viable
counts was monitored with 10 sec laser followed by 5 sce UV radiation (the highest
parameters). The Killing effect of lower energies was similar to the swin of killing from

individual treatments.

M. luteus: The results showed a significant synergistic cffcct by combined treatments
on the oply Gram-positive baclerium tested. A reduction in the viable counts was
apparent with all sequences and levels of encrgies. About 0.55, 0.57, 0.89 and 1.2 greater
log reductions in viability were apparent by combination of 10 sec laser/10 sec UV, 10
sec laser/15 sec UV, 11 sec laser/10 sec UV and 11 sec laser/15scc UV, respectively,
compared to the sum of each treatment alone. Also the killing effect with laser then UV

was greater than UV then laser.

Comparisons of the killing effect of different sequential treatments on the bacteria
tested are shown in Figures 3-5, 3-6, 3-7 and 3-8. There was a slight synergistic effect
on bacterial killing when two treatments were comnbined in compatison to the sums of the
killing effect of cach treatment alone. Despite some differences, it scomed that laser
foltowed by UV gave beiter killing than UV followed by laser. The synergistic effect was
more noticeable with M. lureus, a Gram-positive bacterium, than with the Gram-negative
bacteria. Interestingly the synergistic effect was increased when higher encrgies were

used.
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- Table 3-13. Killing effect of combination of UV and laser on S. putrefaciens in saline suspension

First Mean of survival Log STDEV Second Mean of survival | Totallog | STDEV
treatment of bacteria reduction treatment of bacteria reduction
(cfulml)
‘ontrol | o s R AR - ok ot i s
6 sec laser 0.26 3 sec UV 2.5x 10’ 1.42
0.06 0.33
6 sec laser 0.29 5 sec UV 2.2x10* 2.46
0.04 0.30
7 sec laser 0.80 3sec UV 3.0x 107 1.34
0.45 0.60
7 sec laser 0.87 5sec UV 1.9x10° 253
0.14 0.63
3sec UV 1.25 6 sec laser 55x10° 2.07
0.22 0.17
5sec UV 2.18 6 sec laser 1.8 x10° 2.55
0.29 0.13
3 sec UV 1.10 7 sec laser 42x10° 2.19
0.14 0.29
5sec UV 2.16 7 sec laser 8.7 x10° 2.88
0.27 0.05
Table 3-14. Killing effect of separate treatments on S. putrefaciens
Treatment Mean of log reduction Treatments Sum of mean of log
(cfu/ml) reduction (cfu/ml)
3 sec UV alone 1.17 6 sec laser and 3 sec UV separately 1.44
5 sec UV alone 217 6 sec laser and 5 sec UV separately 244
6 sec laser alone 0.27 7 sec laser and 3 sec UV separately 2.00
7 sec laser alone 0.83 7 sec laser and 5 sec UV separately 3.00




Table 3-15. Killing effect of combination of UV and laser on P. fragi in saline suspension

First Mean of survival Log STDEV Second Mean of survival | Totallog | STDEV
treatment of bacteria reduction treatment of bacteria reduction
(cfu/ml (cfu/ml)
ol | M/-"m;-‘ | S e S L 4 AR DR S
8 sec laser 2.2x10 0.30 3 sec UV 59x10° 1.88
0.28 0.94
8 sec laser 27x10" 0.22 5 sec UV 3.6x10° 3.09
0.21 0.48
9 sec laser 4.7x10 0.98 3 sec UV 3.0x10° 2.17
0.64 1.30
9 sec laser 26x10 1.23 5sec UV 87x10° 4.71
0.67 0.40
3sec UV 7.5x10’ 0.87 8 sec laser 50x10" 0.95
0.31 - 0.67
5sec UV 1.1 x 107 1.63 8 sec laser 31x10° 2.16
0.61 0.78
3sec UV 6.8 x 10’ 0.82 9 sec laser 23x10° 2.29
0.44 0.78
5sec UV 9.1x10° 1.69 9 sec laser 3.5x10° 3.13
0.34 0.75

Table 3-16. Killing effect of separate treatments on P. fragi

Treatment Mean of log reduction Treatments Sun of mean of log
(cfu/ml) reduction (cfu/ml)
3 sec UV alone 0.84 8 sec laser and 3 sec UV separately 1.10
5 sec UV alone 1.66 8 sec laser and 5 sec UV separately 1.92
8 sec laser alone 0.26 9 sec laser and 3 sec UV separately 1.99
9 sec laser alone 115 9 sec laser and 5 sec UV separately 2.81
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Table 3-17. Killing effect of combination of UV and laser on E. coli (Iux) in saline suspension

First Mean of survival Log STDEV Second Mean of survival | Totallog | STDEV
treatment of bacteria reduction treatment of bacteria reduction
s (cfu/ml)

9 sec laser 0.29 3 sec UV 47x10" 1.25
0.15 0.36

9 sec laser 36x10° 0.36 5 sec UV 8.0x10" 2.02
0.20 0.60

10 sec laser 57x10 1.17 3sec UV 1.7 x10° 2.70
0.33 0.07

10 sec laser 33x10 1.40 5 sec UV 29x10° 3.46
0.40 0.31

3sec UV 6.7 x 10’ 1.10 9 sec laser 45x10 1.27
0.17 5 0.14

5sec UV 23x10" 1.55 9 sec laser 1.6 x 10’ 1.70
0.06 0.27

3sec UV 8.5x 10 0.99 10 sec laser 22x10° 2.58
0.22 0.13

5sec UV 2.7x107 1.49 10 sec laser 23x10° 2.55
0.35 0.16

Table 3-18. Killing effect of separate treatments on E. coli (lux)
Treatment Mean of log reduction Treatments Sum of mean of log
(cfu/ml) reduction (cfu/ml)

3 sec UV alone 0.32 9 sec laser and 3 sec UV separately 1.32

5 sec UV alone 1.28 9 sec laser and 5 sec UV separately 1.84

9 sec laser alone 1.00 10 sec laser and 3 sec UV separately 2.28

10 sec laser alone 1.52 10 sec laser and 5 sec UV separately 2.80
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Table 3-19. Killing effect of combination of UV and laser on M. luteus in saline suspension

First Mean of survival Log STDEV Second Mean of survival Total log | STDEV
treatment of bacteria reduction treatment of bacteria reduction
(cfu/ml (cfu/ml)
10 sec laser 58x10° 0.25 10 sec UV 7.7x 10° 1.14
0.10 0.24
10 sec laser 4.7x10’ 0.34 15 sec UV 57x10° 1.27
0.21 0.30
11 sec laser 1.2x10° 1.95 10 sec UV 7.2x 10 316
0.10 0.35
11 sec laser 1.0x10° 2.02 15 sec UV 2.8 x10° 3.58
0.04 0.53
10 sec UV 48x10’ 0.34 10 sec laser 1.6 x 107 0.82
0.02 0.10
15 sec UV 49x10 0.33 10 sec laser 2.6x10° 1.60
0.27 0.66
10 sec UV 6.1 x 10’ 0.23 11 sec laser 52x10° 2.30
0.09 0.40
15 sec UV 3.6x10 0.46 11 sec laser 1.7 x10° 378
0.15 0.20
Table 3-20. Killing effect of separate treatments on M. luteus
Treatment Mean of log reduction Treatments Sum of mean of log
(cfu/ml) reduction (cfwml)
10 sec UV alone 0.29 10 sec laser and 10 sec UV separately 0.59
15 sec UV alone 0.40 10 sec laser and 15 sec UV separately 0.70
10 sec laser alone 0.30 11 sec laser and 10 sec UV separately 227
11 sec laser alone 1.98 11 sec laser and 15 sec UV separately 2.38
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Figure 3-5. Comparison of killing effect of different sequential treatments on S. puirefaciens in saline
suspension
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Figure 3-6. Comparison of killing effect of different sequential treatments on P. fragi in saline
suspension
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Figure 3-7. Comparison of killing effect of different sequential treatments on E. coli (lux) in saline
suspension
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Egum of laser and UV OLaser + UV (combined) WUV + laser (combir}ea)—?

Figure 3-8. Comparison of killing effect of different sequential treatments on M. lufeus in saline
suspension

87




3.3 Sequential treatment of bacterial suspensions with combination of

microwave, UV and laser radiation

In the lasl experiment a slight synergistic effect was observed when UV and laser
treatments were combined sequentially and this effect was higher when higher treatment
parameters were used. Next, the synergistic effect of the combination of UV and laser
treatment atter pre-treatment by microwave energy was investigated. The lowest energy
density for the laser treatment and the (wo lowest UV exposure times for each bacterium
were chosen to apply to the bacterial suspensions, after exposure to two low levels (10
and 15 sec cxposure) of microwave energy. Also, the different orders of UV and laser

treatment were investigated. The parameters used for each bacterium are shown below:

Bacteria S. putrefaciens P. fragi E. coli {lux) M. luteus
Laser 6 sec (414.6 J/ em?) 8 sec (552.8 J/ om®) 9 see (621.9 J/ en’) 16 sec (691 )/ enr’)
parameters
uv 3 sec/ 60 e (1620 3 sece/ 70 cm (1470 I see/ 70 e (1470 10 secf 60 ¢ (5460
uWatt s/con’) pWatt s/em?) pWatt s/em”) WWatt sienr®)
parameters
5 secf 60 cm (2700 5 soc/ 70 can (2450 5 see/ 70 em (2450 15 sec/ 60 cm (8100
HWatt s/iem®) pWatt sfcm?) RWatl s/em™ HWatl s/em?)

Thus, suspensions of each bacterium were first exposed to microwave energy, then to
cither laser or UV, as the second trcatment, then to either UV or laser to complete the
combination of the three treatments. The killing by each treatment alone was also
determined and the sum of the log reduction (cfu/ml) for each treatment alone was

compared with the actual log reduction by the combination of the three treatments.

As shown in Tables 3-21, 3-22, 3-23 and 3-24, a large log reduction in viable counts
was caused by the combined freatments in comparison to the sum of the individual
treatments. The differences between these values for cach bacterium are shown in the last
column of each table (grey colour). Each table shows the control and the viable counts

after the first, second and third treatment.
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S. putrefaciens: As shown in the last experiment, despite the order, almost no
synergistic effect was found when combined treatments of UV and lascr were used. In
this cxperiment, with 10s microwave pre-treatment, the final log reduction in the viable
count was 2-3 logs, irrespective of whether UV or laser was given as the second
treatment followed by laser or UV, respectively. Ilowever when the sum of the log
reductions by the 3 treatments alone was calculated, the average reduction was 1-2 logs,
therefore the sequential freatments gave about a I [og greater reduction than the expected

value.

With 153 of microwave ireatment, which alone caused a significant reduction (2 log)
in viability, the effect of the sequential treatment were even more dramatic. The
sequential treatments all reduced the viability of the suspensions below the limit of
detection (>6 log reduction) whereas the sum of the 3 treatments alone was 3.5- 4.5 log
reduction. Thus the sequential treatment gave >1.5 to »2.5 greater log reduction than the

sum of the individual treatments.

P. fragi: Differences between the log reductions in viability by the combined
treattnents in comparison to sum of the log reduction by the 3 treatments alone were even
more than observed for the previous bacterium. 10s of microwave treatiment gave <(.2
log decrease in viability but the final reduction in the viable counts was about 3 logs, in
comparison to the sum of the log reduction by the 3 treatments alone, which was aboul
1.5 logs. Thus the combined treatment gave an increase of 1.5 about log reduction over

the individual treatments.

Although, 15s of microwave treatment reduced the viability by about 1.5 logs, the
linal reduction in viability was similar to that seen with S. putrefaciens and below the
limit of detection (>5.8 log reduction). Meanwhile the sum of the log reductions by the 3
treatments alone was between 2.5- 3.5 logs. So, the scquential treatment gave >2.3 o

>3.2 greater log reduction in viability than the individual treatments.

I, coli (lux): With 10s of microwave energy, >0.2 log reduction in the viable count
was measured and the differences between the final log reductions by the combined
treatments in comparison to the sums of individual treatments were between 0.5 to 2 logs.

When the bacterial suspensions were treated by microwave then laser then UV a greater
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reduction in the viability was obscrved than if the treatments were microwave UV then
laser. The mean of total log reduction by the 3 treatments combined achieved up to 5 log
reduction, when the microwave Lreated suspensions were exposed to 9s laser followed by
5s TV, This was about 2 logs more than the reduction in viability by the swm of the three
treatinents alone. The same treatiment enevgies but with a different sequence (microwave,

UV then laser) gave about 3.5 log reduction in viability.

With 15s of microwave treatment, which alone caused 1 log reduction in viability, the
sequential treatments with the order microwave, laser then UV, reduced the viability of
the suspensions below the limit of detection (>5.8 log reduction) whereas the sum of the
3 treatments alone were about 2.6 (with 3 sec UV)-3.7 (with 5 sec UV} log reduction.
Thus, more than 3 log greater reduction in the viability was induced by the combined
treatmenls when compared with the sum of the three treatments alorie. The scquential
treatment order, microwave, UV then laser, gave a total of 5-3.5 log reduction in

viability, which was about 2 logs more than the individual treatments alone.

M. Intens: With 10 s of microwave energy, <0.3 log reduction in the viability was
observed. All sequences gave <2.74 log reduction in the viable counts, whereas the sums
of the 3 treatments alone was 1.28 (with 10 sec UV) and .68 (with 15 sec UV) log
reduction in the viability. So, except for the sequence, microwave then UV then laser, an
increase of about 0.5 log reduction in the viable counts was apparent with the
combination of 3 trcatmeunts in comparison to the sum of the log reductions by the
individual treatments alone. After 10 s of microwave etiergy, 15 sec exposure to UV
followed by 10 s of laser radiation, 2.74 log reduction in viability was observed which
was about 1 log greater than the sum 01‘" the separatc trcatments. Although 15 s of
microwave energy gave more than 0.5 log reduction in the viability, the final differences
hetween the log reduction by combined treatments of microwave, laser then UV, and the
sum of the log reduction by the 3 treattnents alone was not greater than 0.5 log reduction
in the viability. No differcnce in killing effect were calculated for microwave, UV then

laser, in comparison to the smn of the scparate treatments.

Comparisons of the killing elfect of the different sequential treatments on selected

bacteria are shown in Figures 3-9, 3-10, 3-11 and 3-12.
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Table 3-21. Killing effect of combination of microwave, laser and UV on S. putrefaciens in saline
suspension

Control
Mean of bacterial
concentration STDEV
(cfu/ml)
58x10° 0.22
v

First treatment

Treatment Mean of survival | Mean of log STDEV
of bacteria reduction
(cfu/ml) (cfu/ml)
10 sec 0.11
microwave 3.8x10% 0.18
15 sec
microwave 5.1 x10% 2.06 0.01
v
Second treatment
Treatment Mean of survival Mean of log STDEV Mean of cumulative
of bacteria reduction log reduction
(cfu/mi) (cfu/ml) (cfu/ml)

6 sec laser 2.2x 10’ 1.24 0.43 1.43

oy 10 coe | sectaser | 2.4 x107 1.20 048 1.39

microwave | 3 sec UV 4.5x10° 1.93 0.36 2.1
5 sec UV 4.2x10° 2.96 0.28 3.15
6 sec laser 49x10° 1.01 0.08 3.07

Fov 15 a0e |6seclaser | 5.2x10° 0.99 026 3.05

microwave | 3 sec UV 5.2x10° 0.99 0.16 3.05
5 sec UV 5.0 x 10° 1.00 0.47 3.06

v

Third treatment

Treatment Mean of survival | Mean of log STDEV Mean of total Sum of three
of bacteria reduction log reduction treatments

(cfu/ml) (cfu/ml) (cfw/ml) alone
3 sec UV 6.3x10° 1.54 0.39 2.96 1.62
5 sec UV 1.9x10° 211 0.16 3.50 2.62
6 sec laser 8.2x10° 0.74 0.29 2.85 1.62
6 sec laser 8.8 x 10" 0.68 0.40 3.82 2.62
3 sec UV <500 2.99 - >6.07 3.50
5 sec UV <500 3.02 = >6.07 4.50
6 sec laser <500 3.01 . >6.07 3.50
6 sec laser <500 3.00 < >6.07 4.50
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Table 3-22. Killing effect of combination of microwave, laser and UV on P. fragi in saline suspension

Control
Mean of bacterial
concentration STDEV
(cfu/ml)
3.2x10° 0.55
v

First treatment

Treatment Mean of survival Mean of log STDEV
of bacteria reduction
(cfu/ml) (cfu/ml)
10 sec 0.05
microwave 2.2x10% 0.16
15 sec
microwave 7.8 x 10° 1.61 0.05
A 4
Second treatment
Treatment Mean of survival | Mean of log STDEV Mean of cumulative
of bacteria reduction log reduction
(cfu/ml) (cfu/ml) (cfu/ml)
S 3 8 sec laser 1.4 x 107 1.19 0.35 1.34
by 10 900 | Bseclaser | 4.5x 10’ 0.69 0.22 0.85
microwave | 3 sec UV 1.2x 10 1.26 0.62 1.42
5 sec UV 2.6 x 10° 2.92 0.02 3.08
8 sec laser 3.0x 10° 3.41 0.36 5.02
oy 15 soe. | Bseclaser | 4.0x10° 3.29 0.24 4.90
microwave | 3 sec UV 2.5 x 10" 2.49 0.19 410
5 sec UV 5.0 x 10° 2.19 0 3.80
v

Third treatment

Treatment Mean of survival Mean of log STDEV Mean of total Sum of three
of bacteria reduction log reduction treatments

(cfu/ml) (cfu/ml) (cfw/ml) alone
3 sec UV 2x10° 1.85 0.11 3.20 1.27
5 sec UV 1.8 x 10° 2.39 0.07 3.24 2.08
6 sec laser 6.5 x 10° 1.27 0.26 2.69 1.27
6 sec laser 6.2 x 10° 0.63 0.31 3.71 2.08
3 sec UV 1.2 x 10° 0.39 0.09 >5.41 2.61
5 sec UV <500 >0.90 - >5.80 3.53
6 sec laser <500 >1.70 - >5.80 2.61
6 sec laser <500 >2.00 - >5.80 3.53
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Table 3-23. Killing effect of combination of microwave, laser and UV on E. coli in saline suspension

(Tux)
Control
Mean of bacterial
concentration STDEV
(cfu/ml)
3.7x10° 0.04
v

First treatment

Treatment Mean of survival | Mean of log STDEV
of bacteria reduction
(cfuw/ml) (cfu/ml)
10 sec
microwave 2.6x10% 0.15 0.13
15 sec
microwave 33x ]07 1.05 0.56
v
Second treatment
Treatment Mean of survival Mean of log STDEV Mean of cumulative
of bacteria reduction log reduction
(cfu/ml) (cfu/ml) (cfu/ml)
9 sec laser 32x10" 0.91 0.07 1.06
oy 10 800 | Oseclaser | 4.5x107 0.76 0.24 0.92
microwave | 3 sec UV 1.3x 10 1.30 0.23 1.45
5 sec UV 8.2 x 10° 2.50 0.30 2.65
9 sec laser 2.4x 10° 1.14 0.95 2.18
Fov 15 a0s | 9seclaser | 14x10° 1.39 0.82 2.43
microwave | 3 sec UV 44x10° 1.87 0.48 2.92
5 sec UV 4.3x 10 2.88 0.51 3.90
A 4
Third treatment
Treatment Mean of survival | Mean of log STDEV Mean of total Sum of three By ok (s
of bacteria reduction log reduction treatments l i
(cfu/ml) (cfu/ml) (cfu/ml) alone & 3
3 sec UV 2.2x10° 2.16 0.36 3.22 2.13 3 ;
5 sec UV 2.8x10° 4.20 0.68 5.11 3.18 4
9 sec laser 2.2x10° 1.77 0.28 3.22 2.13 4
9 sec laser 7.6 x 10° 1.03 0.52 3.69 3.18 (
3 sec UV <500 3.69 - >5.87 2.66 >
5 sec UV <500 3.43 - >5.87 3.71
9 sec laser 1.7 x 10° 2.41 0.33 5.33 2.66 ;
9 sec laser 8.4 x 10° 1.71 0.08 5.64 3.71 e
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Table 3-24. Killing effect of combination of microwave, laser and UV on M. luteus in saline
suspension

Control
Mean of bacterial
concentration STDEV
(cfu/ml)
1.7 x 10° 0.16
v

First treatment

Treatment Mean of survival | Mean of log STDEV
of bacteria reduction
(cfu/ml) (cfu/ml)
10 sec 0.07
microwave 92 x 1()7 0.28
15 sec
microwave 3.7 x 107 0.67 0.15
v
Second treatment
Treatment Mean of survival | Meanoflog | STDEV Mean of cumulative
of bacteria reduction log reduction
(cfu/ml) (cfw/ml) (cfu/ml)
10 sec laser 9.3x10° 0.10 0.47 1.27
oy 10 see | 10 sec laser 8.8 x 10° 102 | 053 1.29
microwave | 10 sec UV 32x10" 0.46 0.10 0.74
15 sec UV 1.7 x 10" 0.74 0.17 1.02
10 sec laser 1.1x 10’ 0.54 1.12 1.22
Py 15 a0n | 10 sec laser 12x 107 0.48 1.09 115
microwave | 10 sec UV 24x10’ 0.18 0.40 0.86
15 sec UV 1.1x 10’ 0.52 0.71 1.19
v

Third treatment

Treatment Mean of survival | Mean of log STDEV Mean of total | Sum of three
of bacteria reduction log reduction treatments
(cfu/ml) (cfu/ml) (cfu/ml) alone
10 sec UV 2.6 x 10° 0.56 0.41 1.83 1.28
15 sec UV 1.3 x 10° 0.83 0.64 2.13 1.68
10 sec laser 3.0 x 10° 1.02 0.26 1.76 1.28
10 sec laser 32x10° 1.72 0.28 2.74 1.68
10 sec UV 1.0 x 10° 1.01 0.85 2.23 1.67
15 sec UV 4.7 x 10° 1.42 1.69 2.57 2.07
10 sec laser 34x10° 0.85 0.60 1.71 1.67 7 00
10 sec laser 1.7 x 10° 0.82 0.80 2.08 2.07 (95103 B
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10 s microwawy 6 s laser/ 3 s UV 10s microwawe/ 6s fasor/ 5s UV 15 s microwawy 6 s laser/ 3 s UV

Treatments

15 s microwawy’ 6 s laser/ 5 s UV

Sum of 3 treatments alone

M_+ UV +L

BM+ L+ UV

Figure 3-9. Comparison of killing effect of different sequential treatments

on S. putrefa

ciens in saline suspension

10 s microwaw 8 s laser/ 3 s UV 10 s microvawy/ 8 s laser/ 5 s UV 15 5 microwave/ 8 s laser/ 35 UV

Treatments

[ Sum of 3 treatments alone

15 s microwave/ 8 s laser/ 5 s WV

BM+L +VGV

Figure 3-10. Comparison of killing effect of different sequential treatments

on P. fragi in saline suspension
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10 s microwave/ 9slaser/ 3s UV 10 smicrowave/ 9 s laser/ 55 UV 15 s microwave/ 9 laser/ 3s UV 15 s microwave/ 9 s laser/ 55 UV

Treatments

I @ Sum of 3 treatments alone OM+W+L BM+L+ WV j

Figure 3-11. Comparison of killing effect of different sequential treatments

on E. coli (lux) in saline suspension

10 » microwsve/ 10 & lasad/ 10 & LV 10 s micrawave/ 10 » laser/ 15 2 UV 15 e microwave/ 10 & laset/ 10 s LV 15 s microwave/ 10 s laser/ 15 s UV

Treatments

OM+UV+L EMsLsLV |

‘7 ] WDSumofSIrealmems alone

Figure 3-12. Comparison of killing effect of different sequential treatments

on M. luteus in saline suspension
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3.4 Further investigation of the killing effect of combination of laser,
UV and microwave radiation with different treatment orders on E.

coli (lux) and P, fragi in saline suspension

- Purther experiments were designed to determine the ellect of the order of treatment for
killing by the combination ol lascr, UV and microwave. P. fragi and £. coli (lux) were
chosen for this cxperiment. These organisins were chosen as they demonstrated a
favourable responsc to the combination treatments. Also, in previous experiments, for
some orders of treatments, no colonics were counted after the last treattnent and it was
impossible to calculate the exact reduction in viability caused by the 3 treatments, so it
was decided to use a higher initial concentration of bacteria. To simplify the experiments
for each treatment, only 1 parameter was chosen to be used in combination with the other

treatments. The chosen parameters are shown below:

Parameters used for P, frapgi: Pacimeters used for E. cofi (frex):
vy 3 zecat 70 v 1470 W shem® | UV Asce at 70 om 1470 J1W slemn®
Laser ¥ see 552.8 Jfem? Tager 9 sex 621.9 Vem®
Microwave 15 sec 500 W Mivrowave 13 sec OO W

All possible sequential treatments by the combination of UV, laser and microwave are

shown below:

UV ? Dilution » Microwave  * Laser

Uy ? Lasex * Dilution » Microwave
Laser ¥ Dilation * Micrawave " UV

L.aser L 1A ? Dilution » Microwave
Dilution » Microwave P UV P Laser
Dilution P Microwave ¥ Lager ruv

The above experiments were repeated four times for P. fragi (Table 3-25) and three
times for E. coli {lux) (Table 3-27) to determine the statistical reliability of the results.

‘The tables show the numbers of survivor and the calculation of the log reduction and
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cumulative log reduction after each treatment. The mean of the log reduction, mean of the
cumulative log reduction, mean of total log reduction and standard deviation of the 3 and
4 {reatroents for P. fragi and E. coli (lux) are shown in Tables 3-26 and 3-28,
respectively. Also a summary of the resuits containing the mean of the total log reduction
for each sequence, and the differences between the log reduction by the 3 treatments

alone and combined treatments for both strains are shown in Tables 3-29 and 3-30.

The killing effect of the microwave radiation alone varied between 2-3.27 log
reduction in viable count for P. fragi and between 0.17-0.81 for E. coli (lux). This
difference clearly shows the variable effect of this treatment and its effect on the results.
The killing effect ol the UV radiation alone varied between 0.03-0.39 iog reductions in
viability for F. fragi and between 0.02-0.27 for E. celi (lux). Thesc values, compared to
previous results for the bacteria (Tables 3-16 and 3-18), were slightly reduced (by aboul
0.3-0.4 logs). Higher bacterial concentrations used in the current experimen(s may have
caused these reductions. In contrast, the Killing cffect of the laser compared to previous
results was increased. The killing effect of the laser on P. fragi was between 1.7- 2.53 log
reduction in viable counts and between 1.77-2.7 for E, coli (lux). Despilc these matters, a
synergistic effect on killing of the bacteria by combination of the three treatments was
apparent for both strains. The differences between the log reduction in viable counts by
the combination of treatments and the sum of the log reduction of the individual
treatments alone was less than 1 log for P. fragi (Table 3-29), but for £, coli was between
0.42 to more than 3.16 logs (Table 3-30). It seems that the order of the treatment may be
important in maximising the killing effect. The best sequence of the treatments for killing
P. fragi was microwave, UV then Jaser, whereas the best order for killing E. coli {lux)

was laser, microwave then UV,
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Table 3-26 Mean of killing effect of combination of microwave, laser and UV, in different treatment

orders, on P. fragi in saline suspension

Mean of Stock (control)
8.7x 10”cfu/ml

v

First treatment

Mean of log
Treatment reduction STDEV*
(cfu/mi)
UV 0.20 0.12
UV 0.54 0.12
Laser 1.43 0.81
Laser 1.78 1.13
Microwave 2.61 0.61
Microwave 2.33 0.22
v
Second treatment
Mean of log Mean of cumulative
Treatment reduction STDEV log reduction STDEV
(cfu/ml) (cfu/ml)
Microwave 2.10 0.98 2.31 0.90
Laser 1.37 1.34 1.91 1.30
Microwave 1.25 0.78 2.68 0.86
uv 0.85 0.52 2.63 1.05
uv 1.00 0.11 3.61 0.51
Laser 1.44 0.50 3.77 0.44
v
Third treatment
Mean of log Mean of
Treatment reduction | STDEV total log reduction STDEV
(cfu/ml) (cfu/ml)
Laser 2.60 0.45 4.91 0.70
Microwave 1.56 0.59 3.47 1.21
UV 1.80 0.31 4.48 0.62
Microwave 2.02 0.81 4.65 1.56
Laser 1.74 0.54 5.35 0.97
Uy 1.51 0.42 5.28 0.04

* STDEV = Standard deviation
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Table 3-28 Mean of killing effect of combination of microwave, laser and UV, in different orders, on

E. coli (lux) in saline suspension

Mean of Stock (control)
6.3 x 10°cfu/ml

v

First treatment

Mean of log
Treatment reduction STDEV
(cfu/ml)
uv 0.14 0.12
UV 0.18 0.13
Laser 2.13 0.49
Laser 2.07 0.24
Microwave 0.34 0.17
Microwave 0.56 0.34
A 4
Second treatment
Mean of log Mean of cumulative
Treatment reduction | STDEV log reduction STDEV
(cfu/ml) (cfu/ml)
Microwave 1.04 0.98 1.18 0.92
Laser 2.23 0.75 2.41 0.78
Microwave 1.14 0.68 3.28 0.34
uv 0.72 0.58 2.79 0.40
uv 1.00 0.48 1.35 0.47
Laser 1.63 0.50 2.19 0.81
v
Third treatment
Mean of log Mean of
Treatment reduction | STDEV total log reduction | STDEV
(cfu/ml) (cfu/ml)
Laser 2.17 0.15 3.36 1.06
Microwave 0.80 0.31 3.22 0.71
uv 2.54 0.20 >5.82 0.15
Microwave 1.58 0.65 4.37 0.39
Laser 1.83 0.14 3.18 0.33
UV 2.02 0.16 4.21 0.82

STDEV = Standard deviation
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Table 3-29 Summary of killing effect of combination of microwave, laser and UV on P. fragi

Table 3-30 Summary of killing effect of combination of microwave, laser and UV on E.

Total log
Sequence of treatments reduction STDEV Difference
cfu/ml

Laser > Mic. > UV >5.82 0.15 >3.16
Laser > UV > Mic. 4.37 0.39 1.71
Mic. > Laser > UV 4.21 0.82 1.55
UV b Mic. b Laser 3.36 1.06 0.7
UV b Laser > Mic. 3.22 0.71 0.56
Mic. > UV b Laser 3.18 0.33 0.52

Sum of three treatments 2.66 - A

alone
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Total log
Sequence of treatments reduction STDEV | Difference*
cfu/ml

Mic. > UV b Laser 5.35 0.97 0.91
Mic. > Laser > UV 5.28 0.04 0.84
UV > Mic. © Laser 4.91 0.70 0.47
Laser > UV b Mic. 4.65 1.56 0.21
Laser > Mic. > UV 4.48 0.62 0.04
UV b Laser > Mic. 3.47 1.21 -0.97

Sum of three treatments 4.44 - !

alone
* Difference between log reduction in viabilities ¢ d by combination treatment and sum of three treatments alone

coli (lux)




3.5 Treatment of saline suspensions of E. coli (lux) by combination of

laser, UV and conventional heating with diffcrent treatment orders

. In this investigation conventional heating was substituted for microwave radiation to
investigate any synergistic effect of the three treatments on the killing of bacteria. The
heating was supplied by a water bath and provided greater control of heating and
reproducibility than the microwave. Parameters similar to thosec in the previous
experiment were used. Because of the nced to remove 10ul volumes from the treated
suspensions (for the colony counting) and also to allow transfer of the suspensions to a
different container, a starting volume 1.1 ml of suspension was used. Also, for more
control of the UV exposure, the distance between the sample and lamps was increased to
80 cm ailowing an increase in the exposure times. A preliminary expcr-i!ﬁcnt was done to
determine the killing effect of conventional heating. A suspension of the bacterium was
exposed to different remperatures for varions times in a water bath. The results of this
experiment arc shown in Table 3-31. Atmost no killing was observed at 45°C. A 0.06 log
reduction in viability was observed after treating the suspension at 50°C for 5 min.
Killing increased to 0.36 log reduction in viability after treatment of the bacterial
suspension at 55°C for 5 min. The value increased to 0.69, 2.07, 2.39 and 2.87,
respectively, for trcatment of the bacterial suspension at 60°C for 2, 3, 4 and 5 min. Qu
the bases of these results the parameters shown below were selected for investigation of

the effect of combination of laser, UV and conventional heating on E. coli (lux).

UV 5 sec at 80 cm 2300 uW s/em®
Laser 8 sec 552.8 Jem?
Heating S min 54 °C

The experiment was repeated three times and the results are shown in Table 3-32,
where the results of each treatment alone can be seen from the first and second parts of
each table. The table shows the number of survivors and the log reduction and cumulative
log reduction after each treatiment. Also, the mean of the log reduction in viable counts by

each treatment, mean of the cumuiative log reduction and mean of the total log reduction
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by the sequential treatments are shown in Table 3-33. A summary of the killing effect of
the combination of the three treatments and a comparison of the log reduction in viability

by the combined treatments and the 3 treatments alone can be see in Table 3-34.

Heating did not make a major reduction in the viable counts. The log reductions in the
viability by the heat treatments were between 0-0.22 logs. Almost similar results were
apparent for the laser treatments. The killing effect of UV on the bacterium was greater
and between 0.15-1.22 log reduction in the viability but the mean of the results was
around 0.7 logs. The standard deviation of the mean of the log reduction in viability
generally increased, from the first to the second and third treatments (Table 3-33). A
summary of the results (Table 3-34) showed that a synergistic effect was apparent when
the combination of three treatments was used in comparison to the individual treatments.
The differences were between 0.38 — 1.06 log reductions in viable counts. Although the
results statistically were not significant, the mean of the log reduction in viability by
different sequence showed that the order of the treatments might be important. The best
order to kill the bacterium was laser, heating then UV and the least effective order was
heating, UV then laser. The best and worst orders were the same as those seen with the
combination of microwave, UV and laser. These two orders were chosen to investigate

further under standard conditions.

Table 3-31. Killing effect of conventional heating on E. coli (lux) in saline suspension

45°C 50°C 55°C 60°C
Time Survivor Log Survivor Log Survivor Log Survivor Log
(minutes) bacteria reduction bacteria reduction bacteria reduction bacteria reduction
cfu/ml cfw/ml cfw/ml cfu/ml

2 1.5x 10 1.5x10° 0 1.5x10" 0 Ix107 1.69

3 1.5x10° 1.4x10° 0.02 1.4x10° 0.02 1x107 2.17
1.5x 10" 1.4x10° 0.02 12x10" 0.09 6x 10" 2.39

1.4x10" 0.02 1.3x10° 0.06 6.5x 10" 0.36 2x10° 2.87

| o : S ;;“”5'  15x10"cfw/m )
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Table 3-33, Mean of killing effect of combination of conventional heating, laser and UV, in different

treatment orders, on K. cofi (lux) in saline suspension

Mean of Stack (control)
8§ x 10%cFu/ml

v

First treatment

Mean of log
Treatateat reduction STDEV
{cfu/ml}
Heat 0.08 0.12
Tent 0.05 0.09
uy .71 .54
ov 0.57 0.19
Laser 102 0.03
Laser 0.09 0.16
v
Second treatment
- Mean of log Mean of cremulative
Treatment reduction | STDEY tog reduction STDEV
{cfu/mnl) (chv/ml)
UV $.77 0.2% 0.86 .39
Laser (117 47 0.21 .16
Heat 0.24 0.24 0.95 .73
Lasey 0.38 0.21 0.95 .39
Heat 0.66 .64 0.68 4.63
oy 1.32 0.85 140 .85
'v
Third trcatment
Mean of loyg Mean of
Trenbment reduction | STDEV total log reduction | STDREV
(cfufinl) {cfumt)
Laser 0.42 .32 1.15 ¢.91
v 1.46 .73 1.68 .88
T.ascr 0.58 0.14 148 0,78
Heat 0.45 .30 1.40 0.65
Uv £.15 1.14 1.83 .60
Heat 0.19 0.21 1.60 (.71

SIDEV = Standard deviation
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Tablte 3-34. Summary of killing cffect of combination of conventional heating, laser and UV on E. eoli

(liix)
Sequence of treatments | Total log reduction STDEVY Differcnce™
cfu/ml

Laser > Heat © UV 1.83 091 1.06

Heat 1 Laser UV 1.68 0.88 0.91

Laser TV b Heat 1.60 0.78 0.83

UV o Heat > Laser 1.48 0.65 0.71

UV > Laser b Ileat 1.40 0.60 . 0.63

Heat - UV 1 Laser 1.15 0.71 (.38
.- 58uin: of thiee:tréatmenits: : - -
- alonie 0.77

* Difference between log redoction in viabilities caused by combination treatment and suin of three
treatments alone

11




3.5.1 Standardisation of the temperature of bacterial suspensions Dbetween

treatments

: Onc possible reason why the sequential treatment gave greater killing than expected
from the sum of the individual trcatments is that the heating effect by the laser, and
microwave or conventional heating could be cumulative and the bacterial suspension
reached a higher final terperature when the treatments were combined. This was thought
to be unilikely because of the small volume involved and the time elapsed between
treatments, allowing cooling to take place. However, experiments were designed where
the sample temperatures were standardised at 25°C at the start of the experiment and
cooled to 25°C in a water bath after each treatment and before applying the subsequent
treatment. In the previous experiment, UV was the last treatment in the optimum killing
order and laser was last in the least cffective order. It was decided, therefore to compare
the killing effect of UV and laser radiation on bacteria by using UV or laser alone, or
after other treatments, under standard conditions. Below s the experimental design for

the best and worst order, in standard conditions.

FFor the best order:

Suspension at 25°C > > UV >25°C
Suspension at 25°C > =-ue-mrennan caen > Heat > 25°C > UV > 25°C
Suspension at 25°¢C > Laser > 25%Ceeancmacnnannoaanan >UY »25°C

Suspension at 25°C > Laser > 25°C > Heat > 25°C » UY > 25°C

For the worst order:

Suspension at 25°C > >Laser » 25°C
Suspension at 25°C > rrereceonoeaeem > UV > 25°C > Laser > 25°C
Suspension at 25°C > Heat > 25%°Corvemar-mnonmma-amn >Laser > 25°C

Suspension at 25°C > Heat > 25°C > UV > 25°C > Lascr > 25°C
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The experimen{ was done on E. coli (lux). The same treatment paramcters were used
as in the previous experiment and are shown below for convenience. Bach treatment was

done three times.

uv 5 see at 8¢ em 2300 pW sfem’
Laser 8 sec 552.8 Jem®
Heating S min 50 °C

The results are shown in Table 3-35 for the previously determined best order of
killing and in Table 3-36 [or the worst order. It is noticeable that the killing effects of the
UV and laser werc greater when they were used after the other treatments. One
interesting result was observed for UV killing. When it was used after the laser, the
killing effect was almost double that seen after heating. The killing effect of the laser and
heat were similar for both experiments (series experiment 2 and 3 in Table 3-35). These

results suggest that a different killing mechanism exists for heat and taser.

Under the conditions of the experiment, the sum of the log reduction in viabilily by the
individual treatments was 0.84 (Table 3-35), but the value was increased to 1.77 logs
(0.93 logs higher) when the same parameters were used in combination. In the other
treatment order (Table 3-36), the sum of the three treatiments alone was 0.56 logs but
1.06 logs after the combined treatment, which was 0.5 logs higher. The difference
between the best and the waorst orders of treatment was (.71 logs. However, in these
experiments the killing effect of conventional heating in both treatment series was
variable, ranging from 0.03-0.26 log reduction in viable. Thus, it was decided to treat the
samples by heat at the same time to eliminate variable factors that may have caused this

dillerence.

The experiment was repeated with a miner change, where both scrics of samples were
placed into the water bath at same time. Also, after heating, all the samples were treated
to UV at the same (ime, but in a random order. The results are shown in Table 3-37. The
killing effect of conventional heating in both scries was almost the same at 0.12 log
reduction in the viable counts, and the difference between the best and worst orders was

similar to the previous experiment, about 0.7 log.

13
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It was concluded that order of treatment (laser > heat > UV) was consistently and
signitficantly better (0.7 logs) than the order (heat > UV > lascr} in reducing the viable
counts of E. coli (lux) in saline suspension (P<0.01), and there appcared to be a
synergistic effect on killing the bacteritym with the sequential treatments, compared to the

sum of the individual treatments alone.

A similar experiment was done on L. mnnocyfogenes to find out the killing effect of
each treatment alone or in combination on the bacterium. The order (laser > heat » UV)
and (hcat > UV > laser) treatment was also investigaled, but coleny counts werc only
made before and after each complete treatment. The parameters below were used for

treatment of L. monocylogenes:

Lascr 9 sec 621.9 I/ ey’
UV 10 sec / 86 em 4600 pW s/em®
Conventional heating 5 min 55'C

Table 3-38 shows the surviving bacteria after each experiment, the mean number of
the surviving bacteria (cfu/ml), the mean of the log reduction by each sequential
treatment and finally the diffcrences between the log reductions in viability by the
combined treatments in comparison to the sum of the log reduction by the individual
treatments. It can be seen that the UV treatment gave 0.5 log reduction in viability,
whereas the laser and heating treatments were similar to each other at about 0.2 logs.
Although in contrast to E. coli (lux), the difference between the best treatment order and
the worst was about 0.2 logs. which was less than the value for E. coli (0.7 log) in the last
experiment. The killing effect for the order L+4H+UV was significantly higher than the
order H+UV+L (P<0.01). It should be noted that the treatment parameters were different
for the bacteria, because the sensitivity of cach bacterium wuy different to each

parameter.

[14
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352 Iiffect of more severe treatment conditions on the Kkilling effect of
sequentially combined treatments of UV, laser and conventional heating on

E, coli ({ux) in saline suspension

Again, as described in section 3.5.1, sample temperatures were standardised at 25°C at
the start of the experiment and cooled to 25°C in a water bath after each treatment and
hefore applying the subsequent treatment. In the previous experiment, about 0.7 logs
difference in killing of 5. cofi (lux) was found between the best and worst order of
treatments. More severe treatment conditions were next used to find out if the synergistic
effect of the combination of treatments on E. coli (lux) could be increased. Also, the
differences between the best and worst orders were re-examined. The (reatment

parameters are shown below:

Paramelier sct 1%; Parameter sct 2; Parameter set 3:

4 sce Laser 5528 Jfem® 9 see Luser 621.9 Jow? 9se¢  Luer 621.9 J/em®*
Smin  Conventienal heating (S8°C) | Smin  Conventional heating (55°C) | Amin  Conventional heating (55°C)
S5see UV radiation 2300 pW s/fent® | 8sec UV radiation 3680 pW won® | 10see UV radiation 4600 tW sficm®

* Already done in section 3.5.1

The results are shown in Table 3-39. Interestingly, the differences between the best
and worst orders of treatments increased when the more severe conditions were used. For
the [irst set of parameters (already done in section 3.5.1), a diffcrence of 0.7 log reduction
in viability between the two orders was apparent (P<0.01). This difference increased to
[.15 and was signiticant (P<0.001) and 1.3 (P<0.001) for the second and third set of

parameters respectively.

3.5.3 Xilling effect of the best and worst sequences of combination of UV, laser and

conventional heating on selected bacteria

In this experiment, smnple temperatares were standardised at 25°C at the start and
between treatments. ‘The above data showed the importance of the order of the three

treatments on killing L. coli (lux) and L. monocytogenes. The ellect on other bacteria was
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mvesligated with the best and worst orders of combined treatments. Based on the

sensitivity of each bacteriure to the treatments, the parameters below were chosen for

each strain:

Puramcter set Lor . frugiz

$sce  laser 552.8 J/em®
Smin  conventlianal heating (50°C)
Ssec DV at R0 em 2300 pYY sfem’

Paruameter set tar 8. pretrefaciens:

7see  laser 483.7 Jreni®
Smin  conventional heating (50°C)
S5sce UV at 80 cm 2300 uW sfan®

Pacwmeter sef for M. lufens:

9sec  laser 621.9 Jfear®
Swis  eonventional heating {§5°C}
20sec UV at 80 em 2200 pW w/em?

The results are shown in Table 3-40. Differences between the best and worst order for
S. putrefaciens, P. fragi and M. luteus were significant and 0.72 (P<0.03), 0.33 (P<0.001)
and 0.54 (P<0.001) log reduction, respeetively. Although the difference between the

parameters chosen for each bacterium should be borne in mind, it seemed that the best

and worst order may be slightly different for each bacterium.
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3.6 Treatment of bacteria on agar plates with ozone

A suspension for each strain was made (sections 2.1.3.1 and 2.1.3.2) and colony

counts were made to determined the bacterial concentration. The results are show below:

r;hcteria Concentration cfu/ml
S. typhimurium 8 x 10°
L. monocytogenes ) 6 x 10°
S. aureus 4 x 106
L. coli (lux) 4x 10°
C. jejuni 2.4 x 10°

100 ul of each suspension was pipetted onto the surface of agar plates and spread as
described in section 2.1.3.4. The plates were then placed into the treatment chamber
{Figure 2-2) and treated for 2, 5, 10 and 15 min (scetion 2.3.10). The results are shown in
Tables 3-41, 3-42, 3-43, 3-44 and 3-45 for cach bacterium, respectively. In Figures 3-
13, 3-14, 3-15, 3-16 and 3-17, the log reductions alter different exposure times are
shown. It can be seen, except for E. coli (in onc case), that ozonation of the plates for 2
minutes did not give any reduction in the viable counts in other strains. With longer
treatinents, however Lhe results consistently showed that ozonc was effective in killing,
With all of the bacteria, viability was reduced with treatment time. Alter 15 minutes of
treatinent, the log reductions in viable counts for the threc Gram-negative bucteria were
3.7 tor S, typhimurian, 3.6 for Jo. coli and 3.8 for C. jejuni. For the Gram-positive
bacteria, the log reductions in viable counts alter ozonation for 15 min were 2.9 and 3.3
{or L. monocytogenes and S. aureus, respectively. Figure 3-18 shows comparison of cfu

counts of the bacteria after 10 and 15 min ozonation on agar plates.

The Gram-positive bacteria were only slightly more resistant to ozonation than the
Gram-negative bacteria. Looking at the spatial distribution of the cotonies growing on the
Plates of all bacteria treated Tor 2 min and 15 min, it was observed that the killing effect

by ozone was not homogenous with short treatment times. In all cxpertments at 2 min,

123




plates Q2 and Q4, which were positioned closer to the inlet of the ozone gas, showed
more extensive clearing than plates Q1 and Q3, which were located at the far end of the
chamber. This apparent non-homogenons distribution of the ozone gas appears to be less
significant for longer treatment periods where (e gas concentration was believe to be
more uniform. Figure 3-19 shows the killing effect of ozonation after 2 min on S.
typhimusrium. The results clearly indicated that in the casc of treating the plate with ozone
for short durations, the in-flow of gas was uneven, which resulted in the plates with an
uneven distribution of colonies. The killing effect of ozonation for 15 min on §.

typhimurium is shown in Kigure 3-20.
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Table 3-45. Killing effect of ozone on C. jejuni on agar plates

Treatment

Location in chamber

Survivor bacteria
cfu/plate

Log reduction
cfu/plate

Location in chamber

Survivor bacteria
cfu/plate

™

Log reduction
cfu/plate

Control: 4.50 x 10° (cfu/plate)**

*TM: Too many to be counted

** Mean of recovered cfu after incubation under microaerophilic conditions




2 5 10 15
Exposure time (min)

¥ Could not be determined (too many colonies to be counted)

Figure 3-13. Comparison of killing effect of different exposure times of ozonation of S. typhimurium
on agar plates

Exposure time (min) I
)

¥ Could not be determined (too many colonies to be counted)

Figure 3-14. Comparison of killing effect of different exposure times of ozonation of L.
monocytogenes on agar plates




2 S 10 15
Exposure time (min)

-

¥ Could not be determined (too many colonies to be counted)

Figure 3-15. Comparison of killing effect of different exposure times of ozonation of E. coli (lux) on
agar plates

2 5 10 15

Exposure time (min)

¥ Could not be determined (too many colonies to be counted

Figure 3-16. Comparison of killing effect of different exposure times of ozonation of S. aureus on
agar plates
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Exposure time (min)

¥ Could not be determined (too many colonies to be counted)

Figure 3-17. Comparison of killing effect of different exposure time ozonation of

C. jejuni on agar plates
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Q1 Q2

Q3 Q4

Figure 3-19. Distribution of colonies of S. typhimurium after ozonation for 2 min

Figure 3-20. Plates of S. typhimurium, Left: control showing confirmation of growth, Right:
after ozonation for 15 min



3.7 Investigation of bactericidal effects of high-power Nd:YAG and

CO; laser radiation on selected bacteria on lawned agar

This experiment was done to investigate the killing effects of two kinds of laser
radiation on buacteria on solid surfaces. In previous experiments, the killing effect of
different treatments, including Nd:YAG laser, in liquid substratcs was studied. The
current study on agar is more relevant to the Killing of bacteria on solid surfaces such as
fish or other foods. In these experiments the different parameters, pulse repetition
frequency (Nd:YAG laser and CQ; laser) or continuous wave (COs laser), power ouiput,
and different exposure times were studied. E. coli (lux), S. putrefaciens, P, fragi, M.

luteus and L. monocytogenes were the target organisms.
3.71 Nd:YAG laser

Two pulse energies, 8 and 24 I, delivered over 8 ms were used and the frequency was
varied between 5 and 30 Hz. The exposure time was adjusted from the 5 to 48 s. Tables
3-40 shows 4 sets of paramelers, with different ecxposure times to give different energy
densities (calculation based on section 2.2.2) for treatment of 4 bacterial strains., The
culculated beam area was about 1.5 cm?’. Figure 3-21 shows (ke effect of the different
parameters on M. futeus. Although dilferences in killing between the dilferent sets of
parameters were small, the higher frequency (f =30) always gave a greater zone ol killing
than the lower frequency (f =35). The energy density required to make a clear area equal to
the laser beam arca, for all sets of parameters, was about 2900 J/cm?. Results for E. coli
(lux) are shown in Figure 3-22. Again, the higher frequency gave a greater clear area
than the lower frequency. T'his bacterium was slightly more scasitive (o laser radiation
than M luteys in that an energy density of 2700 J/em” was required (o produce 4 clear
area equad to the beam area for most sets of parameters. As shown in Figure 3-23 for £,
fragi and in Tigure 3-24 for S. putrefaciens, although no large differences were seen
between the various sets of parameters for killing of the bacteria, the higher frequencies,
again, gave a greater a zone of killing. The cnergy densities for making the clear area
equal to the laser heam area were about 2300 and 1900 Jcm?® for P. fragi and S
putrefaciens, respectively. Thus, M. luteus, as a Gram-positive bacterium proved to be

the most resistant bacterium and S. putrefaciens the most sensitive bacterium.
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Table 3-46. Nd:YAG laser parameters used for treatment of bacteria on agar

| Power | Frequency | Time Calculated energy
i e W (Hz) (S) ')
24 5 10 A :
24 5 12 .
24 5 14
Parameter 24 5 16
set 1 24 5 18
24 5 20
24 5 24
24 5 36
24 5 48
24 10 5
24 10 6
24 10 7
Parameter 24 10 8
set 2 24 10 9
24 10 10
24 10 12
24 10 18
24 10 24
8 15 10
8 15 12
Parameter 8 15 14
set 3 8 15 16
8 15 18
8 15 20
8 15 24
8 15 36
8 15 48
8 30 5 :
8 30 6
8 30 7 80T
Parameter 8 30 8
set 4 8 30 9 1038
8 30 10 1154
8 30 12 1384
8 30 18 2077
8 30 24 2769
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Figure 3-21. Killing effect of different pulse frequencies and power output by Nd:YAG laser on M.
luteus on agar plates
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Figure 3-22. Killing effect of different pulse frequencies and power output by Nd:YAG laser on E.
coli (lux) on agar plates
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Figure 3-23. Killing effect of different pulse frequencies and power output by Nd:YAG laser on P.
[fragi on agar plates
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Figure 3-24. Killing effect of different pulse frequencies and power output by Nd:YAG laser on S.

putrefaciens on agar plates
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Figure 3-25. Comparison of sensitivity of bacteria on agar plate to Nd:YAG laser irradiation (pulse
energy 24]J, frequency 5 Hz) -
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Figure 3-26. Comparison of sensitivity of bacteria on agar plate to Nd:YAG laser irradiation (pulse
energy 24], frequency 10 Hz)
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Figure 3-27. Comparison of sensitivity of bacteria on agar plate to Nd:YAG laser irradiation (pulse
energy 8J, frequency 15 Hz)
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Figure 3-28. Comparison of sensitivity of bacteria on agar plate to Nd:YAG laser irradiation (pulse
energy 8], frequency 30 Hz)




Figures 3-25, 3-26, 3-27 and 3-28 show comparisons of the sensitivity of the different
bacteria on agar plates to killing by the different laser treatments. Again these
comparisons showed that S. putrefaciens was the most sensitive bacterium to the
treatmenis followed by P. fragi, I'. coli (lux) and M. luteus. For example, the energy
densities equal to 1400 J/em? (with different settings) gave about 0.6 cm® greater clear
arca with S. putrefaciens than with M. lutens. The difference between M. lutens and P,

Sfragi was 0.4 em” and between M. luteus and E. coli was 0.3 cm®.

3.7.2 CO; laser

Iu this experiment, two power outputs (100 W and 200 W) were chosen and different
frequencies from 5, 10, 20 and 50 Hz to continuous wave, were investigated [or their
killing effect on M. luteus, P. fragi, E. coli (lux) and S. putrefaciens on agar plates
(Figure 3-29).

The killing effect of the CO, lascr at 100 W with various frequencies: 5, 10, 20 and 50
Hz, are shown in Figures 3-30, 3-31, 3-32 and 3-33. At fow frequencies, 5 and 10 Hz, P.
Sfragi was the most sensitive bacterinm and M. Juteus was the most resistant (Figures 3-
30, 3-31). At higher frequencies, however, 20 and 50 Hz, E. cofi (fux) was the most
sensitive bacterium (Figures 3-32, 3-33). Also at higher frequencies, the differences
between the clear areas for different bacteria were morc apparent. Whereas at [requencies
of 5 and 10 Hz the difference between the clear areas for the most sensitive and resistant
bactertum was about 0.2 cm”, at higher frequencies the value was ahout 0.4 cim® This
differcnce was not observed for the laser operating at 200 W with difterent frequencies,
where the results are shown in Figures 3-34, 3-35, 3-36 and 3-37. With these paramcters,
it was observed that P. fragi was the most sensilive bacterium followed by S.
putrefaciens, E. coli and finally M. luteus. Also, by using the laser at 200 W, the
differences between the clear areas for the most sensilive and resistant bacterium was

about 0.2 cm?,

Figures 3-38 to 3-45 show the killing cffect of the CO; laser at 100 and 200 W,
delivered by continuous wave or at 4 different frequencies (3, 10, 20 and 50 Hz) on each

bacterial strain on agar plates. For ecach organism, no significant differences were
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observed for the various frequencies, whereas the differences between continuous wave
and the laser’s pulse mode were significant for all strains and at both power settings.
Energy densities delivered by the continuous wave mode always gave clear areas greater
by 0.5 to 0.7 cm’, compared to those obtained with similar energy densities delivered by

the pulse mode at different frequencies.

Figure 3-29. Killing effect of CO, laser on M. luteus on agar plate. Exposure to different energy
densities made clear areas with no growth of the bacterium
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Figure 3-30. Killing effect of CO; laser (power output 100 W, frequency 5 Hz) on bacteria on agar
plates
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Figure 3-31. Killing effect of CO, laser (power output 100 W, frequency 10 Hz) on bacteria on agar
plates
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Figure 3-32. Killing effect of CO, laser (power output 100 W, frequency 20 Hz) on bacteria on agar
plates
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Figure 3-33. Killing effect of CO, laser (power output 100 W, frequency 50 Hz) on bacteria on agar
plates
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Figure 3-34. Killing effect of CO, laser (power output 200 W, frequency 5 Hz) on bacteria on agar
plates
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Figure 3-35. Killing effect of CO; laser (power output 200 W, frequency 10 Hz) on bacteria on agar
plates
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Figure 3-36. Killing effect of CO, laser (power output 200 W, frequency 20 Hz) on bacteria on agar

plates
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Figure 3-37. Killing effect of CO, laser (power output 200 W, frequency 50 Hz) on bacteria on agar

plates
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Figure 3-38. Comparison of killing effect of continuous wave and different frequencies of CO, laser
(power output 100 W) on M. luteus on agar plates
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Figure 3-39. Comparison of killing effect of continuous wave and different frequencies of CO, laser
(power output 200 W) on M. luteus on agar plates
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Figure 3-40. Comparison of killing effect of continuous wave and different frequencies of CO, laser
(power output 100 W) on S. putrefaciens on agar plates
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Figure 3-41. Comparison of killing effect of continuous wave and different frequencies of CO, laser
(power output 200 W) on S. putrefaciens on agar plates
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Figure 3-42. Comparison of killing effect of continuous wave and different frequencies of CO, laser
(power output 100 W) on P. fragi on agar plates
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Figure 3-43. Comparison of killing effect of continuous wave and different frequencies of CO, laser
(power output 200 W) on P. fragi on agar plates
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Figure 3-44. Comparison of killing effect of continuous wave and different frequencies of CO, laser
(power output 100 W) on E. coli (lux) on agar plates .
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Figure 3-45. Comparison of killing effect of continuous wave and different frequencies of CO; laser
(power output 200 W) on E. coli (lux) on agar plates
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As observed in the above results, a continuous wave output always gave a greater zone
of cleaning compared to the pulse mode, So, in subsequent experiments, the killing effect
of continuous wave output at different powers (20, 50, 100 and 500 W) was studied with
the bacteria on agar plates. S. puirefaciens as a senstlive bacterium and M. luteus as a
resistant bacterium were chosen at the target organisms. Also 1. monocytogenes was
investigated and all results were compared. Figure 3-46 shows the effect of the CO, laser
radiation set at 20 W power on the three species. Although L. monocytogenes is a Gram-
positive bacterium, its sensitivity to this CO, lascr trcatment on agar plates was very
similar to that of the Gram-negative bacterium S. putrefaciens rather than to M. luteus.
Stmilar results were apparent when higher powers were used. Results at 50, 100 and
500W are shown in Figures 3-47, 3-48 and 3-49. Melted agar was obscrved with 100W
power and when the energy density was increased to 23 J/em?®. With 500W power, melted
agar was nhserved at 3.3 J/em?®. Tn Figures 3-50, 3-51 and 3-52 the effect of different
power seltings are compared for each bacterium. The clear area on agar was increased
when the power was increased, where similar encrgy densities were used. It should be
noticed, however, that the heam area increased with increasing power. When 500W of
power was used, the largest clear areas were observed. For example 4 J/em” with 50W
power gave 0.3 cm? clear area for M. luteus, whereas the value for 100 W was 0.9 and for
500W was 1.9 em®. No clear area was observed for 20 W at the same energy density. S.
putrefaciens was more sensitive to the treatment. At an encrgy density of 4 J/em? with 20,
50, 100 and 500 W, clear areas of about 0.15, 0.5, 1.4 and 2.1 ¢m® were obtained

respectively.
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Figure 3-46. Comparison of killing effect of continuous wave CO, laser at power output 20 W on
selected bacteria
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Figure 3-47. Comparison of killing effect of continuous wave CO; laser at power output 50 W on
selected bacteria
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Figure 3-48. Comparison of killing effect of continuous wave CO, laser at power output 100 W on

selected bacteria
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Figure 3-49. Comparison of killing effect of continuous wave CO, laser at power output 500 W on

selected bacteria
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3.8 Comparison between viable count and monitored bioluminescence

output of K. coli (Jux) after different treatments

As E. coli (lux) is a bioluminescent strain, it is potentially possible to mecasure the
viability of the celis by measuring the light output instead of by colony counting. This
saves valuable time in the experimental process. So, ap investigation was done to
determine whether there was any correlation between the light output from the E. coli
{lux} and viable counts after different optical and physical treatments. Suspensions of the
bacterium were exposed o UV radiation for 3, 5, 8, 12 and 20 sce at 70 cm distance from
the lamps, to Nd:YAG laser radiation for 7, 8, 9, 10 and 11 sec, to microwave radiation
for 10 and 15 sec and to conventional heating for 5, 10, 15 and 20 min at 45, 50 und 55°C
as described before. Also, the light output from the bacterium afl_er treatment with
counventional heating was measured, For combination of treatments, 3 s SV, 9 s laser and
10 s microwave were used and then the light output was measured. A siand.ard cutve for
light output against colony count was also made by diluting a suspension of L. coli {lux),
as described in seetion 2.3.11. Results arc shown in Table 3-47 that for this particular E.
coli (lux) strain grown under standard conditions, the luminometry method can detect

down to 1x 10° cfu/ml i.e. potentially could measure 4-log reduction in viability.

Table 3-47. Measurement of colony counts and light output for £. coli (Iux) for the standard curve

No Cfu/ml Mean* of light ouniput
(Arbitrary units)

1 1x16° 6735
2 1 x 10* 2920
3 1Lx W 328

4 Ix10¢ 37

5 1x10° | 6.51

6 1x10* 1.95
7 1x10° 1.47
8 C1x10? 44
0 0 1.4%

* No of observation = 3




Table 3-48 shows the results of colony counts and the light output for the bacterium
after different treabments. Also, the measured light output and colony counts of the

bacterium after different treatments with conventional heating, are shown in Table 3-49.

~ As can be seen in Table 3-48, the light output immediately after treatment was not
significantly affected by UV treatment even though viability in terms of ability ta form
colonies on the agar was reduced from about 9 logs 1o 1 Jog. In contrast, the laser
treatment reduced the light output dramatically, without a corresponding drastic reduction
of the subsequent viable counts. The light output decreased from 6600 to 358 units after 8
sec of laser trcatment, whereas the colony counts reduced only from 1.3 x 10° to 9.2 x 10°
cfu/ml (.15 log reduction in viability). The relation between the light ontput and colony
counts after treatiment with microwave energy was different from that seen with either
UV or laser, but was similar to the standard curve. Microwave treatment for 15 sec gave
about 3 logs reduction in the viability, whereas the light output reduced from 6600 to
about 61. The light output, decreased sharply after the combined treatments and no clear
relationship between light output and viable count was obtained. brunediately after
treatiment of the cells by conventional heating (Table 3-49), similar resulls to laser
treatment were observed. Again, the light output reduced dramaticatly, from about 3000
to 74 units after 5 min treatment at 50°C, whereas no significant reduction in the viability
was ohserved. A more severe treatment, 10 min at 55°C, gave about 3 logs reduction in

the viability and the light output reduced to 3 units,




Table 3-48. Correlation between light output and colony count of E. coli (lux) after different

treatments

No

Treatment

Light output

Colony count

}Arb»itrary‘ pnitz;)

(Cfu/mb)

| RO, § 10’
2 3 sec UV 5800 53x10°
3 5 sec UV 5950 4.6 x 10*
4 8 sec UV 7250 1.7 x 10*
5 12 sec UV 6350 1.1x10*
6 20 sec UV 6400 2.5x 10"
7 7 sec laser 3050 1.2x 10’
8 8 sec laser 358 9.2 x 10%
9 9 sec laser 12.50 3.2x10°
10 10 sec laser 2.65 2.6 x 107
11 11 sec laser 1.80 1.5 x 10*
12 10 sec microwave 4050 6 x 10°
13 15 sec microwave 61.30 3.8x10°
14 UV +L 26 7.7 x 107
15 L+ UV 56.60 4x 10’
16 M+UV+L 2.30 1.6 x 107
17 Lbe M +L +UV_ __2.20 ‘ - ?.lhx’lr()“
s | Saline Leg it
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Table 3-49. Light output and colony counts of E. coli {lux) after different treatments by conventional

heating
No Treatment " Liight:outpud: Celony coont
(Arbitrary wnits). {cfu/ml)
2 h# 2 h*
1 Contral 2860 3.2 x 10°
2 5 min at 45°C 1790 3.2x10°
3 10 min at 45°C 920, 3x 10°
4 5 min at 50°C 74 3x10°
5 £0 min at 50°C 28 28x10°
6 15 min at 50°C 7.8 2.2 x 10*
7 20 min at 50°C 76 1.8 x 10°
8 5 min at 55°C 312 1x 107
9 10 min at 55°C 3 1.5 x 10°

* Measured about 2h after treatment (delivery and preparation time) and then after incubation

for 15 min at 37°C




3.9 Investigation of the killing mechanisms

3.9.1 Effect of released cell constituents on protection of bacteria against UV and

laser radiation

In previous experiments, it was seen that after microwave radiation, the viscosity of
the solution was increased, presumably due to refease of cell constituents. It is possible
that such constituents, such as nucleic acids and protein, could absorb UV and laser light

and protect surviving bacteria against subsequent exposure to UV and laser radiation.

To investigate this possibility, S. putrefaciens and P. fragi were chosen {or this
experiment. As described in section 2.4.1, two supernate fractions were collected from
each strain. The first was from a microwave treated suspension of the bacterium for 15
sec and the second was from the untreated suspension. Both supemates were filtered
through a 0.2 um size sterile filter into a sterile universal bottie to insure that they were
cell-free. The OD was obtained against normal saline at 260 mmn for both solutions.
Results are shown in the table below. It is clear that the microwave energy caused release
of 260 pm-absorptions material into the superrate and this release was greater with S.
putrefaciens than P. fragi. 1 ml of {resh bacterial suspension, which was made separately,

wus pipetted into each solution and viable cell counts were made.

Bacterium Oy for treated supernate | ODggy for untreated supernate
S. putrefaciens 0.647 0.060
P. fragi 0.217 0.077

Then, | ml from the suspensions was taken for subsequent treatments. The treatment

parameters used for each bacterium are shown below:

Parameters used for S. putrefaciens Parvameters used for P, fragi
uv 3 secat 60 em 1620 pW sfom? uv 3 sec ul. 70 cm £470 pAY sfem?
Laser 6 sec 414.6 Jfem® | Laser ¥ sec 852.8 Jem®
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Results of this experiment are shown in Table 3-50 for S. putrefaciens and Table 3-51

for P. fragi.

. Although it should be borne in mind that the results are from a single experiment they
showed that released constituents could possibly protect bacteria against subsequent
treatments. In all cases, the reducltion in viability was less in the samples where the
bacteria were suspended in supernate from microwave-treated cells rather than in

supernate from untreated cells.

S. putrefaciens: Treatment of the control suspension by 6 sec laser followed by 3 sec
UV radiation gave a total log reduction in viability of 1.62, but with the suspension
containing the releascd cell constituents the log reduction in viable counts was about 1.5
(Table 3-50). With the othcr scquence of treatment, 3 sec UV then 6 sec laser, the log
reduction was 2.12 for the cells suspend in the uontreated supernate, whereas the value
was 1.45 logs for the cells suspended in the treated supernate. Thus, the microwave-
treated supernate with an O of about 0.65 appearced to protect cells against subsequent

sequential treatments between 0.1 — 0.67 logs than the untreated supernate with OD 0.06.

P. fragi: Similar to the previous bacteriuin, this organism released constituents after
treatment of the bacterial suspension with the microwave radiation bur to a lesser exient,
and the result by supernate was again able to protect fresh cells against the subsequent
treatments. Treatment of the control suspension by 8 sec laser {ollowed by 3 sec UV
radiation gave a fotal log reduction in viability of 1.83, but with the suspension
containing the released cell constituents the log reduction in viable counts was about 1.4.
With the other sequence ol (reatments, 3 sec UV then 8 sec laser, the log reduction was
about (.2 for bath the cells suspended in the untreated supernate and treated supernate.
The differences between the log reduction by subsequent treatinents on cells suspended in
the treated and untreated supernate were between 0.01-0.49 logs (Table 3-51). These
values were less than the values for S. putrefaciens, which may be, however, duc to
differences between the bacteria oy to the higher OD of the microwave-trealed supernate

sample from S. pufrefaciens.
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3.9.2 Effect of different treatments on release of nucleic acids and protein from

bacterial suspensions

It s likely that some of the killing treatments used in these experiments will rupture
the cell envelope and releasc constituents such as DNA, RNA and protein. Some
trealments may be more cffective in causing release than other trcatments and
measurement of the released material may show differences between the killing
mechanisms by the different treatments. To investigate this, it was decided to expose the
E. coli (lux} suspension to different (reatments and then measure the OD of the supernates
at 260 nm (for DNA and RNA) and 280 min (for protein). Reductions in viable count by
the different methods were also measured. Thus, bacterial suspensions were exposed to

the Tollowing individual treatments:

Microwave: 12, 14, 16 and 18 sec

Conventional heating: 5 min at 45, 50, 55 and 60°C
UV: 8, 10,12 and 14 sec at 80 cm

Laser: 8,9, 10 and 11 sec

Ozone: 5, 10, 15 and 20 min

Combination: 10 sec UV, 9 sec laser and 5 min conventional heating at 55°C

Optical density readings of the resulting cell supernates were measured as described in
Section 2.4.3 for all suspensions. The means of the resvlts are shown in Figures 3-53 and
3-54 for different individually treatmeunts and in Figures 3-55 and 3-56 for combined
treatments. The OD of the supernate from the control suspension with no treatment was
0.075 at 260 nm and 0.052 at 280 nm. Results showed that, with all treatments, the
greater the killing effect produced the greater the amonnt of released material. As can be
scen in Figure 3-53, killing by conventional heating gave greater nucleic acid release
than the other treatments. After a 2-log reduction in viable count, the OD was about 0.25
for conventional heating, 0.21 for laser, 0.17 for microwave and ozone and 0.09 for UV
radiation. Afler a 4.5 log reduction in viable count, the values were increased to 0.3] for

convenlional heating, 0.21 for faser and microwave radiation, .19 for ozone.
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Similar resulis but with lower levels of release were obtained when the OD at 280 nm
was monitored, which indicates the level of released protein in the suspension, After a 2-
log reduction in viable counts by conventional heating, the OD reading was (.121,
whereas the value for the laser treatment was (.1135 and alimost 0.09 for ozonalion and
microwave radiation. After a 2 log reduction in viable count by UV radiation the OD was
0.054, which was similar to the control suspension. After a 4-log reduction in viability,
the OD was 0.141 for conventiona] heating, 0.12 for laser, 0.92 for ozone and microwavce
radiation and about 0.07 for UV radiation. Killing by more than 5-log reduction in viable
counts was studied only for conventional heating, laser and microwave radiation. After
about a 6-log reduction in viable counts, the OD was 0.148 for conventional heating,
0.138 for laser radiation and .135 {or microwave radiation. From both figures, it is clear
that for a given reduction in viability, conventional heating followed by.laser caused most
release of cell constituents. Microwave and ozonation gave similar levels of release

whereas UV caused little release.

As can be seen in Figures 3-55 and 3-56 with combination of two or three treatments
there was little difference observed in the OD at either 260 or 28C nm for the different
treatments. With the combination of 3 treatments, although the difference in OD between
the different sequences was smali, the final OD value for the order, IT + UV + L was

slightly greater than for the order L + H + UV at both 260 and 280 nimn.
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Figure 3-55. Effect of combined treatments on killing and release of cell constituents from E. coli
(lux) in suspension (OD4)

0 1 2 3 4 5 6
Log reduction (cfu/ml)

—e—UV + laser —a—Llaser+ UV —a—L+H+ UV
—eo—H+UV+L ....... control

Figure 3-56. Effect of combined treatments on killing and release of cell constituents from E. coli
(lux) in suspension (OD,g)
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3.9.3 Investigation of the effect of different cooling methods after microwave

treatient on the effectiveness of subsequent (reatments

* This experiment was designed to {ind out if a cold-shock, applied by different
methods, could increase the killing effect of subsequent treatments. Suspensions in saline
were initi ally exposed te a mild microwave treatment or left untreated. A Gram-positive
bacterium (M. lufeus) and a Gram-negative bacterium (E. coli, {ux) were chosen. Cooling
at room temperature, by ice and by a quick freezing method in a mixture of acetone and
dry ice were investigated. After cooling, the suspensions were allowed to warm to room
temperature. As described in section 2.4.2, the bacteria were then exposed to a single
treatment (Nd:YAG laser) after cooling. Bascd on sensitivity of the bacteria, M. luteus
was exposcd ta Jaser for 10 sce and E. coli (lux) for 9 sec. Resuits of the experiment ave
shown in Tables 3-52 and 3-53. Cold shock after microwave (reatment gave some
further reduction in viable counts of E. coli compared with microwavé trealed bacteria
allowed to cool to room temp. The value for cooling by ice was 0.26 log, whereas [or
freezing by acetone and dry ice was (.56 log. These values can be compared with 0.17
and 0.35 log reducrion respectively, when the suspension had not been treated by
microwave (Table 3-52, first grey column). No significant reduction in viable count of
M. lutens was apparent when the bacterial suspension, with no pre-treatment by
microwave, was exposed to cold shock with the ice or mixture of acctone and dry ice.
When the suspension had been pre-treated by microwave, the cooling by ice or freezing

mixture caused about 0.13 log reduction in the viability (Fable 3-53, first grey column).

After treatment by microwave and a cold shock by mixture of dry ice and acetone,
killing by laser increased to 1.52 and 1.03 log reduction in viability for £. coli and M.
luteus respectively whereas, without microwave treatment, kiling was 1.25 for £. coli
and 0.97 for M. hueus (second grey column in Tables 3-52 and 3-53). The killing effect
of laser, after cooling by ice and cooling by room (emperature was almost the same for
both bacteria. The values were between (.73 to 0.95 log reduction in viable counts when
the suspension was treated with microwave and 0.52 to 0.59 logs withoul microwave

treatment (second grey column in Tables 3-52 and 3-53).

The total log reduction in viability, by cooling and laser, for both bacteria was always

greater when the bacterial suspension had a cold shock by mixture of dry ice and acctone
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in comparison to other cooling methods. The log reduction was always greater for E. coli

than for M. luteus (last column in Tables 3-52 and 3-53). {

It was concluded that probably a rapid cooling of the bacterial suspension after
microwave treatment or perhaps after other heat metheds not only could have enhunced
the killing effect ou the bacteria but also may have increased their susceptibility to the

killing effect of subscquent treatment(s).
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3.9.4 Effect of different treatments on the sensitivity of F. coli(lux) to lysis by SDS

In a previous experiment it was observed that different treatments on E. ceoli in
suspension had different effects on the release of cell contents. An alternative way to
investigate cell envefope damage, caused by different treatments is to mcasure the
sensitivity of the treated cell to subsequent lysis by a 0.1% solution of SDS (219). In this
method, the bacterial suspension was trcated and the OD of the suspension at 600 nm was
measured before and at different times after exposure to SDS. The hypothesis is that
more lysis will oceur with more injured cells and so, a greater reduction in OD will be
observed. To compare the results, a standard curve was obtained hy exposure of a fresh
bacicrial suspension {(&. coli) 10 0.1% SDS (Figure 3-57) and no other treattnent. As can
be seen in the figure, after incubation of the suspensions for 30 min at- ?;7°C, the OD for
the suspension with no SDS showed some increase. The OD then ingl\l\LIy reduced with
time, For the suspension containing SDS, a small reduction o the OD was observed with

time.

Suspensions of K. coli (lux) were exposed to different treatinents and energies as

shown helow:

Microwave: 12, 15 and 18 sec

Conventional heating: 5 min at 45, 55 and 65°C
UV: 8, 12 and 16 sec at §0 cm

Laser: 8,10 and 12 sec

Ozone: 2, 5, 10 and 15 min

Results for the different treatmenls are shown in Figures 3-58 to 3-62. Perhaps due to
multiplying cells, the OD showed a small initial increase when the cells were incubated
for 30 min without SDS. This occurred in the control (untreated) sample (Figure 3-57)
and with all treatments except ozonation. After the initial increase or decrease, the OD
was fairly stable for all freatments with increasing time. With suspensions teated with

SDS the pattern was different. When SDS was added to the suspension treated for 5 min
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by conventional heating at 45°C, the OD slightly decreasced (from 0.09 to 0.08) up to 3h.
A large reduction jn O was observed after exposure to SDS for 30 min, in suspensions,
which had been treated at 55 and 65°C by conventional heating, followed by SDS
exposure. The initial OD was .09 and, after 30 min of exposure to 8DS, had reduced to
0.045 and 0.02 respectively. The values then reduced to about 0.03 and 0.01 at 3h
(Figures 3-58).

Similar patterns were obtained for suspension, which had been exposed to the more

severe microwave and laser treatments (Figares 3-59 and 3-60).

With UV and ozone trcatments, the observations were different. No increase in OD
(from 0.14) was observed when the cells were treated with ozone and incubaled for 30
min without SDS, whereas, after that, a slight reduction in OD was apparent. With the
suspensions which had been treated by ozone, followed by SDS expos:ure, there was a
decrease from about 0.15 to 0.08 in OD after 3h incubalion, but this l’C(i;lCtiOﬂ was about

haif of that observed for treatment by conventional heating and laser.

No significant differences in OD were seen for suspensions previously treated with

UV then tncubated with or without SDS.

Based on the above results, it was concluded that cells treated by laser, microwave and
conventional heating are more sensitive to lysis by 0.1% SDS than cells treated with
ozone and UV, The resuvlts clearly showed that laser, microwave or conventional heating
have some effect on the cell envelope and sensitise the bacteria to lysis by SDS. These
effects, however, are probably lower for ozone and may be minimal for UV, which is

well known to cause damage primarily to the DNA of the cell.
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—e— Without SDS

—— With SDS

0 20 40 60 80 100 120 140 160 180 200
Time (min)

Figure 3-57. Lysis of an untreated (control) suspension of E. coli (lux) by SDS

—&— 45°C, no SDS
- { —=—55°C, noSDS
S e o mnd Lt M| -—a—65CnoSDS
L|  —¢—45°C, plus SDS
-~ 55°C, plus SDS
—e— 65°C, plus SDS

S,
"

Time (min)

Figure 3-58. Lysis of E. coli (lux) by SDS after treatment by conventional heating
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|| —— 12 sec microw ave, no SDS

|| —m— 15 sec microw ave, no SDS

b —&— 18 sec microw ave, no SDS

—— 12 sec microw ave, plus SDS |

—#-— 15 sec microw ave, plus SDS|

—=&— 18 sec microw ave, plus SDS

I LG

0 20 40 60 80 100 120 140 160 180 200

Time (min)

Figure 3-59. Lysis of E. coli (lux) by SDS after treatment by microwave radiation

—e— 8 sec laser, no SDS
—a— 10 sec laser, no SDS
—a— 12 sec laser, no SDS
—— 8 sec laser, plus SDS
#*-- 10 sec laser, plus SDS

04 v T T - - - - - -
0 20 40 60 80 100 120 140 160 180 200

Time (min)

Figure 3-60. Lysis of E. coli (lux) by SDS after treatment by laser light
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| —e— 2 min ozone, plus SDS |
| —-— 5 min ozone, plus SDS

—#— 10 min ozone, plus SDS
1| —¢— 15 min ozone, plus SDS|

K | { —¥— 2 min ozone, no SDS

—&— 5 min ozone, no SDS

—+— 10 min ozone, no SDS
—=— 15 min ozone, no SDS

0.06 T v - - - - - - .
0 20 40 60 80 100 120 140 160 180 200

Time (min)

Figure 3-61. Lysis of E. coli (lux) by SDS after treatment by %0.1 solution of ozone

—e— 8 sec UV, no SDS

—a— 12 sec UV , no SDS

—a&— 16 sec UV, no SDS

—>— 8 sec UV, plus SDS
—#— 12 sec UV, plus SDS
—e— 16 sec UV, plus SDS

0.05 4 T T T T r T T T -
0 20 40 60 80 100 120 140 160 180 200
Time (min)

Figure 3-62. Lysis of E. coli (Iux) by SDS after treatment by UV radiation
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3.9.4.1 Killing effect of 0.1% SDS on stressed cells and correfution with

reduction of OP after incubation

In the previous experiment it was found that when bacterial suspensions, treated by
d‘ifferent methods, were exposed to SDS (.1%, the OD clearly showed a reduction.
Untreated cells showed a little reduction in OD with SDS afone. Tt was decided to
investigate whether pre-treatment, such as by mild heating, ozone, laser, etc, then
exposure to SDS had a synergistic effect on bacterial killing. Bacterial suspensions (E.
coli) after different treatments were incubated in SDS 0.{% and also in normal saline for
up Lo 60 min. Colony counts and OD measurement were made before and after exposure
to SDS for 30 and 60 min. As in the previous expetiment, £. coli (lux) was exposed to

following treatments:

Nd:YAG laser: for 10 sec
Ozone: for 2 min
UVY: 3x30 W lamp, at 80 cm for 10sec

Conventional heating: 55°C for § min

The treated cells were then incubated in SDS 0.1% or normal saline for 60 min as
described, Resulis are shown in Table 3-54. Figore 3-63 shows the log reductions in
viable counts and ODg after treatment by various methods, and then incubation in SDS
and normal saline for 60 min. As can be seen, the reductions in the viability and OD al
600 nm in suspensions, subsequently incubated with normal saline were very small.
Control suspensionn incubated with SDS also gave a small reduction in viability,
compared to the control suspension incubated with normal saline, which showed bacterial
growth after 60 min. When pre-treated bacteria were exposcd to SDS 0.1% however, the
subscquent reduction in OD at 600 nm and viability were consistently greater. For
example, the effects were most marked with ozone treatment. In cells treated with ozone,
the ODygoo reduced from 0.162 to 0.093 1n suspension containing SIS, whereas in
suspension containing saline the ODgge was reduced from 0.161 to 0.158. The Kitling

effect also was greater than the sum of the effects with either trcatinent alone. It may be
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that SDS had a greater killing effect on stressed ceils. Thus, the killing effect of different
concentration of SDS was investigated. Also, it was decided to repeat the experiment
with L. monacytogenes, to find out whether the killing effect by SDS of stressed bacteria

was also applicable to a Gram-positive species.
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3.94.2 Killing effect of SDS on Listeria monocytogenes

As in the previous cxperiment, this experiment was designed to investigate any
synergistic effects of SDS on killing of bacterial cells by other methods. Listeria
monocytogenes was cxposed to different lreatments and the reductions in viability and
ODgop were determined after exposure to SDS 0.1% or to normal saline for 60 min. First,

the cells were treated with different treatment(s as described.

Nd:YAG laser: for 10 sec
Ozone: for 2 min
UV: 3x30W Lamp, at 80 cm for 12 scc

Conventional heating: 55°C for 5 min

The treated cells were then incubated in the SDS 0.1% or normal saline for 60 min.
Colony counts were made alter 30 min and also the OD was obtained at 600 nm. With £,
monaocytogenes, a large reduction (more than 4.9 log redunction) in viability was found
when untreated cells were exposed to SDS (.1% for 60 min; the ODgy was reduced from
0.101 o 0,085 after 60 min. No significant reduction in viability (0.18 log) was apparent
in untreated cells incubated in normal saline for 60 min. It was concluded that, in contrast
to E. coli (lux), I.. monocytogenes was very sensitive to SDS 0.1%. The above experiment
suggested investigating the killing effect of different concentrations of SDS on E. celi

(Iux) and L. monocytogenes.

As L. monocytogenes was killed rapidly by SDS 0.1%, the bacterivun was exposcd to
various low SDS concentrations and then combination of SDS with other treatments was

nvestigated.

The cells were incuabated 1n 0.01, 0.005 and 0.1% SDS and colony counts were made
after 15 and 30 min. Results are shown in Table 3-55. Again, the results showed that the
hacteriwm was highly sensitive to SDS. After incubation in SDS 0.01% for 30 min, more

than 4 log reduction in viable count was achieved, whereas 15 min incubation gave about
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a 0.2 log reduction in the viability. In higher concentrations, no viable bacteria were

detected.

To find out whether there was any synergistic effect of different treatments such as
heat, laser, etc. and SDS on L. monocytogenes, the bacterium was exposed to different
treatments and then incubated in SDS 0.01% for 15 min. Colony counts were made

before and after incubation and the ODgqo values were obtained as described previously.

Results are shown in Table 3-56. As can be seen, the treated cells incubated in SDS
were killed more than the cells incubated in normal saline. Control suspensions,
incubated in SDS 0.01% and saline for 15 min, showed a 0.4 and 0.09 log reduction
respectively in viable count. The best result was achieved by combination of laser and
SDS. More than a 2 log reduction in viability was found when laser-treated cells were
exposed to SDS 0.01% for 15 min, whereas in laser-treated cells incubated in normal
saline only 0.04-log reduction in viability was achieved. In 