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Abstract 

Freshness and quality of fish is a critical issue of concern in international fishery industry. Although 

various techniques in preservation has introduced over years, a safe, economic and sustainable 

approach is significant to meet consumers demand and to alleviate the issues faced by fishery trade. 

Nitrogen -nanobubble technology in combination with refrigeration is an approach that can be 

considered as a sustainable and safe preservation technique that is capable of eventually replacing 

todays expensive, synthetic and artificial preservatives. Nanobubble technology with nitrogen gas 

has anti-microbial effect with the release of free radicals when they collapse, besides nitrogen 

replaces dissolved oxygen and creates an anaerobic environment during treatment which controls 

microbial activity and its growth. The current study is concentrated on this aspect of nitrogen 

nanobubble technology to extend the shelf life of salmon fish fillet. Two fillets were taken, and each 

fish fillet was portioned to 3 parts- for treating with nitrogen nanobubble treated RO water, other 

one with untreated RO water and third portion for refrigeration alone. After proposed treatments, 

fillets were refrigerated at 4oC for microbial analysis at different storage days such as 0, 3, 6 and 9. 

Microbial analysis was performed on respective days to enumerate total aerobic viable count, total 

anaerobic count, total coliform counts, psychrotrophic counts and H2S producing bacterial count. 

Generation time of aerobic and anaerobic bacterial counts were analysed to assess the influence of 

different treatments on bacterial colony generation and the average time taken to generate the 

colonies. Results obtained from analysing microbial count as well as generation time, provides 

positive results favouring the present research work. However, the study had limitations such as 
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variations in bacterial count between replicates, hence future research work is recommended on the 

promising preservation technology – Nitrogen nanobubble treatment in combination with 

refrigeration. 

Keywords: nitrogen nanobubble, preservation techniques, shelf-life, fish freshness, fish quality, 

nanobubble technology, microbial analysis, generation time, total aerobic viable count, anaerobic 

count, coliforms, psychotrophic bacteria, H2S producing bacteria, bacterial colony, culture media, 
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Chapter 1 

Introduction 

Fish and fishery products play an important role in human health from nutritional point of view. Over 

the past 50 years, global fish and seafood production has quadrupled (171 million tonnes in 2016) 

due to increased rate of consumption. Statistics show per capita fish consumption has reached 

highest in 2016 and was recorded as 20.3kg (FAO- US, 2018). Consumers have become more 

conscious not only about the health benefits of consuming fish, but also to include fresh and high-

quality fish products in their daily diet. Fish is rich in proteins, vitamins, essential amino acids, PUFAS 

such as Eicosapentaenoic acid (EPA) and Docosahexaenoic acid (DHA).   

Increased demand for fish has led to multiple challenges in global fish industry including ‘over 

fishing’. This prime issue is alleviated, and the production has improved by the introduction and 

support of aquaculture. Aquaculture is considered as the one of the largest food production sectors 

in last two decades, (Terazono, 2017) which provides more than 40% of the total world seafood 

volume. According to the statistics, China, Norway, Vietnam, USA and India are the top five fish and 

seafood exporting countries in the world. Sustainable fishing is another approach to minimise over 

exploitation of fish where New Zealand’s fishing industry is an ideal example. In New Zealand, 

450,000 tonnes of wild fishes are being sustainably harvested every year, which will bring $1.2 billion 

to $1.5 billion export value per annum with the contribution of $350 million through aquaculture. 

(Williams, Stokes, Dixon & Hurren, 2017)  

Another critical issue of concern in global fish market is the perishability of these products because of 

their biological composition. The freshness and shelf life of fish products is limited even under 

refrigerated conditions by proteolytic and enzymatic reactions along with microbiological spoilage. 

While the demand has increased, it has become a challenge for fish industries to prevent spoilage 

and to prolong the shelf-life of seafoods. Hence the fish industry started depending heavily on post- 

harvest preservation techniques to improve the product quality and to market more fresh and 

sustainable fish products. 

1.1 Health benefits of consuming fish 

Nowadays people around the globe are having increased awareness about the nutrients provided by 

fish and its positive impact on health and wellness of human. Nutrients that are present in fishes 

include low-fat, high-quality protein, various vitamins and minerals including iodine, rich in calcium 

and phosphorous. Fatty fish varieties such as salmon, mackerel, tuna and herring are rich in essential 
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fatty acids, DHA and are good source of vitamin D. Many observational studies show that regular 

consumption of fish have lowered the risk of heart attacks, strokes and death from cardiac failure. 

PUFAS are necessary for the development of brain and eye, especially in infants hence fish included 

diet is highly important for pregnant women, breastfeeding mothers and women of child bearing 

age. It also helps to reduce mental decline, depression, risk of autoimmune diseases and arthritis 

(Leech, 2019). Salmon fish proved to have great impact on sleep quality and contributes to the 

smooth run of day to day activities. (Hansen et al., 2014).  

1.2 Importance of Salmon fish in diet 

Recently Salmon has earned high reputation in research field and among public considering its 

contribution towards human health. They are originated in the tributaries of North Atlantic and 

Pacific Ocean, but many species have been brought to non- native environment. Salmon farming has 

intensively widened to many parts of the world including New Zealand, where they were introduced 

in early twentieth century. In New Zealand, production of King Salmon contributes much 

economically, where majority are farm-reared, initially in fresh water ponds which are further moved 

to sea cages until harvest. Fish are harvested year-round to suit the market (www.seafood.co.nz). 

Health benefits of salmon include, it plays a vital role in improving immunity as it is rich in selenium, 

choline, vitamin B12 and vitamin A. Small bioactive proteins present in salmon helps to support joint 

cartilage, improves insulin effectiveness and decreases disorders of digestive tract especially 

inflammation. However, Salmon being a highly fatty fish are at increased risk of spoilage and hence it 

has become a major challenge for the producers as well as exporters to maintain its freshness and to 

improve shelf life. 

1.3 Perishability of fishery products 

Fresh fish and shellfish are at high risk of deterioration due to their biological composition. 

Furthermore, it is found that microorganisms harvest on the body, gills and in the gut of live fish. 

However, after death of fish, these microbes attack the fish tissue, especially the bacteria. The 

bacterial flora contributes to the spoilage and are affected by many factors including environment 

and seasons. Microbes invade the body through gills, injured tissues, blood vessels and walls of 

abdomen. Studies show that psychrophilic and mesophilic microbes are major contributors to fish 

spoilage. It affects the flavour and taste of fish flesh and causes undesirable alterations in its 

appearance, colour and physicochemical properties. Fresh fish contains high amount of non- protein 

nitrogenous compounds (NPN) and are less acidic (pH > 6), which promotes the growth of 

microorganisms (Ashie et al., 1996). Degradation of non-protein nitrogen compounds results in 

deteriorative changes in fish. Meanwhile, degradation of proteins results in the formation of 

peptides, amino acids, ammonia and low- molecular weight nitrogen compounds. After death of fish, 
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the enzymes remain active which causes unfavourable flavour to the flesh. Production of volatile 

compounds related to ammonia, alcohols, nitrogen, amines, sulphur containing compounds are 

related to spoilage of fish which releases off odour. It is highly relevant to determine the levels of 

Total volatile basic Nitrogen (TVB-N) and Trimethyl amine (TMA) which is considered as indicators to 

evaluate the freshness of fish. (Cheng et al., 2015). TMA is a pungent volatile which is responsible for 

fishy odour to the fish. It is formed from TMAO by bacterial reduction. TMA level in fresh fish is less 

than 2mgTMA/ 100g of flesh. TVB-N value in freshly caught fish is found to be between 10- 

15mg/100g flesh (Etienne et al., 2005). Apart from these chemical indices, degradation of Adenosine 

triphosphate and its catabolites such as Adenosine diphosphate, Adenosine monophosphate, Inosine 

monophosphate, Inosine and Hypoxanthine is studied to evaluate fish quality. During storage, ATP is 

decomposed to form its catabolites and assessment of K-value is a useful indicator that evaluates fish 

freshness. K- value is the ratio of total amount of inosine and hypoxanthine to ATP-associated 

compounds (Cheng et al., 2015).   All these factors affect the fish quality and can cause sensory 

changes which are considered as non-acceptable for consumption (Gokoglu & Yerlikaya, 2015). 

1.4 Methods to improve shelf life of fish 

Freshness and quality of sea food can be maintained to an extend with preservation methods by 

reducing the temperature as they are more prone to spoil quickly at ambient high temperature. 

Preservation should start in fishing vessels itself by storing it in lowered temperature condition while 

in inshore, as well as during transportation to land and to the processing units. Gokoglu and Yerlikaya 

(2012) states major low temperature preservation techniques include chilling, freezing and 

refrigeration which are having great impact in maintaining freshness of fish. Chilling and freezing will 

help to retard spoilage for quite long days especially caused by microorganisms by preventing 

chemical, physical and microbiological activity, while refrigeration removes the moisture content on 

the surface of the fish and make them dry which retards the growth of microbes and is considered as 

ideal for iced fish. 

 The shelf- life of seafood products is reduced by enzymatic activities under normal refrigerated 

conditions. Autolysis, enzymatic browning of crustacean shells and chemical oxidation of lipids can 

result from this, apart from microbiological metabolic activity. While, with the increased demand for 

high quality fresh fish, the fishery industry started depending heavily on post- harvest preservation 

methods in order to improve the product quality and to market more fresh and sustainable fish 

products (Zhao et al.,2019).  

Fish processing industry is now seeking to provide fresh, high-quality products by extending the shelf 

life with multiple strategies apart from refrigeration, which should be economizing on energy cost as 

well. (Ashie, Smith, Simpson, & Haard, 1996). Thermal treatment such as drying, smoking, curing, 
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canning and acid treatment such as pickling were considered as the traditional preservative methods 

for easily perishable food like fish by preventing and killing specific spoilage causing microbes 

(Cortesi, Panebianco, Giuffrida & Anastasio, 2009). But these techniques damage physiochemical and 

sensory quality of fish as they are temperature sensitive. Nowadays consumers are having increased 

interest for ‘fresh’ or live fish which comprises about half of total seafood consumption as per 

statistics (www.greenfacts.org).  

Freshness of fish mean to be the product with microbial safety, fresh appearance, flavour, and high 

nutritional value with prolonged shelf life. Hence, development and promotion of non -thermal 

preservation techniques along with novel preservation methods have high importance in the present 

scenario. Some non -thermal food processing technologies that could fulfil these objectives are 

ultrasound -US, pulsed electric fields -PEF, pulsed light -PL, cold plasma- CP, high pressure processing 

-HPP and ozone treatment which have attracted attention of food innovators and developers (Zhao, 

Alba, Sun, & Tiwari, 2019). As per the study conducted by Ercan et al (2013), US technology found to 

be an effective non-thermal preservation technique capable of removing microbes and enzymes 

without altering organoleptic properties of food. Electric current is applied for the preservation of 

food in PEF method, where it is found to have role in preservation, tenderization and aging. It also 

improves the water holding capacity of fish products and found to be useful for fish drying (Gomez et 

al., 2019). Pulsed light is gaining popularity among non- thermal preservation techniques where high 

intensity pulsed light with short duration are impinged on the surface of food products for 

decontamination and sterilization (Bhavya & Hebbar, 2017). Cold plasma is applied in food industry 

as preservation technique which is capable of inhibiting microbes, inactive enzymes, modify 

packaging and shelf-life extension of fresh food products. Atmospheric cold plasma in combination 

with other gases are applied here (Chen et al., 2019). A recent study conducted by Cropotova et al 

(2020) on minced fish shows the efficiency of High-pressure processing (HPP) in inhibiting microbial 

growth with increase in pressure without affecting the quality of the fish products. Meanwhile ozone 

treatment is widely used in food industries as sanitizing agent and for prolonging the shelf-life of 

perishable food products such as fish fillets (Gelman et al., 2005). All these preservation techniques 

have proved to be effective to inactivate microorganisms which are pathogenic and could cause 

spoilage of food, mean time maintaining nutritional and organoleptic properties for a wide range of 

food products including fish. (Zhao, Alba, Sun, & Tiwari, 2019).  

Although these technologies are efficient in decelerating spoilage, have some limitations as well. For 

instance, US technology is simple and low in pollution rate, however the method is having less 

disinfection ability. Meanwhile, ozone is having wide range of action against microorganisms, but the 

possibility for oxidization of food components is high and has negative health impact on the 

personnel handling these gases. On the other side, technologies like HPP and PEF are effective, but 
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are highly expensive. In recent years, researchers have found interest in addition of ingredients or 

preservatives such as synthetic and natural agents to extent the shelf-life. Tsironi and Taoukis (2012) 

studied the effect of antimicrobial agents such as carvacrol, glucano-ᵟ - lactone and Citrox Biocite 

AFA001 to improve shelf- life of gilthead seabream fillets in combination with osmotic treatment. 

The study conducted by Mei, Ma and Xie (2019) on fish found natural preservatives derived from 

plants, animals, fungi, algae and microbes to be highly effective in shelf-life extension under low 

temperature. 

1.5 Packaging- an effective technique in shelf life extension. 

Currently various packaging methods have used to prolong the fish shelf-life which found to be highly 

effective. Vacuum packaging and modified atmospheric packaging are widely used packaging 

techniques. In vacuum packaging, air is been evacuate out with a pump and seals the food in a plastic 

bag. Although it provides convenience, food safety, preservation and shelf- life extension without 

altering the organoleptic properties, it has limitations such as increased cost and the production of 

non- recyclable waste products which are harmful to the environment. (www.t.packaging.com).  

Modified atmospheric packaging uses a combination of different gases such as carbon dioxide and 

nitrogen at different ratios which is used widely in food industry to lengthen the shelf life period. 

Previous literatures point the use of ozone in combination with carbon dioxide in sterilization and 

prevention of surface proliferation. Blogoslawski (2011) in his study on ozone application in seafood, 

found the shelf life of salmon is more in ozonated ice compared to regular non-ozonated ice. 

However, these methods proved to be impractical as ozone is an unstable gas and decomposes 

quickly, it is highly expensive and toxic and is having negative impact on health when exposed during 

handling of ozone gas. (Prabha et al., 2015) 

Nitrogen gas in combination with other gases such as carbon dioxide at different proportions are 

being used in Modified atmospheric packaging (MAP). In food processing industry, MAP is a highly 

demanded and effective technology that is applicable to extend shelf life of food and food products 

as well as to preserve highly perishable food products. Modified atmosphere packaging is highly 

successful in maintaining organoleptic and textural qualities along with the prolonged storage period 

by inhibiting enzymatic and microbial activities.  

Production of safe, nutritive and cost-effective production of food has become the prime strategy of 

food industry to deal with consumer’s demand. Advent of science and technology has led to various 

innovations, discovery and development in various field. Development of nanobubble technology is 

one among those innovations which has attained interest among food producers in last few decades. 

Nanobubble technology has got wide range of applications varying from electronics and IT, medical 



 6 

and healthcare, environmental remediation, energy production, transportation, manufacturing of 

functional materials, soil and sediment decontamination, water treatment plants, pharmaceutical 

delivery, disinfection of food products and in various other aspects of food science. 

(www.nano.gov.com) Nanoparticles are on high demand and are on use increasingly in the field of 

food technology and food microbiology, especially in areas such as processing, packaging, functional 

food development, food safety, detection of food borne pathogens and to improve shelf life of food 

and food products. (Singh, Shukla, Kumar, Wahla, Baipal, & Rather, 2017). 

1.6 Nanobubbles- An innovation in Nanotechnology 

Bubbles are gas filled cavities in liquid and solid and are categorized as large bubbles, microbubbles 

and nanobubbles. Large bubbles are having the diameter > 100µm, which rises rapidly to the surface 

with the velocity >600mm x s-1 , while microbubbles are with the diameter varying from 1µ- 100µ 

that rises slowly to the surface (10-3- 10mm x s-1) but with larger surface area and increased stability 

than macro-bubbles which last for few hours, and the last category is the nanobubble. Chaplin (2018) 

defined nanobubbles as tiny gaseous cavities that are less than a micron diameter, rising at velocity 

less than 10-2µm x s-1. Nanobubbles are highly stable in suspension due to their specific surface area 

which is inversely proportional to the diameter. As the diameter of the bubble decreases, surface 

area increases, other factors contribute to the stability are low buoyancy forces and Brownian 

motion. Brownian motion allows them to move around instead of moving upward as other bubbles. 

Bubbles of nano size will increase the pressure of the gases that submerged into the liquid. The 

collapse of nanobubble creates shockwaves which will generate reactive free radicals (OH) due to 

presence of ions at the gas- liquid interface (Yang et al., 2019). 

 

 

 

 

Fig-1 Formation of Nanobubbles (Takahashi et al., 2007) 

1.7 Application of nanobubbles in various field 

Over last few decades a huge number of researches and scientific studies were conducted and 

published on the application of nanobubble technology due its high potential to be applied in 

multifaceted areas of knowledge. Their specific characteristic features such as increased stability, 

longevity, increased surface in volume, surface charge in water and the ability to aggregate 
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hydrophobic particles has captured interest of the researchers to investigate more about this field. 

Azevedo, Oliveira & Rubio (2019) in their recent paper on update and review of properties and 

applications of nanobubble, they have summarized major applications of nanobubble technology in 

different scientific area.  

In the field on medicine, nanobubbles have used as contrast agents for ultrasound imaging, used for 

treating cancer, in dentistry, for delivering drugs (chemotherapy), and for the detection of malaria. 

Delivery of cancer drugs can be done using nanobubble technology by placing them in body in order 

to identify tumor cells. When nanobubbles approach the tumor cells they are blown up and destroy 

cancer cells. (Meegoda et al., 2018) Agriculture field utilize nanobubble treatment for hydroponics 

and to accelerate metabolism in animal and plant species (Sang et al., 2018; Ebina et al., 2013). 

Nanobubbles are having the capacity to create reactive oxygen species which helps seed germination 

and thereby provides increased seed germination rates. (Lui et al., 2015). Sanitation is the other field 

where nanobubbles are used for surface cleaning, membrane de-fouling and prevention of fouling. 

Yang et al (2019) proved in their study the application of nitrogen nanobubble technology for 

treating waste water by enhancing hydrolysis of waste activated sludge to produce methane using 

anaerobic digestion with the addition of N2- nanobubble water. It’s also used to treat drinking water 

and advanced oxidation process and for the removal of pollutants in aquatic environments 

remediation because of their capability to produce highly reactive free radicals. (Li et al., 2014)  

In energy systems, hydrogen nanobubble was used to produce hydrocarbon fuel and generation of 

nanobubbles utilizing solar energy. (Tansel & Pascual, 2011; Polman, 2013). Ushida et al (2013) 

studied the flow properties of nanobubbles and drag reduction effect and its application in micro 

dynamics of fluid. Science and engineering are another important area where nanobubble 

technology is widely used as an additive, such as to improve the property and durability of concreate, 

production of Au-TiO2 nanoparticles and for Zeolite formation. (Khoshroo et al., 2018; Bejar et al., 

2016; Zhang et al., 2019). Flotation is other area where nanobubbles are applied and are also used in 

the mineral processing and environmental areas. (Fan et al., 2012). Application of nanobubbles in 

paint is that due to their presence paint dries fast, resist moulds and increases brightness of the paint 

(Meegoda, 2018). In cosmetic and aesthetic treatment, nanobubbles are used as devices in bathtubs, 

shower and swimming pool for nanobubble generation. (www.nanovated.com).   

1.8 Nanobubble in food industry 

Recently nanobubble technology is effectively been used in food industry for production and 

maintenance for instance, in Japan it is been used in seafood and aquaculture. Studies conducted by 

Oshita & Lui (2013) found the application of oxygen nanobubble while culturing oysters, shells and 

scallops in aquaculture ponds and observed to have positive impact on improving the growth 
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characteristics of marine species. Apart from that, the production of free radicals due to the collapse 

of nanobubble (ozone nanobubbles) found to improve the microbial quality of water system 

promoting them as agents for anti-bacterial and de-foul treatments (Meegoda et al., 2017). 

Moreover, nanobubbles are been used as cleaning and gentle washing agents for fruits and 

vegetables to cleanse and maintain freshness. (www.biokavitus.com) 

Stability and reactivity of nanobubbles depend on gases inside cavities. Meegoda et al (2018) studied 

the application of different gases in nanobubble generation to investigate different gas bubble 

properties. Gases such as ozone, oxygen, carbon dioxide, air and nitrogen were used in the 

experiment, ozone was found to produce larger bubble diameter with more solubility, while nitrogen 

gas produced smaller diameter bubbles with less solubility. Nowadays nitrogen gas is opted mostly 

for nanobubble treatment due to its unique properties- inertness, non- toxicity, no interaction with 

food products, bubbles with smaller diameter and less solubility. 

1.9 Nitrogen- Applications in food industry 

Nitrogen gas has been proved as an essential component in food industry, as it contributes to 

improve product quality, reduces cost and increase the output.  Chris Johnson (2009), described 

nitrogen as a highly beneficial ingredient in food industry, with a range of applications in food 

processing and packaging in all varieties of foods including fresh, raw and processed products.  

Liquid nitrogen is environment friendly, it enables a cryogenic system to freeze food within minutes 

with its own extremely cold temperature. Fish industry is paying more attention to liquid nitrogen to 

snap freeze the fish products by sending it through a freezing tunnel, which sprays the nitrogen into 

the product. This provides better quality and fresh taste to the product when thawed as it helps to 

maintain cell structure of fish products (www.industry.airliquide.com.au). The fast-freezing lead to 

the production of ice crystals which provide moisture and quality to the product which can be 

maintained longer. Another application is that liquid nitrogen effectively removes the heat formed by 

other processes and help to control and decelerate microbial growth and increase production 

throughout. 

Furthermore, nitrogen gas can be utilized in food packaging processes, including Modified 

Atmosphere Packaging (MAP) which helps in preservation and maintenance of food quality. MAP is a 

preservation technique for minimally processed and easily perishable food products such as fish, 

meat, fruits and vegetables. In MAP, atmospheric air is replaced with a pure gas or a mixture of gas 

including nitrogen. Increased amount of nitrogen maintains freshness, preserves the nutrients and 

prevents aerobic microbial growth especially those food that are susceptible to risk such as fatty 

meats, fish products, vegetables, ready- to- eat food (Palkowitsh, 2018). This technique can 
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significantly improve the shelf life of food products by preventing or reducing the enzymatic or 

biochemical deterioration of products as well as that caused by natural microbes present. 

 Liquid nitrogen is used in mixing process during the preparation of sauces specially to chill and to 

stop cooking process of gravies as well as to reduce cool cycle times. The low temperature of liquid 

nitrogen helps quick-frozen products to enrobe individually during freeze, allowing an even coating. 

During grinding, frictional heat can be prevented by utilizing liquid nitrogen, also prevents the loss of 

flavor and aroma in food besides preserves additives, ingredients and in functional foods. 

(wwwairproducts.com) 

 Perishable and chemically oxidizable liquid food stuffs can be stored safely for long term using 

nitrogen gas by replacing reactive atmosphere gas. Gaseous nitrogen protects food products stored 

in tanks which is highly economic, safe and easy to implement. 

During the production of oils and fats, fruit juices, wines and drinks, volatile contaminants such as 

oxygen, organic substances and water dissolved in liquid food stuffs acts as an obstacle to obtaining 

high quality. Nitrogen gas injection plants- newly emerged technique can eliminate these 

undesirable, volatile contaminants. (wwwsiad.com) 

1.10 Nitrogen gas for nanobubble treatment 

Nitrogen is an inert gas with high stability at different temperature and pressure and are less soluble 

in water and lipid. Due to these properties it is used widely in food industry for preservation and for 

purifying water and food stuffs as it doesn’t react with other components in food as in the case of 

ozone. Nitrogen gas flush has the capability to replace oxygen in food and thereby delays oxidative 

rancidity and prevent microbial proliferation (DeWitt & Oliveira, 2016). Combination of nitrogen and 

other gases are found to be effective in enhancing seed germination and to improve plant growth 

(Ahmed et al, 2018). Several studies proved the efficiency of nitrogen nanobubble to treat waste 

water and water and to intensify brewing and fermentation process. Ueda et al (2018) studied the 

usage of nitrogen nanobubble in food processing industries to decelerate spoilage and extend 

storage period.  

The above studies provide evidences to prove the capability of nitrogen in preventing growth of 

aerobic microorganisms, especially in fat rich foods and to reduce oxidation of lipids due to 

unavailability of oxygen.   

1.11 Generation of nanobubbles  

Cavitation is the combined process of formation, growth and collapse of microbubbles in a solution. 

Based on the method of generation, it is categorized into four such as acoustic, hydrodynamic, optic 
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and particle cavitation. Acoustic cavitation is formed by the passing ultrasonic waves into a solution, 

while hydrodynamic cavitation is formed due to the pressure differences in the flowing liquid. 

Agarwal et al (2011) in their paper mentioned about acoustic and hydrodynamic cavitations that can 

produce both physical and chemical desired changes in a solution, but optic and particle cavitations 

that are found not to be capable of producing any change in the bulk solution. Few methods have 

been mentioned in the study are nowadays using to produce microbubbles and nanobubbles. The 

two commonly used techniques are based on principles such as decompression and gas–water 

circulation. In decompression type generator, at high pressure (304-405 kPa), a supersaturated 

condition for gas dissolution is created (Fig. 2).  Supersaturated gas is highly unstable and escapes out 

from the water eventually at this high pressure resulting in instant microbubble generation in large 

numbers. On the other hand, in gas–water circulation type generator, the gas is passed into the 

water vortex, resulting in the formation of gas bubbles and are subsequently broken down into 

microbubbles by breaking up the vortex. 

 

 

 

Fig-2- Nanobubble generation techniques (Ikeura et al., 2011) 

1.12 Properties of nanobubbles 

Nanobubbles are electrically charged and are having long residence time in solutions, after 

nanobubble generation, they are found to exist for several weeks (Meegoda, Hewage & Batagoda, 

2018) and are capable to withstand near boiling temperature. The nanobubbles are having 

electrically charged liquid-gas interface, which produces a repulsive effect that block coalescence of 

bubbles. This provides high bubble densities, highly dissolved gas concentration and even 

distribution in water. The electrostatic interaction between particles are indicated by zeta potential, 

which keeps similarly charged particles apart (Chaplin, 2018). Ushikubo et al (2010) in their study 

conducted on zeta-potential of micro and nano-bubbles, defined zeta potential as the electrical 

potential at the slipping plane of a particle where slipping plane is the boundary layer that separate 

the double layer formed by the counter ions on the particle and bulk solution. Study conducted by 

Meegoda et al (2018) on bubble size distribution and zeta potential of gas bubble in water shows 

relation between net charge on bubble and bubble size which will dictate the movement of bubble in 

capillary column. The mobility of nanobubble is corelated directly to the zeta potential of the bubble. 

 

 
Material removed due to copyright 

compliance 
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Fig-3- The fate of different bubbles at various intervals (Meegoda et al., 2018) 

Based on the previous studies and the evidences obtained from literatures, in the present study, 

peculiar characteristics of nitrogen in the form of nanobubbles have used to analyze its ability to 

extend the shelf life period of post- harvest fish samples in combination with low temperature 

storage (4oC) thereby improving its quality. Salmon fish fillet was considered for the current research 

due to multiple reasons. Salmon is rich in fat and with high nutritional content, which make them a 

popular seafood and so are on high demand especially for fresh and less processed ones. However, 

since they are fatty fish are more prone to perish faster and the possibility for lipid oxidation is high 

with increased microbial growth, hence spoilage during storage cannot be avoided. The study found 

to be beneficial if shelf-life extension of highly perishable fatty fish like salmon can be done 

successfully, it would be effectively applied to other food products also. Moreover, salmon fish 

industry contributes highly to the economy of New Zealand and has got 30 international markets for 

exportation apart from local consumption, which is half of the production rate.  Hence, considering 

all these aspects, it is important to investigate the efficiency of ‘Nitrogen Nanobubble technology’, in 

combination with refrigeration which is considered as a simple, cost effective, feasible, sustainable 

and effective technique to extend the shelf life of fish. 

 
Material removed due to copyright 

compliance 
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Chapter 2 

2.1 Aim of the study 

The main purpose of the study was to improve the shelf life of fish using nitrogen nanobubbles by 

decelerating the deterioration of fish fillets during low temperature storage. 

2.2 Objectives:  

To assess the efficiency of nitrogen nanobubbles coupled with low temperature storage in extending 

the quality characteristics of fish fillets in context of microbial aspects. 

2.3 Hypothesis: 

1. Nitrogen nanobubbles treatment reduces the microbial loads. 

2. Nitrogen nanobubbles treatment helps to maintain the freshness and physicochemical 

properties of fish compared to non- treated samples. 

3. Nitrogen nanobubbles treatment combined with refrigeration maintains the quality of fish 

fillets better than refrigeration alone. 

4. Combination of nitrogen nanobubbles with refrigeration is more efficient in maintaining the 

nutritional quality of fish fillets than refrigeration alone. 
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Chapter 3 

Materials and methods 

3.1 Experimental design 

King Salmon fillets were opted for the study which was delivered by Sanford Ltd. a fish supplying 

company in New Zealand. Fillet received was two in numbers, weighing around 5 kg in total and was 

pre-packed in a sterile manner with specific paper wrapping in a Styrofoam box with ice to maintain 

freshness and to minimize deterioration due to temperature abuse during transportation from store 

to the laboratory. The shelf- life of fresh fish fillets supplied to retail supermarket under refrigeration 

is expected to be 3 days according to the data from CSIRO, Australia, hence analysis of fillets was 

conducted on days 0, 3, 6, and 9 to evaluate the difference in microbiological growth rate and 

pattern in these sets. Evaluation of microbial growth of different bacterial strains were analysed on 

these days.  

The present research work was focussed on evaluation of three sets of salmon fillets, such as a set, 

which was untreated but refrigeration alone (Control 2), other set treated with plain Reverse 

Osmosis (RO) water for 15 minutes followed by refrigeration (Control 1) while the third set was fish 

fillets treated with nitrogen nanobubbles treated RO water for 15 minutes followed by refrigeration 

was evaluated as treatment (Treatment).  

 

Replicate 1 
 

TRT C1 C2 TRT C1 C2
@ 

Replicate 2 

0 D 3 D 6 D 9 D 

Treatment Replicate 1 
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Figure-4 Division of each replicate of fish fillets, each slice was meant for each treatment which 

was further sectioned into 4 for microbial analysis on storage days, 0, 3, 6 and 9th day 

Replicates of each sample was taken for the study and hence altogether 24 samples were analysed, 

and the pattern is as follows. 

Figure-5 Distribution Pattern of Salmon fish fillets for the study: Treatment -Fillet immersed in N2 

nanobubble treated RO water, Control 1- treated with plain RO water, Control-2 Refrigeration 

alone 

 

3.2 Sample processing: 

The requirements for the study process included two large plastic tanks holding the capacity of 112 L 

where ice slush along with cool water was placed, for both treatment and control 1 samples. Inside 

these large tanks, on top of ice slush with cool water, small tanks comprising 42 L capacity were 

placed, which was filled with 15 L of RO water, so that cooling system was able to implement for 

both control and treatment in order to avoid any experimental errors due to temperature variations. 

RO water was considered for the study rather than normal tap water as RO water is considered as 

purer with less contamination.  
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Figure-6 Assembly of nanobubble generator in the tank with RO water for treatment and tank with 

plain RO water for control 

Temperature of both tanks were monitored using temperature probes to attain uniformity. The tank 

used for treating the samples with Nitrogen nanobubbles were connected to the nanobubble 

generator provided by Pacific Driveline Ltd, Auckland. Reverse osmosis water in the tank was 

monitored continuously for the level of dissolved oxygen with the help of dissolved oxygen 

monitoring meter- H1 9147, provided by Hanna Instruments. The initial level of dissolved oxygen 

recorded in both treatment and control -1 tanks were 8.0mg/L, while the temperatures monitored 

was 16.5oC for treatment and 17.5oC for control- 1. Generation of nanobubble was commenced by 

the bubble generator via Nano level filtration system simultaneously along with nitrogen into water 

at a pressure of 160 KPa. The deoxygenation levels were monitored, which was eventually reduced 

after 4 ½ hours to 2.3mg/L at a temperature of 11.8oC, while the DO level of control -1 tank was 

10.9mg/L at 8.0oC. The system was shut off when DO level in treatment tank reduced to minimal 

level (2.3mg/L). Fish fillets were taken out from the pack and each fillet was sliced into 3 pieces in a 

sterile manner as treatment, control -1 and control- 2. Control- 2 was immediately placed in 

refrigerator which was set at 4oC. While, treatment samples and control -1 samples (both replicates) 

were immersed in nitrogen nanobubble containing RO water and plain RO water respectively and 

treated for 15 minutes as mentioned in the flow chart. 

Control 1 
Treatment 
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Figure 7 Replicates (1 &2) of salmon fish fillets immersed in N2 nanobubble treated RO water 

After treatment, all the samples were dapped with paper towels to exclude excess water due to 

immersion in RO water. Each small piece was further divided into 4 for microbial analysis of the 

samples for 4 days (0,3,6 and 9) respectively. Each small piece approximately sized 15cm x 10 cm x 3 

cm and samples for the days 3, 6 and 9 were wrapped in a food grade cling film and refrigerated at 

4oC. Analysis of day 0 sample was done by deskinning and mincing it homogeneously in grinder. 1 g 

from the homogenised sample was added to sterile 9 mL peptone water from which serial dilution 

was done as per requirement for microbial analysis. The days 3,6, and 9 were also sectioned similarly 

at the end of their stipulated storage period. 
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3.3 Fish Samples Preparation 

For microbiological analysis, fish sample was prepared in a sterile manner. All glass wares were 

sterilized in advance by wiping it with 70 % ethanol and all the steps were performed cautiously in an 

aseptic environment. Replicate fish samples from treatment and controls were taken separately. 1 g 

of each sample was taken and dissolved it in 9 ml sterile buffered peptone water. Then blended the 

samples for 1 minute to obtain a homogenized sample for each treatment. From the prepared 

homogenous solution, serial dilutions were prepared as required for microbial analysis on 3 days 

interval. 

3.4 Enumeration of total viable aerobic bacteria 

To analyse total viable aerobic bacteria, standard plate count method was used.  Each sample was 

taken and serially diluted it using sterile 9 mL 0.1% peptone water as the diluent up to the order 107. 

100µL of the aliquot from each of these serial dilutions was used and aseptically spread plated them 

in sterile petri plates for each dilution of each sample. Spread plating was done with sterile 

spreaders. Allowed it to solidify and incubated at 37°C for 24 – 48 hrs. The number of colonies 

forming units (CFU) were counted and calculated the total viable aerobic count as well as number of 

generations formed on each day respectively (Feng, 2002). 

3.5 Enumeration of Total anaerobic count 

Aliquots of the fish sample were poured into petri dish comprising non-specific nutrient- rich media 

(Plate Count Agar). Anaerobiosis was achieved with Anaerocult A in Gas Pak anaerobic jars. 

Incubated the plate at 35oC under anaerobic conditions for 48 hours. This assay helps to detect 

anaerobic, mesophilic bacteria present in a food product or in an ingredient. (Fernandez et al., 2008) 

3.6 Enumeration of Total Coliform count in Fish 

Enumeration of coliforms was done using the same procedure as analysing total viable aerobic count 

but using Mac Conkey agar plate. 100µL of the aliquot from each of these serial dilutions was used 

and aseptically spread plated them in sterile petri plates for each dilution of each sample. Spread 

plating was done with sterile spreaders. Allowed it to solidify and incubated at 37°C for 24 – 48 hrs. 

The number of colonies forming units (CFU) were counted and calculation of total coliform count 

from the results was done (Oblinger,1975) 
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3.7 Total psychrotrophic viable count 

From prepared sample solution, 100µL of the homogenate was transferred using sterile pipette. The 

inoculated plates were spread plated and left till complete solidification of the agar. The plates were 

then inverted and incubated at 7oC for 10 days. The total psychrotrophic count/g was then calculated 

based on the colony forming units (Hassan, Shaltout, Maarouf, & El-Shafey, 2014). 

3.8 H2S Producing Bacteria 

Bacteria producing H2S was determined by iron agar incorporated with thiosulphate. Bacteria which 

can produce H2S, form black colonies when S-2 reacts with Fe+2 in the medium (FeS). 100µL from the 

diluent was taken with sterile pipette to the plates. Spread plating was done with spreaders. After 

solidification, the plates were covered with overlay iron agar and incubated at 22oC for 72 hours 

(Gashti, 2002). 

Total viable count is the conventional microbiological method which helps to quantify the viable 

microorganisms present in the sample. Traditional agar plating method had adopted for the study 

where the sample culturing was done on plat count agar, Mac Conkey agar and iron agar using 

spread plate method. Incubation time of each bacterial species varied from 24 hours to 10 days. The 

results were generated after this period and the procedure involved macro method to dilute the 

samples to several dilutions varying from 102 to 108. Counting of grown microbial colonies was done 

manually. 
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3.9 Statistical Analysis 

Analysis of variance (ANOVA) with generalized linear model (GLM) and a post-hoc Tukey’s Honestly 

Significantly Different (HSD) test (p<_ 0.05) were used to investigate significant difference between 

the three sets of fish samples such as Treatment (treated with nitrogen nanobubble), Control 1 

(treated with plain RO water) and Control 2 (refrigeration alone) based on the treatments they had 

undergone and storage days. The difference in replicate data led to unequal variance, since both 

replicates were showing different counts even though they had undergone similar treatments. 

However, in order to express the result using ANOVA in a more readable form, transformation of the 

data had tried using Johnsons transformation, but still there was not much difference in the analysis 

compared to previous statistical analysis. Graphs were plotted based on the data and the results of 

ANOVA are included in the appendix. 

In order to interpret the results obtained, further investigations were done to analyse if there was 

any influence of treatments on bacterial colony formation or on the generation time. 

3.10 Analysis of Average generation time of bacteria  

When culturing bacteria in a nutrient rich medium, the population of bacterial cell exhibit growth 

pattern comprising- lag phase, exponential phase, stationary phase and decline phase. In ‘lag phase’ 

the cell division is delayed due to the time taken by the microbes to recognise the new media and 

adjust to it. The nest phase is the phase where cells start dividing - ‘exponential phase’. During 

exponential phase, bacterial growth depends on certain factors such as the culture medium, 

favourable temperature and fixed pH. As the exponential growth phase is the balanced growth stage 

where the cells divide by binary fission and grows by geometric progression. Cell division occurs at 

constant rate mainly based on the composition of the culture media and conditions during 

incubation. This rate of exponential growth of bacteria is considered as the generation time of the 

bacterial population. Generation time is defined as the time (t) per generation (n= no: of generation). 

Exponential growth of bacteria is limited in closed system such as test tubes or petri dish, mainly due 

to the factors such as exhaustion of available nutrients, accumulation of inhibitory metabolites or 

end products, exhaustion of space and due to competition among the different bacterial species. This 

phase of bacterial growth is the ‘stationary phase’. The final stage of bacterial growth curve is the 

‘death phase’, where the cell death occurs, however usually not seen in bacterial culture as the 

counting of colonies occurs during early phases. (Todar, 2012) 
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The importance of analysing the generation time of bacterial population in this study is that it can be 

related to the effect of each treatment on bacterial colony generation. The longer the generation 

time, the lesser the colonies formed. Bacterial colony formation can be either stimulated or 

decelerated by different treatments such nitrogen nanobubbles, plain RO water or refrigeration 

alone. 

Generation time was calculated using the following formula: 

G = t/n 

Where, t = time interval in minutes or hours 

B = no: of bacteria at the beginning of time interval 

b = no: of bacteria at the end of time interval 

n = no: of generations formed 

b = B x 2n 

In order to solve n: 

Log b = log B + nlog2 

n = log b- log B/log2 

n = log b- log B/0.301 

G = t/n 

G = t/ 3.3log b/B 
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Chapter 4 

Results and Discussion 

Generation time of bacterial strains and total bacterial counts of each bacterial strain was evaluated 

to interpret the results obtained. Microbial growth found to increase with storage days. 

4.1 Generation time of total aerobic bacterial population 

 

Figure-8 Generation time of Total Aerobic Bacterial Population of fish samples at different 

treatments- N2 nanobubble treated RO water, untreated RO water, refrigeration alone and at 

different storage days- 0, 3,6 and 9 days (TRT R1- Treatment Replicate 1,TRT R2- Treatment 

Replicate 2, CTRL1 R1- Control 1 Replicate1, CTRL1 R2- Control 1 Replicate 2, CTRL2 R1- Control 2 

Replicate 1, CTRL2 R2- Control 2 Replicate 2) 

Analysis of generation time of total aerobic bacterial population showed an extension of lag phase 

(0-3 days). Meanwhile, TRT and CTRL1 samples expressed shorter generation time due the exposure 

of samples to atmosphere and temperature alterations during treatment as it promotes bacterial 

growth (Sivertsvik et al., 2003). From Fig-6, the generation time of bacterial colonies during 6-9 days 

of storage found be comparatively longer in salmon fish samples treated with Nitrogen nanobubble. 

Based on previous studies, nitrogen gas proved to have deleterious effect on bacterial growth. 

Increased nitrogen content maintains freshness of food and prevents aerobic bacterial growth in 

highly perishable food like fish and meat (Palkowitsh,2018). Another study conducted by Yang et 

al(2019) shows the significant anti-microbial effect of nanobubbles and the conjugation of nitrogen 
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with nanobubble could be the reason for lesser counts in TRT samples . However, both control 

samples (CTRL1 & CTRL2) didn’t express much difference in generation time on 6-9 days interval but 

had shorter generation time indicating increased number of bacterial colonies. These supports the 

efficiency of nitrogen nanobubble treatment to control microbial growth.  

 

Table 1- Analysis of Variance for generation time of total aerobic population in salmon fillets 

treated with Nitrogen nanobubble treated RO water, un- treated RO water and refrigeration alone 

at 4oC during different storage days- 0, 3, 6 and 9. 

Source DF Adj SS Adj MS F-Value P-Value 

  TREATMENT 5 252.8 50.57 0.55 0.735 

  DAYS 2 2037.8 1018.90 11.12 0.003 

Error 10 916.6 91.66       

Total 17 3207.2          

 

Table-2 Tukey Pairwise Comparisons: DAYS (Generation time of Aerobic bacterial population) 
 

DAYS N Mean Grouping 

3 6 67.0767 A    

9 6 65.9100 A    

6 6 43.9450    B 

 

(Means that do not share similar letters are significantly different) 

Significant effect was noticed on samples at different storage days (p<0.05), where 0-3 and 6-9 days 

showed similar generation time while day 3-6 differed (Table 2), on which number of bacterial 

colonies generated are high. However, no significance was noticed statistically among samples due to 

different treatments (p>0.05).  

Since other bacterial forms such as coliforms, psychrotrophic species and H2S producing bacteria 

comes under aerobic bacterial population (www.fao.org) and are expressing similar growth pattern 

and having similar generation times, separate graphs are not included in the discussion, instead a 

single graph has been plotted to show the generation time and growth pattern and the impact of 

different treatments on growth rate of whole aerobic viable bacterial count. 

http://www.fao.org/
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4.2 Generation time of total anaerobic bacterial population 

 

Figure 9- Generation time of Total Anaerobic bacterial population of salmon fish fillets at different 

treatments- Nitrogen nanobubble treated RO water, un- treated RO water and refrigeration alone 

during different storage days- 0, 3, 6 and 9. (TRT R1- Treatment Replicate 1,TRT R2- Treatment 

Replicate 2, CTRL1 R1- Control 1 Replicate1, CTRL1 R2- Control 1 Replicate 2, CTRL2 R1- Control 2 

Replicate 1, CTRL2 R2- Control 2 Replicate 2) 

Salmon fish fillets treated with Nitrogen nanobubbles found to have shorter generation time at the 

initial period of storage- 0-3 days. Anaerobic conditions formed by the displacement of oxygen with 

nitrogen gas had promoted the growth of anaerobic bacteria compared to other treatments (Fig-7). 

Similar results were observed in a study on fish based on modified atmosphere packaging (MAP) 

using CO2 stored at 4oC, where Lactic acid bacteria, Trimethylamine N-oxide reducing bacteria and P. 

phosphoreum found to be dominating with higher counts compared to aerobic and vacuum- packed 

samples (Gram & Huss, 1996). Meanwhile, a slight, uniform reduction of generation time of 

anaerobic microbes were observed in TRT samples on 6-9 days of storage could be due to the 

synergistic effect of N2 by controlling the microbial growth (Alatossava,2014) and nanobubbles 

having antimicrobial effect due formation of free radicals (Yang, 2019). However, similar growth 

pattern can be observed in anaerobic bacterial population as observed in aerobic population and was 

not affected by the treatment they had undergone, but with storage period. 

Table 3- Analysis of variance for generation time of anaerobic bacterial population based on 

different treatments- N2 nanobubble treated RO water, untreated RO water and refrigeration 

alone at different storage days- 0, 3, 6 and 9. 
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Table 4-Tukey Pairwise Comparisons: DAYS (Generation time of anaerobic bacterial [population) 

DAYS N Mean Grouping 

9 6 18.4750 A    

3 6 14.9750    B 

6 6 13.6083    B 
(Means that do not share similar letters are significantly different) 

Generation time was significantly affected with storage period (p<0.05), where, day 6-9 differed from 

0-3 and 3-6 days (Table-4), as the number of colonies generated was high in all the sets. However, 

the effect is insignificant with different treatments (p>0.05) as per statistical analysis (Table 3).  

4.3 Total aerobic viable bacterial count 

 

Figure 10- Mean bacterial count of Total Aerobic viable bacteria on different treatments- N2 

nanobubble treated RO water, untreated RO water and refrigeration alone at different storage 

days-0, 3, 6 and 9. (TRT - Treatment, CTRL1- Control 1, CTRL2 - Control 2) 
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The results obtained from microbial analysis of aerobic bacteria (Fig-8) is favouring the application of 

N2 nanobubble treatment in reducing microbial count which is significant in last storage day. This can 

be corelated to the finding that the influence of carbon dioxide and nitrogen replaced with oxygen 

has great impact on decelerating the growth of bacteria and thereby reduces bacterial load and 

improves shelf life of fish. (www.fao.org). Effect of Nitrogen nanobubble is comparable to the effect 

of modified atmospheric packaging where oxygen is replaced with CO2 or combination of CO2 and 

other gases such as nitrogen. It is evidenced from other previous studies that both CO2 and nitrogen 

gas has detrimental effect on bacterial growth (Sivertsvik et al., 2003, Alatossava, 2014). During 

treatment, replacement of oxygen with nitrogen (DO level- 2.3mg/L) reduced the chance for 

microbes to grow rapidly compared to RO water treated samples were the dissolved oxygen content 

at the time of treatment was 10.9mg/L. Anti- microbial property of nanobubble also need to be 

considered here which is capable of decelerating microbial growth by the production of free radicals 

that are formed during bubble collapse. (Seki, 2018) 

 Meanwhile, it can be observed that refrigerated sample (CTRL 2) was having higher microbial load 

on 0 day which can be considered as the real microbial population present on the fillets on arrival. 

On the other hand, the reason for lesser microbial count noticed in both treated samples (TRT and 

CTRL 1) on the day -0, might be influence of RO water, which could have washed the microbes 

already present on the fillet for 15 minutes submersion. Usually RO water is disinfected with 

treatments such as chlorination, ozonation or ultraviolet radiation, which are used to prevent 

biofouling caused by microbes such as bacteria, fungi and diatoms (Al-Abri, et al. 2019). According to 

various studies on fish, major spoilage causing gram negative aerobic bacterial population observed 

include Pseudomonas spp., Acitenobacter, Flavobacterium and Moraxella. (Anachaipattana & 

Walaipun. 2018) 

Table 5 Analysis of variance for total aerobic bacteria treated with N2 nanobubble treated RO 

water, untreated RO water and refrigeration alone at different storage days- 0, 3, 6 and 9.  

 

Storage period was having significant effects on samples (p< 0.05). However, statistically significant 

difference was not observed in samples on different treatments (p>0.05) (Table5) 

Source DF Adj SS Adj MS F-Value P-Value 

  TREATMENT 5 7.47094E+14 1.49419E+14 1.11 0.400 

  TIME 3 1.79452E+15 5.98172E+14 4.44 0.022 

Error 14 1.88820E+15 1.34872E+14       

Total 22 4.37410E+15          

 

http://www.fao.org/
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4.4 Total Anaerobic bacterial count 

 

Figure 11- Total Anaerobic bacterial count on treatments- N2 nanobubble treated RO water, 

untreated RO water and refrigeration at different storage days- 0, 3, 6 and 9. (TRT R1- Treatment 

Replicate 1,TRT R2- Treatment Replicate 2, CTRL1 R1- Control 1 Replicate1, CTRL1 R2- Control 1 

Replicate 2, CTRL2 R1- Control 2 Replicate 1, CTRL2 R2- Control 2 Replicate 2) 

As per the results obtained on microbial analysis of anaerobic bacterial population (Table 6), 

significant difference was not observed statistically among the samples based on treatments they 

had undergone(p>0.05), but significance was observed based on the storage days (p<0.05). 

Table 6 Analysis of variance for total aerobic bacteria treated with N2 nanobubble treated RO 

water, untreated RO water and refrigeration alone at different storage days- 0, 3, 6 and 9.  

Source DF Adj SS Adj MS F-Value P-Value 

  TREATMENT 5 3.71076E+13 7.42151E+12 0.97 0.465 

  TIME 3 1.45759E+14 4.85864E+13 6.37 0.005 

Error 15 1.14387E+14 7.62582E+12       

Total 23 2.97254E+14          

      
 

 Meanwhile, Fig-9 points a drop in bacterial count in TRT R1 sample on last day of storage (9th day) 

compared to all other samples, could be by the bacteriostatic effect of nitrogen (Palkowitsh,2018), 

however, this could not be confirmed as TRT R2 was having higher count. Previous studies showed 

that the major spoilage causing anaerobic species found to in vacuum packed fish includes mainly 

Lactic acid bacteria- gram positive species, Shewanella putrefaciens and Photobacterium 
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phosphoreum. (Batt & Tortorello, 2014). As per another previous study, it is evidenced that in 

anaerobic conditions, major spoilage causing bacteria- S. putrefaciens were found to be in high 

numbers especially in those samples packed with nitrogen or under vacuum packing (Lapin & 

Koburger, 1974). Lactic acid bacteria cause spoilage in fresh water fishes, though salmon is 

anadromous, which spends years in fresh water where they were born, travels long distance to reach 

ocean and spends till when the time reach to spawn (www.seafood.co.nz). 

CTRL2 samples showed lesser anaerobic count than CTRL1 pointing the effect of refrigeration in 

controlling microbial growth as it prevents physicochemical and microbial activity of microbes along 

with removal of moisture content from fish surface (Gokoglu & Yerlikaya, 2012). Bacterial counts 

obtained was on permissible amount (106CFU/g) in all samples even on last day of storage 

(Fernandez et al., 2009). 

4.5 Total Coliform bacterial count 

 

Figure 12- Total Coliform Count on different treatments- N2 nanobubble treated RO water, 

untreated RO water and refrigeration at different storage days- 0, 3, 6 and 9. (TRT R1- Treatment 

Replicate 1,TRT R2- Treatment Replicate 2, CTRL1 R1- Control 1 Replicate1, CTRL1 R2- Control 1 

Replicate 2, CTRL2 R1- Control 2 Replicate 1, CTRL2 R2- Control 2 Replicate 2) 

Results obtained from Total coliform count (Fig 10) shows CTRL 1 samples (treated with RO water), 

were having abruptly high microbial load compared to TRT (treatment with nitrogen nanobubble) 

and CTRL 2 (only refrigeration) samples. Counts were somewhat similar in the both replicates of TRT 

and CTRL 2 samples. The upsurge in microbial count in CTRL1 could be because of exposure of fish 

fillet to high amount of dissolved oxygen (10.9mg/L) compared to other sets. Favourable conditions 
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such as long exposure to oxygen rich environment might have promoted their growth and division on 

the days -3, 6 and 9 (DeWitt et al, 2016).  

Considering the TRT samples, the coliform bacterial load was steady, and the microbial quality was 

better maintained without much variations or upsurge. Besides acceptable microbiologic limit 

(106CFU/g) was observed on 9th day in TRT R1 and CTRL2 R2 samples only. The effect of nitrogen, by 

replacing dissolved oxygen content to minimal level, reduced the conditions favourable for coliforms 

to grow. Besides, the collapse of nanobubbles have the property to form free radicals, which have 

anti -microbial property and might have enhanced the microbial quality of the treated samples (Seki, 

et al. 2017). 

The importance of refrigeration was evidenced here, the refrigeration prevented the growth and 

division of coliforms remarkably. Besides, CTRL2 samples were not exposed to atmosphere for long 

period compared to other two sets. Furthermore, CRTL2 samples were refrigerated throughout the 

study, except the time when the fillets were taken out initially from iced Styrofoam box for slicing. 

Cooling has got adverse effect on bacteria that are intolerant to low temperature and in overall has 

got bacteriostatic effect (Gokoglu & Yerlikaya, 2012).  

 Its evidenced from previous studies that the factors that promote coliform growth includes, water 

and ice where the fishes are processing, and improper handling also play an important factor that 

influence the growth of microbes. The acceptable limit of total coliforms and faecal coliforms in fresh 

fish is <100MPN/g. High microbial load indicates the contamination of fish, which could also possible 

from sewage during processing or transportation. (Al Sanjee & Karim, 2016) 

Table-7 Analysis of variance for total coliform bacteria treated with N2 nanobubble treated RO 

water, untreated RO water and refrigeration alone at different storage days- 0, 3. 6 and 9.  

Source DF Adj SS Adj MS F-Value P-Value 

  TREATMENT 5 6.47721E+14 1.29544E+14 1.06 0.438 

  TIME 2 1.16600E+15 5.82998E+14 4.75 0.035 

Error 10 1.22753E+15 1.22753E+14       

Total 17 3.04124E+15          

 

As per Table 7, no significant difference was observed statistically between samples on different 

treatments (p>0.05), but the effect on storage can be visualized (p<0.05). 
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Major total coliform bacteria seen in fish belongs to the genera Enterobacter, Citrobacter and 

Aeromonas, meanwhile, Escherichia coli are the main faecal coliform strains identified (Niemi & 

Taipalinen, 1982) 

4.6 Total Psychrotrophic Bacterial count 

 

Figure 13 Total Psychrotrophic Bacterial count on different treatments- N2 nanobubble treated RO 

water, untreated RO water and refrigeration at different storage days- 0, 3, 6 and 9. (TRT R1- 

Treatment Replicate 1,TRT R2- Treatment Replicate 2, CTRL1 R1- Control 1 Replicate1, CTRL1 R2- 

Control 1 Replicate 2, CTRL2 R1- Control 2 Replicate 1, CTRL2 R2- Control 2 Replicate 2) 

Data obtained from Fig 11 shows there were no significant difference in bacterial count between the 

samples on 9th day of storage, but overall one log cycle increase in psychrotrophic microbial count 

was observed compared to other bacterial strains (108CFU/ml). While the counts obtained on day 6 

shows that, both replicates of nitrogen nanobubble treated samples (TRT R1 and TRT R2) were 

having lesser microbial load compared to both controls. Similar study conducted on salmon fillets to 

analyse the effect of MAP combined with super chilling, (Sivertsvik et al., 2003) showed decreased 

growth rate in psychrotrophic bacteria due to the synergistic effect of gases (CO2 and Nitrogen) along 

with low temperature. However, at 4oC the counts were 20% higher than aerobic plate counts 

analysed at the same temperature. It was mentioned that the psychrotrophic counts were higher 

than other super chilled samples despite of the treatments- MAP and overwrap packaging, where the 

enhanced growth of psychrotrophs at 4oC indicated the effect of temperature and the presence of 

CO2. Although our study is different from MAP, the results obtained from our study with lesser 

psychrophic count in TRT samples can be related to the inhibitive effect of nitrogen and nanobubbles 

on bacterial growth, compared to both control samples stored at 4oC. Studies conducted on shelf life 

extension of fish using vacuum packaging and modified atmospheric packaging also shows similar 
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results, where effect of low temperature along with modified atmospheric gases or evacuation of 

oxygen were adopted to prevent the microbial growth along with super chilling (-2oC) and chilling (2- 

4oC) treatment. (Fernandez et al, 2009) 

Overall, increased psychrotrophic count was observed in all the samples in the study like what was 

observed in previous other studies based on MAP and vacuum packaging. However, higher counts 

were seen in samples exposed to air (CTRL1) and showed increased counts on all storage days. All 

samples exceeded acceptable microbial limit by 6th day of storage (107CFU/ml). Furthermore, an off 

smell was observed on day 9 when the samples were taken from refrigerator for analysis indicates 

the presence of high amount of psychrotrphic bacteria which produces rancid or off smell and soft 

and infirm structure to the fish (Jay, 2000). 

Psychrotrophic bacterial species grows in low temperature below 7oC and even in refrigerated food 

products especially the refrigerated fish (Hassan et al, 2014). The increased bacterial count on all 

days shows the capability of psychrotrophic bacterial species to withstand the low temperature (4oC) 

at which the samples were stored for the study. In fish, major psychrotrophic bacteria found belongs 

to the genera Pseudomonas, Moraxella, Acinetobacter, Shewanella and Flavobacterium. 

(www.fao.org) 

Table 8- Analysis of variance for psychrotrophic bacterial count on different treatments- N2 

nanobubble treated RO water, untreated RO water and refrigeration alone at different storage 

days- 0, 3, 6 and 9. 

Source DF Adj SS Adj MS F-Value P-Value 

  TREATMENT 5 5.84352E+16 1.16870E+16 0.94 0.481 

  TIME 3 1.50599E+18 5.01997E+17 40.59 0.000 

Error 15 1.85512E+17 1.23675E+16       

Total 23 1.74994E+18          

 

Statistically no significance was observed between samples on different treatments, but significant 

difference was observed with different storage days (Table 8) 

http://www.fao.org/
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4.7 Total H2S producing bacterial count 

 

Figure 14 Total H2S producing bacteria on different treatments- N2 nanobubble treated RO water, 

untreated RO water and refrigeration at different storage days- 0, 3, 6 and 9. (TRT R1- Treatment 

Replicate 1,TRT R2- Treatment Replicate 2, CTRL1 R1- Control 1 Replicate1, CTRL1 R2- Control 1 

Replicate 2, CTRL2 R1- Control 2 Replicate 1, CTRL2 R2- Control 2 Replicate 2) 

The results obtained from the enumeration of H2S producing bacteria (Fig 12) shows uniform 

bacterial count in replicate 2 of all the three set of samples on day 0. Bacterial count increased in all 

samples during storage which is correlated to the statistical analysis (Table 9). However, on the 

following days, even if a steady raise in bacterial colonies were noticed in all 6 sets of samples, TRT 

R1 sample had higher microbial counts.  

Table 9- Analysis of variance for H2S producing bacterial count on different treatments- N2 

nanobubble treated RO water, untreated RO water and refrigeration alone at different storage 

days- 0, 3, 6 and 9. 

Source DF Adj SS Adj MS F-Value P-Value 

  TREATMENT 5 9.25818E+15 1.85164E+15 1.33 0.303 

  TIME 3 3.54953E+16 1.18318E+16 8.53 0.002 

Error 15 2.08120E+16 1.38747E+15       

Total 23 6.55655E+16          
 

  The upsurge in H2S producing bacterial colony count noticed in TRT R1 sample on day 9 can be 

correlated to a previous study conducted by Lapin and Koburger (1974), where the study was 

focused on shrimp. The study showed increased production of H2S forming bacteria- P. putrefaciens 
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in nitrogen packed shrimp at 5oC during 8 days of storage period, where hydrogen sulphide 

production found to have occurred with the presence of cysteine and cystine. Although, in our study, 

iron agar with thiosulphate was used, the same research work points that proteolytic enzymes 

breakdown the tissue proteins and releases amino acids during initial phase of bacterial growth (lag 

phase), which could be utilized to produce hydrogen sulphide and other volatiles that are responsible 

for the production of off odours. 

Furthermore, another study conducted by Castell (1949) also explained the increased production of 

H2S forming bacteria in iced fish products. The organism P.putrefaciens had undergone many 

taxonomic variations and now are known as Shewanella putrefaciens (Lu & Levin, 2010). Study 

conducted by Sivertsvik and colleagues (2003) shows a drop in microbial count in overwrapped-super 

chilled sample compared to overwrapped-chilled (4oC), chilled and super chilled MAP samples. They 

pointed the synergistic effect of super chilling and overwrapping (exposed to air) as the cause of 

decreased H2S producing bacterial count. Hence it can be said that the possible cause of increased 

bacterial count in nitrogen nanobubble treated samples in the present study could be the presence 

of nitrogen and the temperature of storage- 4oC.  
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Chapter 5 

Limitations of the study 

The important factor to consider was to use fillets from the same fish for the study which could have 

minimised the variations obtained in the results. Moreover, as the counts were varying among two 

replicates that had undergone similar treatment and storage, produced difference in data which had 

led to unequal variance. Hence, statistical analysis using ANOVA didn’t function well showing 

significant difference between samples on different treatments (p>0.05) while showed significance 

on different storage days (p<0.05) in all 5 microbial species. As a result, statistical evidences 

supporting the results were not able to present, instead had focussed on each sample to analyse the 

effect of specific treatment on microbial growth.  

The effect of nanobubble was not able to confirm from the study as the favouring results could be 

due to synergistic effect of nitrogen gas and nanobubble. Hence, another treatment on samples 

could have tried using nanobubbles alone without nitrogen gas. This could clearly give the effect of 

nanobubble on samples, whether its specific properties such as longevity, stability and anti- microbial 

abilities can be applied to improve the shelf-life of fish. Chemical parameters such as TMA, TVB-N, 

ATP and its nucleotides could have measured which indicates the quality and freshness of fish. 

Though the proposal was made to evaluate these parameters, due to shortage of time further 

proceedings was not done.  
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Chapter 6 

Conclusion 
 

Salmon fish fillets treated with nitrogen nanobubble, stored at 40C (TRT) showed detrimental effect 

on growth of bacterial species in both replicates while enumerating total aerobic viable counts and 

coliform count. Meanwhile, considering anaerobic, psychrotrophic and H2S producing bacterial 

population, un-treated samples placed in refrigeration at 4oC (CTRL2) found to be superior with least 

microbial counts. Even though either one replicate of the N2 nanobubble treated sample (TRT) 

showed lesser counts, during evaluation of these population, the effect of N2 nanobubble treatment 

cannot be confirmed, since variations in bacterial growth rate was visualised among the replicates. 

Samples treated with untreated RO water (CTRL1) showed highest microbial load compared to other 

two sets, evidencing the effect of atmospheric exposure in bacterial growth rate. Generation time of 

aerobic and anaerobic bacterial population found to be prolonged during 6-9 days of storage in N2 

nanobubble treated samples (TRT), indicating its efficiency in controlling bacterial growth and 

thereby extending the shelf-life period. Longer generation time indicates decreased number of 

colony generation. However, similar growth pattern was observed in all bacterial strains irrespective 

of treatment and storage days. The deleterious effect on bacterial growth in TRT samples could be by 

the combined effect of Nitrogen gas, nanobubbles and refrigeration. However, a solid conclusion is 

difficult to make in terms of shelf-life extension ability of nitrogen nanobubbles, as the magnitude to 

which shelf- life extended was not able to estimate. 

The current study supports the fact that nitrogen nanobubble treatment is an emerging and 

promising application in food industry which is having positive effect in lowering the microbial 

activity and can contribute to improve the shelf life of highly perishable food products like fish in 

combination with refrigeration (<4oC). Though the study provides favouring results to support 

nanobubble treatment, the study was having limitations and flaws and hence, further detailed 

research work is recommended. 

A major aspect that can be considered in future research work is to determine chemical indices such 

as ATP and its catabolites in order to analyse the freshness and quality of fish using UPLC. This 

technique is used widely to assess the freshness of fish as ATP is degraded to its catabolites during 

storage. So, it is an interesting prospective to evaluate the effect of nitrogen nanobubble on fish 

samples at different storage days along with microbial analysis. Determination of volatile compounds 

such as TVB-N and TMA is another perspective which would also be beneficial as they directly 

indicate the freshness of fish. Shelf-life of fish can also be evaluated with sensory analysis, especially 
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by analysing the texture and flavour of fish during different storage period. Treatment of samples 

with only nanobubbles is another aspect that can be considered to evaluate the efficiency of 

nanobubble in shelf-life extension. Hence it would be beneficial and effective if a detailed research 

work is conducted focussing mainly on the efficiency, cost- effectiveness, time consumption and 

sustainability of Nitrogen nanobubble treatment. 
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Abbreviations 

1. TRT- Treatment 

2. TRT R1- Treatment Replicate 1 

3. TRT R2- Treatment Replicate 2 

4. CTRL- Control 

5. CTRL1 R1- Control1 Replicate 1 

6. CTRL1 R2- Control 1 Replicate2 

7. CTRL2 R1- Control2 Replicate 1 

8. CTRL2 R2- Control2 Replicate2 

9. H2S- Hydrogen sulphide 

10. RO- Reverse osmosis 

11. ATP- Adenosine triphosphate 

12. TMA- Trimethylamine 

13. TVB-N- Total volatile base Nitrogen 

14. TMAO- Trimethylamine N-oxide 

15. MAP- Modified atmospheric packaging 

16. N2- Nitrogen 

17. CO2- Carbon dioxide 

18. DO- Dissolved oxygen 

19. ANOVA- Analysis of variance 

20. US- Ultra sound 

21. PEF- Pulsed electric field 
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22. PL- Pulsed light 

23. CP- Cold plasma 

24. HPP- High pressure processing 

25. NPN- Non-protein nitrogenous compounds 

26. PUFA- Polyunsaturated fatty acids 

27. EPA- Eicosapentaenoic acid 

28. DHA- Docosahexaenoic acid 
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Appendix A 

Tables with bacterial counts 

Table A 1- TOTAL AEROBIC BACTERIAL COUNT 

SAMPLE 0 DAY (CFU/ml) DAY 3 (CFU/ml) DAY 6 (CFU/ml) DAY 9 (CFU/ml) 

TRT R1 1.7 x 103 2.7 x 103 6.4 x 105 5.0 x 106 

TRT R2 0.7 x 103 7.2 x 103 2.16 x 106 6.0 x 106 

CTRL1R1 1.2 x 103 3.3 x 103 1.32 x 106 2.2 x 107 

CTRL1R2 0.8 x 103 1.25 x104 3.84 x 106 6.5 x 107 

CTRL2 R1 1.0 x 104 2.3 x 103 1.76 x 106 1.7 x 107 

CTRL2 R1 1.13 x 104 3.8 x 103 3.2 x 105 7.0 x 106 

 

Table A 2- TOTAL ANAEROBIC BACTERIAL COUNT 

SAMPLE DAY 0 (CFU/ml) DAY 3 (CFU/ml) DAY 6 (CFU/ml) DAY 9 (CFU/ml) 

TRT R1 1 x102 1.1 x 103 1.8 x 105 1.0 x 106 

TRT R2 1 x 102 5.3 x 103 5.6 x 105 7.0 x 106 

CTRL1 R1 4 x 102 3.2 x 103 2.4 x 105 1.6 x 107 

CTRL1 R2 4 x 102 4.1 x 103 5.7 x 105 6.0 x 106 

CTRL2 R1 3 x 102 2.0 x 103 1.12 x 106 3.0 x 106 

CTRL2 R2 4 x 102 4.4 x 103 1.8 x 105 2.0 x 106 

 

Table A 3- TOTAL COLIFORM COUNT 

SAMPLE DAY 0 (CFU/ml)  DAY 3 (CFU/ml)  DAY 6 (CFU/ml)  DAY 9 (CFU/ml) 

TRT R1 6 x 102 4.2 x 103 3.2 x 105 7.0 x 106 

TRT R2 1 x 102 1.06 x 104 1.52 x 106 1.0 x 107 

CTRL1 R1  1 x 102 1.1 x 103 6.2 x 105 1.7 x 107 

CTRL1 R2 1 x 102 1.18 x 104 1.52 x 106 5.6 x 107 

CTRL2 R1 8 x 102 8.0 x 103 1.12 x 106 1.10 x 107 

CTRL2 R2 1 x 102 5.2 x 103 1.8 x 105 4.0 x 106 

 

Table A 4- TOTAL PSYCHROTROPHIC COUNT 

SAMPLE 0 DAY (CFU/ml) DAY 3 (CFU/ml) DAY 6 (CFU/ml) DAY 9 (CFU/ml) 

TRT R1 3.32 x 104 4.8 x 105 2.91 x 107 8.5 x 108 

TRT R2 4.1 x 103 1.44 x 106 3.4 x 107 6.8 x 108 

CTRL1 R1 2.84 x 104 6.3 x 105 4.88 x 107 4.8 x 108 

CTRL1 R2 5.4 x 103 9.3 x 105 8.56 x 107 8.2 x 108 

CTRL2 R1 4.12 x 104 5.1 x 105 9.04 x 107 4.1 x 108 

CTRL2 R2 3.28 x 104 3.8 x 105 4.72 x 107 3.3 x 108 
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Table A 5- H2S PRODUCING BACTERIAL COUNT 

SAMPLE 0 DAY (CFU/ml) DAY 3 (CFU/ml) DAY 6 (CFU/ml) DAY 9 (CFU/ml) 

TRT R1 2 x 102 6 x 104 3.8 x 107 2.3 x 108 

TRT R2 1 x 102 2.6 x 105 5 x 106 7 x 107 

CTRL1 R1 2 x 102 2 x 104 1.2 x 107 1 x 108 

CTRL1 R2 1 x 102 4 x 104 1.2 x 107 4 x 107 

CTRL2 R1 3 x 102 2 x 104 1.8 x 107 1 x 107 

CTRL2 R2 1 x 102 9 x 104 2.8 x 107 1.1 x 108 

 

Table A 6- GENERATION TIME OF TOTAL AEROBIC BACTERIAL POPULATION 

DAYS TRT R1 

(HRS) 

TRT R2 

(HRS) 

CTRL1 R1 

(HRS) 

CTRL1 R2 

(HRS) 

CTRL2 R1 

(HRS) 

CTRL2 R2 

(HRS) 

0-3 20.57 16.07 19.09 15.45 26 24.65 

3--6 12.9 13.26 12.47 13.56 11.7 14.12 

6--9 18.9 20.39 18.18 18.41 18.85 17.52 

 

Table A 7- GENERATION TIME OF TOTAL ANAEROBIC BACTERIAL POPULATION 

DAYS TRT R1 

(HRS) 

TRT R2 

(HRS) 

CTRL1 R1 

(HRS) 

CTRL1 R2 

(HRS) 

CTRL2 R1 

(HRS) 

CTRL2 R2 

(HRS) 

0-3 14.3 11.7 16.22 15.72 16.33 15.58 

3--6 12.6 14.12 14.2 13.7 11.9 15.13 

6--9 19.1 18.37 16.33 18.51 20.4 18.14 
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Appendix B 

Tukey Pairwise Comparisons 

B.1 Total aerobic count 

Tukey Pairwise Comparisons: TREATMENT 
 
TREATMENT N Mean Grouping 
C1R2 4 13173150 A 
T2 4 7028341 A 
C1R1 4 6534699 A 
C2R1 4 3724238 A 
T1 3 3568561 A 
C2R2 4 2288811 A 

 

Tukey pairwise Comparisons: Time 

TIME N Mean Grouping 
0 5 15659805 A 
3 6 9779072 A 
9 6 4015891 A 
6 6 -5242901 A 

 

B.2 Total anaerobic count 

Tukey Pairwise Comparisons: TREATMENT 

 

TREATMENT N Mean Grouping 
C1R1 4 4060900 A 
T2 4 1891350 A 
C1R2 4 1643625 A 
C2R1 4 1030575 A 
C2R2 4 546200 A 
T1 4 295300 A 
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Tukey Pairwise Comparisons: TIME 

 
TIME N Mean Grouping 

9 6 5833333 A    

6 6 475000    B 

3 6 3350    B 

0 6 283    B 

 

B.3 Total Coliform count 

Tukey Pairwise Comparisons: Treatment  

Treatment N Mean Grouping 

C1R2 4 14382975 A 

C1R1 4 4405300 A 

C2R1 4 3032200 A 

T2 4 2882675 A 

T1 4 1831200 A 

C2R2 4 1046325 A 

Tukey Pairwise Comparisons: Time  

Time N Mean Grouping 

9 6 17500000 A    

6 6 880000    B 

3 6 6817    B 

0 6 300    B 

 

B.4 H2S producing bacteria 

Tukey Pairwise Comparisons: TREATMENT  

TREATMENT N Mean Grouping 

T1 4 67015050 A 

C2R2 4 34522525 A 

C1R1 4 28005050 A 

T2 4 18815025 A 

C1R2 4 13010025 A 

C2R1 4 7005075 A 
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Tukey Pairwise Comparisons: TIME 

TIME N Mean Grouping 

9 6 93333333 A    

6 6 18833333    B 

3 6 81667    B 

0 6 167    B 

 

B.5 Total Psychrotrophic Count 

Tukey Pairwise Comparisons: TREATMENT 

TREATMENT N Mean Grouping 

C1R2 4 226633850 A 

T1 4 219903300 A 

T2 4 178861025 A 

C1R1 4 132364600 A 

C2R1 4 125237800 A 

C2R2 4 94403200 A 

 

Tukey Pairwise Comparisons: TIME 

 

TIME N Mean Grouping 

9 6 595000000 A    

6 6 55850000    B 

3 6 728333    B 

0 6 24183    B 

 

B.6 Generation time- Total aerobic bacterial population 

Tukey Pairwise Comparisons: DAYS (Generation time of Aerobic bacterial population) 
 

DAYS N Mean Grouping 

3 6 67.0767 A    

9 6 65.9100 A    

6 6 43.9450    B 

 
Tukey Pairwise Comparisons: TREATMENT (Generation time of Aerobic Bacterial population) 
 

TREATMENT N Mean Grouping 

C2R1 3 64.1000 A 

C2R2 3 63.5367 A 

T1 3 59.5333 A 

C1R1 3 56.4900 A 
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T2 3 55.7000 A 

C1R2 3 54.5033 A 

 

B.7 Generation time of Total Anaerobic bacterial population 

Tukey Pairwise Comparisons: TREATMENT 

TREATMENT N Mean Grouping 

C2R2 3 16.2800 A 

C2R1 3 16.2100 A 

C1R2 3 15.9800 A 

C1R1 3 15.5833 A 

T1 3 15.3333 A 

T2 3 14.7300 A 

 

Tukey Pairwise Comparisons: DAYS 

DAYS N Mean Grouping 

9 6 18.4750 A    

3 6 14.9750    B 

6 6 13.6083    B 
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Appendix C 

 

Figure 1 1- Generation time of Aerobic bacterial population 

 

 

 

Figure 1 2- Generation time of Anaerobic bacterial population 
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Appendix D 

Figures 

D.1 Refraction of laser light on nitrogen nanobubble treated water 

 

D.2 Effect on laser light on non-treated water 

 

Refractive index changes with the presence of nanobubbles in a liquid medium. Due to opacity of 

liquid medium, refraction slows down. Bending of laser light in the presence of nanobubble points 

towards this principle, which is not visualized in plain RO water. 
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D.3 Effect of nitrogen nanobubble on applying laser light 

 

 

D.4 Bending of laser light in the presence of nanobubbles 
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D.5 Dissolved oxygen level in N2- nanobubble treated RO water 

 

D.6 Dissolved oxygen level in non-treated RO water 
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D.7 Salmon fish fillets immersed in N2- Nanobubble treated RO water 

 

D.8 H2S producing bacterial colonies in petri-dish containing iron agar 

media 
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D.9 Aerobic bacterial colonies in petri-dish containing Plate count agar 

 

D.10 Coliform Bacterial colonies in petri-dish containing Mac Conkey agar 
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D.11 Phychrotrophic bacterial colonies in petri-dish containing plate count 
agar. 

 


