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Abstract

Atmospheric cold plasma (ACP) is a novel emerging non-thermal technology that has
attracted attention as a decontamination tool in several industrial, food and healthcare sectors.
This study investigated the anti-microbial efficacy of ACP against microbiological risks
associated with fresh foods. Treatment was performed using in-package ‘dry’ ACP
technology and plasma functionalised liquid to decontaminate microorganisms, exploring the
responses to real and challenging microbiological risks pertinent to both fresh foods
themselves as well as the effluents generated from food processing industry. A range of
critical control process parameters were investigated with respect to key pathogenic and
spoilage microorganisms commonly implicated in the food environment.

The inactivation efficacy of ACP against all applied bacterial strains was depended on
applied voltage, treatment time and post treatment storage time (PTST). Greater inactivation
was obtained at 80 kV with 24 h of PTST providing greater interaction between the bacteria
and the reactive species. Bacterial biofilms were significantly susceptible to ACP. Viable and
metabolic active cells in mono and dual biofilms were inactivated within short treatment
time. Different inactivation rate was observed, depending on physiological state of the
bacteria (planktonic or biofilms, mono or mixed culture). An extended time was required to
reduce the challenge mixed culture biofilm formed on lettuce at environmental stress
conditions. The study demonstrated that produce storage conditions, such as temperature and
storage time had interactive effects on bacterial proliferation, stress response and
susceptibility to the ACP treatment, highlighting the importance of preventive measures as
key factors for the assurance of microbiological safety of fresh produce. Further, to ascertain
the effect of stress conditions on ACP’s bacterial inactivation efficacy, L. monocytogenes and
its knockout mutants associated with stress were treated with sub-lethal stress conditions. The
gene expression of stress associated genes were significantly increased after 1 min treatment,
while long treatment time reduced the gene expression and some cases down-regulated prfA
and gadD3 gene expression. By comparing the response of mutants under ACP exposure to
key processing parameters, the experimental results presented here provide a baseline for
understanding the bacterial genetic response and resistance to plasma stress and offers
promising insights for optimizing ACP applications.

The impact of the ACP technology on model food surface and wash-water generated from
fresh produce processing was also investigated. The ACP treatment reduced microbial load

showing similar efficacy as chlorine, providing further advantage of continuously treating the



lettuce wash water. Micro-bubbling along with agitation assisted bacterial detachment and
distribution of reactive species, thus increasing bacterial inactivation efficacy from fresh
produce and wash water. Liquid media complexity was explored as a factor in cold plasma
decontamination efficacy for microbiologically safe effluents from food processing. The high
nutritive components in the model effluents exerted a protective effect during treatment,
showing higher inactivation in phosphate buffer solution (PBS) than in nutrient rich
wastewater effluents. ACP was effective to inactivate principle indicator bacteria (mono and
mixed culture planktonic bacteria and spores) from model dairy and meat wastewaters. This
study also investigated the eco-toxicological impact of cold plasma treatment of the model
wastewater using a range of aquatic bioassays. Differing sensitivities were observed to ACP
treated effluents across the different test bio-assays; with greater sensitivity retained to
plasma treated meat effluent than dairy effluent. The toxic effects were dependent on
concentration and treatment time of the ACP treated effluents.

ACP shows potential as an efficient decontamination approach against bacteria in their most
resistant, biofilm or spore form associated with complex and nutritious food products during

food production to wastewaters generated by the food industries.
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Chapter 1 Introduction

1.1 Microbiological challenges associated with fresh-cut and minimally processed
produce

The role of fresh vegetables and fruits in a nutritious and healthy diet are well recognised.
Hence, significant rise in the consumption of fresh produce for health benefits has occurred
with rise in lifestyles and major shifts in consumption trends. Amongst them, the intake of
fresh-cut or minimally processed produce has undergone sharp increases. Fresh-cut products
are in a raw state, fresh like produce which could be minimally/partially processed without
freezing, preservatives, canning, fermentation or acidification process. A Food and
Agriculture organization statistical database (FAOSTAT., 2013) report indicated an overall
38% increase in production of fresh fruits and vegetables worldwide between 2000 and 2011.
The region of Europe and Central Asia produced 136 million tonnes of vegetables in 2010.
However, the incidences of foodborne outbreaks linked to contaminated fresh produce have
also increased (Mukherjee et al., 2006) becoming the fourth highest for foodborne illness
since 1990 (Varzakas and Arvanitoyannis, 2008). In 2016, a total of 4,786 food-borne
outbreaks, including waterborne outbreaks were reported in the EU, resulting in 49,950 cases
of illness, 3,869 hospitalisations and 20 deaths (EFSA, 2017). This trend has continued and
prevention of contamination in fresh fruits and vegetables as well as fresh produce outbreaks
has become a major food safety challenge. Fresh produce remains the leading cause for
foodborne illness outbreaks implicating virulent pathogens such as Escherichia coli,
Salmonella typhimurium, Listeria monocytogenes, viruses (Hepatitis A), protozoa
(Cryptosporidium parvum) and increasingly human parasites (Callejon et al., 2015) with E.
coli, L. monocytogenes and Salmonella sp. being the leading cause of the foodborne

outbreaks (Crowe et al.,, 2015; Olsen et al., 2000). Consumption of these foodborne



pathogens can lead to severe illnesses, hospitalisation and in some cases even death. Some

examples for foodborne illness linked to fresh produce are represented in Table 1.1.

Table 1.1: Examples of foodborne illness outbreaks linked to fresh produce from 2011

to 2018 (source: CDC, 2018)

Year Product Pathogen No. of cases
2018  Fresh Produce vegetable Cyclospora 237
trays
2018  Pre-Cut Melon Salmonella Adelaide 77
2018  Romaine Lettuce E. coli O157:H7 210
2017  Leafy Greens E. coli O157:H7 25
2017  Maradol Papayas Salmonella: Thompson, Kiambu, 220
Agona, Gaminara, and Senftenberg
2016  Frozen strawberries Hepatitis A 143
2016  Frozen vegetables L. monocytogenes 9
2016  Packaged salads L. monocytogenes 19
2015  Cucumbers Salmonella Poona 907
2014  Caramel apples L. monocytogenes 35
2014  Cucumbers Salmonella enterica Newport 275
2013  Ready to eat salad E. coli O157:H7 33
2013  Salad mix Cyclospora cayetanensis 631
2013  Cucumbers Salmonella enterica Saintpaul 84
2012  Organic spinach/spring mix  E. coli O157:H7 33
blend
2012  Mangoes Salmonella Braenderup 127
2012  Cantaloupe Salmonella enterica Typhimurium 261
and Newport
2011  Romaine lettuce E. coli O157:H7 58
2011  Cantaloupe L. monocytogenes 147
2011  Papaya Salmonella Agona 106
2011  Cantaloupe Salmonella enterica Panama 20



Other than pathogenic microorganisms, there are several spoilage organisms that can enter
the plant tissue through wounds and cause spoilage. The causative agents for spoilage in fresh
produce are Erwinia carotovora, Pseudomonas spp., Xanthomonas campestris, lactic acid
bacteria (Leuconostoc mesenteroides), Botrytis, Alternaria, Sclerotinia and Rhizopus, with E.
carotovora and Pseudomonas fluorescens being the most common spoilage causing bacteria,
attacking virtually every vegetable type (Tournas, 2005). Spoilage in general is characterised
by soft, watery and slimy appearances which are responsible for tuber rot, soft rot and black
rot type of spoilage in vegetables.

The open nature of the fresh produce production process makes it susceptible to multiple
sources of contamination. Vectors responsible for transmission of these microbes onto the
produce include soil particles, airborne spores, biological amendments and faecal
contaminated irrigation water. Fresh produce can get contaminated during growth in field,
during harvesting, post-harvest handling or during storage and distribution (Nuesch-
Inderbinen and Stephan, 2016; Olaimat and Holley, 2012). Pathogens and spoilage
microorganisms can survive for extended periods within the environment and become widely
distributed. Under ideal conditions, they colonise, creating lesions and internalising in healthy
plant tissue. Internal tissues are rich in nutrients (water activity, aw>0.90) and have neutral
pH which provide the microorganism ideal conditions to grow and multiple inside the
produce (Barth et al., 2009). During the production of fresh-cut or minimally processed fruits
and vegetables, washing has been identified as a potential pathway for dispersion of
microorganisms and more specifically E. coli to the end product (Holvoet et al., 2012).
Although washing with water or disinfectants helps remove significant number of microbes,
the ability to eliminate naturally present microorganisms from fresh produce is limited
(Banach et al., 2015). Attachment of pathogens to surfaces and internalisation of pathogens

within the plant tissues limits the efficacy of conventional processing and sanitising methods



in preventing transmission from contaminated produce. The survival and growth of
foodborne pathogens depends on environmental conditions in the field and during storage,
microorganism and the produce item involved. Minimally processed fresh produce possess an
additional risk of food safety as they are consumed raw fresh produce can serve as a vehicle
for many food-borne pathogens to survive and cause human infections (Lopez-Gomez et al.,

2018).

1.1.1 Pathogens of concern for fresh food and fresh food processing environment

Listeria species

Listeria spp. are Gram-positive, non-spore forming, non-capsulated, facultative anaerobic
bacteria. The Listeria genus mainly include L. monocytogenes, L. ivanovii, L. innocua, L.
welshimeri, L. seeligeri and L. grayii, however the Listeria spp. has expanded over the past
few decades and currently contains 11 other species (Bertsch et al., 2013; Orsi and
Wiedmann, 2016). Of these species, L. monocytogenes (foodborne human pathogen) and L.
ivanovii (animal pathogen) are documented pathogenic strains. L. monocytogenes persist
within the human gastrointestinal tract and are known to cause Listeriosis. It is an important
foodborne pathogen of public health and food safety significance. In 2015, the EU reported
2,206 numbers of confirmed cases of Listeriosis in humans and approximately 964
hospitalisations (EFSA, 2017).

L. monocytogenes can be classified into 13 serotypes (Seeliger and Hohne, 1979) ) of which
serotypes 1/2a, 1/2b, 1/2c and 4b are the most frequently isolated from food or food
production environments and are primarily responsible for causing Listeriosis (Pan et al.,
2009; Swaminathan and Gerner-Smidt, 2007). The commonly used lab strains EGD-e, EGD
and 10403S belonging to serovar 1/2a, appear to be increasingly associated with human
infections. In 2011, the strains (type 1/2a and 1/2b) were implicated in US multistate

cantaloupe-associated listeriosis outbreak which resulted in 147 deaths (McCollum et al.,
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2013). L. monocytogenes are ubiquitous and can be isolated from soil, wastewater, sewage, a
and wide variety of vegetables like lettuce, celery, potatoes, tomatoes, broccoli etc. (Beuchat,
1996). Several studies conducted have indicated the prevalence of L. monocytogenes in fresh-
cut produces (Oliveira et al., 2014; Vandamm et al., 2013). It is an important pathogen of
concern in fresh produce due to its ability to tolerate a wide pH range (4-9), low water
activity (Gandhi and Chikindas, 2007) and also a variety of stress conditions including low
temperatures, high salt conditions and gas atmospheres commonly present in modified
atmosphere packaging (MAP) (Capozzi et al., 2009). This endows the bacterium capacity to
survive in varied food processing and storage conditions. It can not only be found on the food
products but also can attach and form biofilms on any food processing equipment (Beresford
et al., 2001). Biofilm forming capacity of L. monocytogenes makes it difficult to control and
eradicate it completely from the fresh produce. Since bacterial cells can easily be transferred
from biofilms to food products, biofilms containing pathogenic bacteria such as L.
monocytogenes are of particular concern for food industries.

Escherichia coli

Escherichia coli is a Gram negative, short rod shaped bacteria with cells varying from cocci
to long filamentous structure (Percival et al., 2004). It is a normal facultative anaerobic
microflora of the human and animal intestine. Though they are harmless  commensals,
various E. coli strains have acquired genetic determinants (virulence genes) rendering them
pathogenic to humans and animals (Holko et al., 2006). E. coli is the best indicator for faecal
contamination of water and food products. Pathogenic E. coli are categorised to specific
groups on the basis of serological & virulence characteristics, mechanisms of pathogenicity,
clinical symptoms: entero-pathogenic (EPEC), entero-toxegenic (ETEC), entero-
haemorrhagic (EHEC), entero-invasive (EIEC), entero-aggregative (EAggEC) (Holko et al.,

2006; Percival et al., 2004). The EHEC strain, E. coli O157:H7 has become an important



pathogen of concern for the food and dairy industries for its ability to survive and grow at
acidic environments (Tsegaye and Ashenafi, 2005) and cause infection at low doses, that is
with less than 100 cells (Bitton, 2005). E. coli O157:H7 is reported to survive in acidic foods
such as refrigerated apple cider (Besser et al., 1993) and yogurt (Tsegaye and Ashenafi,
2005). It has the ability to cause diverse illnesses such as haemorrhagic colitis, haemolytic
uremic syndrome, septicaemia and meningitis (McClure, 2005). Food and water are
important sources of transmission for this pathogen. Several outbreaks of E. coli
gastroenteritis are associated with contamination in food processing industries including milk
(Leedom, 2006), cheese, fresh produces (Critzer and Doyle, 2010), meat (Zhao et al., 2001)
and water (Friedman et al., 1999). Reports for infections caused by E. coli has been
increasing worldwide (CDC, 2016) which has classified the specific serotype E. coli

0157:H7 as a current pathogen of concern.

Salmonella

Salmonella spp. are Gram negative, facultative anaerobic and rod-shaped bacteria. The
Salmonella genus has more than 2700 serotypes identified, and they are all are major concern
to almost all sectors of the food industry. Surveys have indicated the presence of several
serotypes responsible for disease in both humans and animals (U.S. Food and Drug
Administration, 2015). Poultry, eggs, dairy, fresh fruits and vegetables are commonly
implicated sources in Salmonellosis outbreaks. Amongst them is the Salmonella baildon
outbreak associated with shredded lettuce, dried tomatoes which was isolated from patients in
geographically separate areas of the U.S (FDA, 2016). Salmonella was identified as one of
the most frequent cause of foodborne outbreaks with serovars Salmonella enteritidis and
Salmonella typhimurium being most frequently associated with human illness (EFSA, 2015a).
Salmonella spp. are resistant pathogens that can adapt to various environmental stress

conditions. It has been reported to grow at elevated temperatures, pH ranging from 4.5 to 9.5



(optimum pH for growth at 6.5 to 7.5) as well as in environments with high salinity (>2%
NaCl) (Montville and Matthews, 2008). They have also been reported to survive under
freezing conditions for prolonged periods. Many factors may enhance the prevalence of
Salmonella in foods, which includes: physiological state of the food, water activity (aw),
nutritional state of the foods and serovar specific responses.

Iliness caused by Salmonella serotypes range from gastroenteritis to enteric (typhoid) fever,
septicaemia and chronic sequelae (Forshell and Wierup, 2006). Epidemiologic evidence has
indicated low doses of the bacteria to cause an infection. The virulence plasmids present
within the genus may enable the bacteria to rapidly multiple within and host the overcome the
host defence mechanisms. Several virulence determinants are responsible for Salmonella spp.
to cause disease, such as the genes involved in nutrient synthesis, stress response and cell

damage repair.

Bacillus megaterium

The Bacillus genus, part of the Bacillaceae family, is probably the oldest and most diverse
genus of bacteria. B. megaterium is a Gram-positive aerobic spore-forming bacterium, cell
ranging in size from 1.5 by 4 um and is the largest of all Bacilli. They are ubiquitous in
nature found widely in almost all habitats including soil, air, lake sediments, water, dried
foods as well as extreme environments such as thermal acid water, salt marshes and diseased
bee larvae (Vos et al., 2011). Bacillus species spores are dormant and are extremely resistant
to environment stress including heat, radiation, desiccation, mechanical disruption and high
level of toxic chemicals such as strong oxidisers and pH change agents (Setlow, 2007; Setlow
and Johnson, 2013). The spores possess a robust physical barrier and metabolic activity is not
influenced by chemically aggressive species. They are also known to play an important role
in detoxifying chemicals due to the presence of enzymes in the spore surface layers i.e. in the

bacterial spore coat (Henriques and Moran, 2007).



As most of the bacterial spores are abundant in the environment, they are a major threat to
food safety and public health. Previous studies have indicated the presence of higher
concentration of aerobic spore forming bacilli in surface or treated water than Clostridium
perfringens as well as parasite protozoan cysts (Bitton, 2011). Several studies have suggested
the use of Bacillus spores as a surrogate for assessment of water treatment technologies with
regards to the removal of Cryptosporidium and Giardia cysts (Nieminski et al., 2000; Rice et
al., 1996). Due to distinctive limitations and resistance of bacilli spores to conventional
treatment methods, there is need for an effective sterilisation method for complete

inactivation and destruction of bacterial spores.

1.1.2 Spoilage bacteria of concern associated with food and food processing

environments

Brochothrix thermosphacta

B. thermosphacta is a common food spoilage agent, which grows on raw food, lightly
preserved meat products and meat processing facility surfaces (Nychas et al., 2008). Its
ability to survive and grow in the otherwise challenging environments implemented in meat
processing and preservation indicate the need for alternative decontamination and control
measures. It is a facultative anaerobe able to tolerate growth at variable temperatures of 0-
30°C, pH 5-9 (Collins-Thompson and Rodriguez Lopez, 1980), within water activity range of
0.94-0.99 (Gardner, 1966) and tolerates up to 10% NaCl (Erkmen, 2000; Gribble and
Brightwell, 2013). The bacterium displays lipolytic activity also under refrigeration
temperature (Nowak et al., 2012) in prepacked and vacuum packed meat products (Gardner,
1966) which helps the bacteria to grow under O depletion and in presence of CO>
concentrations (Pin et al., 2002). B. thermosphacta produces volatile compounds such as
acetoin, diacetyl (aerobic growth), or lactic acid and ethanol (anaerobic growth) causing

flavour deterioration and strong off-odour in meat (Borch et al., 1996; McLean and
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Sulzbacher, 1953; Stanley et al., 1981). These characteristics reveal why B. thermosphacta is
a significant meat coloniser and food spoilage causing bacteria (Ercolini et al., 2006).
Globally, B. thermosphacta is addressed as a pre-dominant organism responsible for meat

spoilage therefore is of importance for trade of fresh meat products.

Pseudomonas species

Pseudomonas spp. is most frequently reported bacteria genus found in food processing
environments and across all types of foods. Pseudomonas spp. are versatile psychrotrophs
commonly associated with spoilage of fresh foods because of their widespread existence in
water, soil and vegetation under both optimal as well as refrigeration temperatures. They are
frequently introduced into the food processing environment through several routes. Also, they
are ubiquitous, they acquire different niches in the production environment with respect to
nutrients, temperatures, surface materials, and stress factors (Mgaretrg and Langsrud, 2017).
Four species of Pseudomonas commonly associated with food spoilage are P. fluorescens, P.
corrugata, P. putida and P. marginalis. Soft rots in plant derived food occurs when pectin
that hold plant cells together are degraded by pectic lyases enzyme secreted by P. fluorescens
and P. viridiflava (Rawat, 2015). This results in maceration of the host tissues. Other tissue
degrading enzymes produced by these spp. include cellulases, xylanases, glycoside
hydrolases and lipoxygenase (Gross and Cody, 1985; Zhuang et al., 1994). They are capable
of synthesising enzymes even under refrigeration temperatures and cause food spoilage.
Pseudomonas spp. are of great importance amongst products that are stored at low
temperatures. They grow and multiply continuously in refrigerated products causing
putrefactive odours and slime (Raposo et al., 2017). Pseudomonas spp. are also characterised
as quick and thick biofilm producers. Biofilm formation is relatively extensive in
Pseudomonas at temperatures relevant to food production; studies by Liu et al. (2015)

demonstrated maximum biofilm formation of P. lundensis at refrigeration temperatures (4 °C



and 10 °C) than at higher temperature (30 °C). Pseudomonas spp. are also highly capable of
competing with other food associated microbes; several characteristics of Pseudomonas spp.
explain its dominance and persistence in combination with other bacteria (Langsrud et al.,
2016). Studies have revealed P. fluorescens interactions with other bacterial strains such as
L. monocytogenes which leads to increased colonisation and resistance of this pathogenic
bacterium from disinfection and sanitising agents (Carpentier and Chassaing, 2004).
Similarly, a mixed biofilm of P. fluorescens and B. cereus demonstrated increased tolerance
to surfactant and aldehyde when cultivated in a rotating stainless-steel device for 7 days
(Simdes et al., 2009). Resistance against these disinfection agents makes the bacterium of

great concern in food processing industry.

1.2 Microbiological concern associated to food industry wastewater treatment

In most food industries, water is the most used raw material for the production of high value
products. They are the major consumer of Earth’s fresh water; with more than 66% of the
fresh water abstractions worldwide go towards food production (Kirby et al., 2003). Water
plays a vital role in the food industry with large volumes of wastewater from various
processing steps including cooling, heating, extraction, reaction by-products, washing,
cleaning, sanitisation and various steps in the manufacturing of food products themselves.
Food processing industries are one the largest source of wastewaters, with a trend of
increasing volumes being produced (Valta et al., 2015). The physical and chemical properties
of the effluents derived from the food sector vary in line with the product type, manufacturing
subsets, applied process and the capacity of the plant. The main contaminants are
microorganisms, sanitising products, pesticides, metals, nutrients (proteins, carbohydrates,
fats, minerals), organic and inorganic materials, with high variation in pH (Bustillo-
Lecompte et al.,, 2013; Gough et al., 2000; Perle et al., 1995). Industrial wastewater is

difficult to characterise, as the quality and quantity of wastewater produced by a particular
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industry depends on the type of the processing plant, plant size and processing step involved
(Bustillo-Lecompte et al., 2014; Cristian, 2010). It may vary according to processes, season
and related products.

According to report by World Water Assessment Programme (WWAP., 2012), about 80% of
wastewater is released into the environment with inadequate treatment which further
contributes to degradation of water quality. Consequence of releasing untreated/inadequately
treated water into the environment include direct impact on human health, environment
(water bodies and its ecosystem) and subsequently affecting economic activities such as
industrial production, fisheries, aquaculture and tourism (Hernandez-Sancho et al., 2015).
The average values of wastewater generated by the major food processing sectors reported
are given in the Table 1.2. The general requirements for discharges from urban wastewater
treatment plants are 25 mg/L for Biological oxygen demand (BOD), 125 mg/L for Chemical
oxygen demand (COD) and Total suspended solids of 35 mg/L (The Council of the European

Communities, 1991) .

Table 1.2: Estimated values of wastewater generated by Food Industry

Industry type TOC COD BOD pH
(mg/L) (mg/L) (mg/L)
Dairy products? 850-1300 1400-3000 1100-1800 6.9-7.5
Meat and Poultry® 50-1750 500-16,000 2-7 4.9-8.1
Vegetables, fruits® 249-420 919-3700 860-3200 4.6-7.9

3(Shete and Shinkar, 2013), ®(Bustillo-Lecompte and Mehrvar, 2017),

(Puchlik and Struk-Sokotowska, 2017)
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1.2.1 Food industry (FI) and their characterisation

Dairy Industry

The dairy industry is one of the largest sources of the wastewater effluents in regard to the
volume of the water consumption by the industry. A typical European dairy generates
approximately 50 m3 wastewaters per day. The main liquid waste types (e.g. product residue
and waste generated from cleaning) and the quantities of their key pollution indicators (BOD,
COD, suspended solids, total nitrogen, total phosphate, and total oils, fats and greases) in
Europe are documented Annual Environmental Reports on Environmental Protection Agency
(EPA) website (Valta et al., 2015). Most of the waste generated in dairy industry is liquid
which comprises of volatile milk constituents, fats and proteins of milk and milk products
being processed. The need for water in the dairy industry is huge; water is used throughout all
steps such as sanitisation, heating, cooling milk processing, cleaning and packaging (Barbera
and Gurnari, 2018). In general, the composition of dairy wastewater is correlated to BOD and
COD values representing the high organic content (Shete and Shinkar, 2013). These effluents
have different characteristics depending on the final products; generated volume and based on
the processing plant. Each division produces a characteristic composition of wastewater
depending on the product produced (cheese, butter, milk powder, yogurt). The range of
production of wastewater is highly influenced by management practices and the design of the
plant.

Milk and milk products can harbour a variety of microorganisms and can be important
sources of foodborne pathogens. The presence of these pathogens is due to its contact with its
source, that is the dairy environments and excretion from the farm animals (Oliver et al.,
2005). There are major concerns over the contamination with soil, water and air when they
come in contact with solid or liquid surface. With a notable concentration of organic matter

and pathogens these effluents may create serious burdens on the industry treatment systems.
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Meat processing industry

Meat processing industry produce large volumes of wastes mainly produced from
slaughtering of animals, cleaning and sanitisation of equipment, slaughter house facilities and
meat processing units. Preparation of meat products is a multi-stage process that generates
wastewater after each respective step. The meat industry uses 24% of the total freshwater to
that consumed by food and beverage industry (FAO, 2013). Over the past few years, the
global meat industry has increased and is projected to see a doubling of production (FAO,
2013).

Meat wastewater compositions vary significantly depending on the industrial process and
specific water consumption. The effluent from the meat industries contains heavy loads of
organic wastes like blood, loose meat, soluble proteins, fats, greases, oils and solid wastes.
They may also contain high concentrations of nitrogen, phosphorous and Total Suspended
Solids (TSS); which may cause deoxygenation of water bodies and contamination of ground
water (US EPA, 2004). Wastewater from slaughter houses is considered as the most harmful
wastewater for environment by the US EPS. Release of these effluents into the environment
causes deleterious effect on aquatic life as well as effect on the water quality thus impacting
further reusability of water.

Fresh produce effluent

Water is critical for the fresh produce industry, most of the products are washed, cooled, or
transported using water. Most of the food processing involves cleaning, trimming, shredding,
slicing, washing, drying and packaging (Yildiz, 1994). The washing with water is a common
preliminary step used to remove soil, debris, exudates, microorganism from fresh fruits and
produces. Like in the case of minimally processed food products, fresh produce are cleaned,
washed, cut, packed and sold as ready to eat foods. The entire treatment and packaging cycle

for these products relies on the use of water. Difference in water quality produced can be
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found in different commodities and postharvest operations of fresh and fresh-cut produce (S.
Van Haute et al.,, 2015). The wastewater resulting from these washes contain high
concentrations of organic matter including carbohydrates and minerals depending on the raw
material processed or time of the year. Differences in the microbial population load can be
observed due to the seasonal nature of the processed commodities (Valta et al., 2016).

In case of the fresh and fresh-cut products, wash water after contact with the raw produce and
after rinsing and washing are important source of organic compounds, pesticides, and
bacteriological contamination (Gil and Allende, 2018). The high organic content of the wash
water potentially encourages growth of microbial populations. Washing has been identified as
a potential pathway for dispersion of microorganisms during fresh produce processing, and if
a pathogen is present in this water, they can be distributed on the end product via cross
contamination (Holvoet et al., 2012). In many countries for economic and environmental
reasons, water re-use has become a valuable practice in fresh produce industry (US
Environmental Protection Agency, 2012). However, water and wastewater utilisation, costs

of treatment and disposal guidelines remains a critical factor for sustainable use of water.

1.2.2 Pathogens of relevance related to wastewater treatment

Apart from high organic loads, pathogenic microorganisms are widely found in the
wastewater effluents released from the food industry. Such environments are an ideal place
for the growth of both pathogenic and spoilage microorganisms. The key sources of
contamination can be from the farms (the environment itself: soil, water, human contact),
collection and process equipment on the farm and in the industry. Several previous studies
have shown significant microbial concentrations and potential presence of pathogens in the
food processing industrial environment (McGarvey et al., 2004; Parkar et al., 2015). A wide
range of microbial profiles are present in food industry effluent like Cryptosporidium,

Giardia, Escherichia coli, Clostridium perfringens, Enterococcus faecalis, Salmonella,
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Bacillus species etc. Entry of foodborne pathogens via contaminated food and milk products
into the dairy-food processing plant leads to persistence and establishment of pathogens in
the form of biofilms or bacterial endospores/spores. Inadequate processing and treatment of
these effluents may lead to survival of these pathogens and result in public health concerns.
The primary concern with food industry waste is the organic load present which may act as
food sources for microbial growth. Microorganisms therefore, continue to grow and
proliferate rapidly causing a significant rise in biological oxygen demand (BOD), chemical
oxygen demand (COD) and total suspended solids (TSS) content in industrial wastewaters.
Water reuse has been gaining momentum as an alternative reliable source of fresh waters for
food processing industries (WWAP, United Nations World Water Assessment Programme,
2017). Environmental and public health risk is an important aspect of water re-use; cleaning
and effective treatment is therefore important to guarantee quality and safety of the recycled
water. |If the water is inadequately treated, they can promote cross-contamination; affect the
entire food processing plants as well as the food end products. The presence of bacteria in the
water source is of utmost concern due to their virulence which poses a serious threat to public
health. Pathogenic bacteria derived from food processing industries are exposed to several
high doses of chemical and antibiotics which might additionally benefit the bacteria in

gaining resistance (Capita and Alonso-Calleja, 2013).

1.2.3 Current Treatment measures

The importance of treating wastewaters from the food industry has become an important
process particularly given the number of contaminants and volume of wastewaters discharged
from these industries. In almost all the treatment processes, the approach is more oriented
towards protection of the environment rather than conserving and reuse of the treated water.
Several R&D activities are implemented in industries to reduce the environment pollution

and discharge of effluent waters by adopting advanced technologies. Industries are
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continuously seeking to implement advanced innovative methods to combat the
environmental impact of the wastewaters discharged.

In practice, there are several treatment methods that are applied to wastewater effluents from
food processing industries. The contaminants in wastewaters released from major food
sectors include suspended solids, organic/inorganic materials, toxins and vaccines, BOD and
COD components and microorganisms (Barbera and Gurnari, 2018). Primary treatment is
aimed in reducing the large particles such as grits, floatables, grease, settable suspended
solids which could influence the proper functioning of a water treatment plant. The physical
treatments used at this stage namely filtration and sedimentation remove suspended solids
and BOD with organic and inorganic matter from the wastewaters (EPA, 1997). Water
disinfection technology is applied at the final stage of the water treatment process, before
releasing it into the water body. The main goal of the disinfection is to prevent large
concentrations of microorganisms and other suspended particles that survived previous
treatment from reaching waterways (Spellman, 2014). The selected application treatment
method primarily depends on nature and physiological properties of the wastewater. An
optimum and effective disinfection method is difficult to select because of the limitations that
some treatments may represent when eliminating microorganism of public risk, coupled with
the potential for the introducing disinfection by-products (DBP’s) that may have formed or
accumulated through the treatment process (Spellman, 2014). There are various traditional
methods applied for wastewater treatment, each system having their own advantages and
disadvantages. Some of the common disinfection methods employed at various stages in food

industry are summarised in Table 1.3.

16



Table 1.3: Summary of common methods of wastewater treatment

Treatment operations Performance Reference
Electrocoagulation BOD by 27.02% and TSS by (Zuhria et al., 2018)
85.7%
UV Photolysis and Ozonation 64% COD reduction (Jing and Cao, 2012)
Advanced oxidation process | 76.70-90.70 % COD reduction  ( Karagozoglu, 2014)
Gamma radiation 38.65-85.75 % BOD removal (Melo et al., 2008)
Ultrafiltration >99.8% for TOC and >99.5% (Vourch et al., 2008)
for lactose
Ozonation 88 % COD removal, 68% BOD (Martinez et al., 2011)
Ultraviolet radiation <12 mJ/cm? for a 4 Logo (Rose and O’Connell,
reduction in bacterial 2009)
inactivation

PAC: Polyaluminum chloride; BOD: Biological oxygen demand; COD: Chemical oxygen

demand; TOC: Total organic carbon

Ultimately the selection of an appropriate treatment process depends on the characteristics of
the wastewaters as well as specific regulations. Wastewater discharge standards in Ireland

follow European wastewater legislations as shown in Table 1.4.

Table 1.4:Wastewater discharge standards in Ireland (EPA., 2013)

Parameters Concentration (mg/L)  Minimum reduction (%)
BODs without nitrification 25 70-90
COD 125 75
TSS 35 90
TP 1-2 80
TN 10 - 15 70-80

BOD: Biological oxygen demand; COD: Chemical oxygen demand; TSS: Total organic

carbon; TP: Total phophorous; Total Nitrogen: Total nitrogen
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Previous studies with treatment technologies have demonstrated the effective removal of
organic matter but were not capable of completely eliminating emerging contaminants such
as neurotoxins, trichloroethene and resistant microorganism from the wastewaters.
Traditional treatment methods could be limited by a number of factors such as high energy
consumption, climate, temperature, higher retention time, larger volume reactors, higher
contaminants level and resistance of the microorganisms to certain chemicals. Another
disadvantage of some these treatment methods are the toxic disinfection by-products which
are formed when disinfectants react with certain reactants present in the water effluent such
as Trihalomethanes (Van Haute et al., 2013) which is a major risk to environment and public
health. Further details on current decontamination method applied in food industry for

treatment of food products and wastewater generated is discussed in Section 1.4.

1.3 Microbial resistance

1.3.1 Bacterial Internalisation

An important factor associated with fresh produce contamination and increased resistance of
bacteria to antimicrobials is the ability of bacteria to internalise inside plant tissue. Bacterial
pathogens may enter fresh produce through both natural (intercellular tissues, stomata,
lenticels, lateral junction of roots) and damaged (wounds, cuts) tissue sites (Erickson, 2012).
These habitats provide stress protective niches for bacteria which also serve as rich sources of
water and nutrients (Yaron and Romling, 2014). Fresh produce can become contaminated by
pathogenic bacteria at any point along the farm-to-table food chain (production, harvesting,
processing, packaging and handling). Several studies have shown that human pathogens can
enter the stomata and cut edges of the fresh produce. Internalisation of E.coli and L.
monocytogenes was found within core tissues and in the stomata of spinach and lettuce

(Olmez and Temur, 2010). E. coli O157:H7 was able to reach the internal cavity of stomata,
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intercellular spaces of the spongy mesophyll and vascular tissue (Saldafa et al., 2011). A
number of factors influence the likelihood of internalisation of pathogenic bacteria within the
plant such as strain/serotype of the bacteria, their concentration, plant type, route of
contamination, age and stage of plant development (Deering et al., 2012; Golberg et al.,
2011). Some bacteria strains are better able to colonise produce surfaces, damaged tissue, and
form biofilms. Also the plant species influences the pathogen persistence (Olaimat and
Holley, 2012). Several surface structures of enteric bacteria (pili, fimbriae, flagella and Type
Il secretion system) play an important role in bacterial adherence to produce (Shaw et al.,
2008). Some bacteria strains are better able to colonise produce surfaces, damaged tissue, and
form biofilms. Also the plant species influences the pathogen persistence (Kroupitski et al.,
2009).

Although the overall population present on the plant’s surface often declines after disinfectant
washes such as chlorine or alternative sanitisers, enteric bacteria present inside the plant
tissues are able to survive and replicate at high densities (Gu et al., 2013). In addition, in
most cases enteric bacteria survive in produce without modifying the habitat but start to
aggregate to produce a biofilm matrix. Limitations in the effectiveness of most disinfectant
washes are partly due to microbial biofilm formation and the physical structure of the
produce which limits the accessibility of the sanitiser to reach sites where bacteria reside.
Curli fibres which are known to be involved in cell aggregation and biofilm formation are
also shown to play a role for internalisation of S. enterica in tomato and parsley (Cevallos-
Cevallos et al., 2012; Prigent-Combaret et al., 2000). The occurrence of highly tolerant
bacterial biofilms on food or food contact surfaces are known to contribute to food spoilage,
cross contamination of food products and spread of food pathogens.

Several studies have reported increased resistance of enteric pathogens to a range of

decontamination techniques like ultraviolet and pulsed light field due to internalisation and
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extensive colonisation of produce stomata. Studies by Ziuzina et al., (2015) demonstrated
effective reduction of bacterial cells present on the surface of fresh produce using plasma
while high concentration of cells were still noted intact in stomata wells. The study also
revealed that applying temperature and light-dark conditions during produce distribution
promoted bacteria internalisation and bacterial stress responses that could have significant
impact on effectiveness of ACP or any decontamination techniques in fresh produce.
Therefore, further studies are needed to assess the widespread internalisation of bacterial
pathogens, their behaviour and mechanics of the interactions that could be used to control the

contamination of fresh produce by pathogenic bacteria.

1.3.2 Bacterial Biofilm formation

Many foodborne pathogens have been identified as biofilm producers on food and contact
surfaces. Biofilms are ubiquitous in nature that can be found on almost every biotic and
abiotic surfaces including stainless steel, polypropylene, wood, glass slides and food surfaces
(Srey et al., 2013). Bacterial biofilms are complex microbial multicellular communities
embedded in an organised matrix mostly composed of extracellular polymeric substances
(EPS) that traps other excreted cellular products including lysed cell debris and macro-
molecules. Although the extracellular polysaccharides provide basic structure to the biofilm
matrix, a wide range of enzyme activity are found within the biofilms which affects the
structure integrity and stability of the biofilm (Sutherland, 2001). Also non enzymatic protein
lectins are found in the biofilm matrix that permits intergeneric aggregation that strengthens
the matrix structure and constitute a link between the EPS and the bacterial surface (Kim and
Wei, 2012).

Physiologically, bacteria in biofilms have different properties than planktonic or adherent
cells of the same species. Differences in biofilm formation is also observed between the

bacteria of same species with different strains and serovars. For example, biofilm formation
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studies between five different Salmonella enterica serovars in Romaine lettuce and cabbage
showed that Salmonella Tennessee and S. Thompson produced stronger biofilms compared to
S. Newport, S. Negev, and S. Braenderup (Patel and Sharma, 2010). In another work, biofilm
growth of L. monocytogenes strains Murray and 7163 was significantly higher than L.

monocytogenes 23074 while L. monocytogenes 7148 (Chae and Schraft, 2000). It can be

speculated that the biofilm forming capacity varies significantly between genera, species,

strains and can be influenced by different stress conditions.

Biofilm formation is one of the universal ways in which microbial communities can develop
coordinated structural and survival strategies. Biofilm are a self-protection growth pattern of
bacteria, which are different from planktonic cells. They are of great importance for food
hygiene since biofilms usually contain several pathogenic and spoilage bacteria which may
possess a risk to post processing contamination and to public health. Biofilm formation
occurs by cellular attachment of the substratum and formation of macro-colonies on the
surface, producing extracellular substances (EPS) which assists the bacteria in attachment.
The biofilm formation mechanism consists of different steps including (1) conditioning of the
surface and reversible attachment of cells followed by proliferation and accumulation in
multicellular cell clusters, (2) production of polysaccharides or capsules, and then formation
of EPS resulting in irreversible cell attachment, (3) early development of biofilm matrix and
(4) maturation and partial detachment of biofilm resulting in dispersal of biofilm cells over
the surface (Hall-Stoodley et al., 2004; Solomon et al., 2005). Dispersal mechanisms helps to
colonise new niches, repopulate surfaces following sub-lethal antimicrobial challenges.
Biofilm provide an ideal niche for the exchange of extrachromosomal DNA. The mutation
rate in biofilm cells are hundreds of times higher than in planktonic cells therefore increasing
the chances of emergence and spread of resistance (Conibear et al., 2009). When the bacteria

are under stress they induce gene expression and are involved in protein synthesis so as to
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combat the stress produced. Bacteria in a biofilm poses increased resistance to the host’s
immune system, antibiotics and environmental stress such as nutrition and oxidative stress,
desiccation and UV light exposure (Fatemi and Frank, 1999). Their antibiotic resistance can
be increased to a thousand times that of planktonic cells of the same species (Ciofu and
Tolker-Nielsen, 2010). Therefore, biofilm associated infections often fail to respond to
conventional antibiotic treatment that leads to high morbidity and mortality. Many
mechanisms, responsible for rendering biofilm resistance against antimicrobial agents have
been proposed: first is the dense or protective EPS making it difficult for the antimicrobial
agents to penetrate into the biofilm matrix (Hall-Stoodley et al., 2004). Further, nutrient and
oxygen depletion within the biofilm renders them slow growing and metabolically inactive in
which they are less susceptible to antimicrobial effect (Patel, 2005). The third mechanism
includes the presence of a subpopulation that might exhibit a phenotypical resistant state.
Overall the mechanism of resistance of the biofilm against antimicrobial agents seems to be
affected by factors including the environmental stress, enzyme production, cell internalisation
and the organism involved (Lindsay and von Holy, 2006; Patel, 2005).

Bacterial biofilms are an important concern in the food industry which are suggested as
potential sources of contamination during processing and distribution (Dufour et al., 2004).
In particular, bacterial biofilm formation on food surfaces and in food processing units
(equipment, water distribution system) contributes to food spoilage or cross contamination of
food products. The ability of the foodborne pathogens to form biofilms have been previously
reported. L. monocytogenes, Pseudomonas spp., Bacillus spp., Salmonella spp. are the most
common biofilm-forming bacteria isolated from food processing environments (Blaschek et
al., 2007). Bacterial biofilm formation on food surfaces has become an important public
health concern with their acquisition of increased antimicrobial resistance. Although efforts

have been made to reduce bacterial contamination in food products the incidences of
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foodborne illness are increasing. Therefore, better understanding of biofilms, types of EPS
and quorum sensing will be beneficial for the development of efficient technologies to

control the biofilm formation in food products and food processing environments.

1.3.3 Mixed culture biofilm formation

In nature, most of biofilms are composed of multispecies both in biotic and abiotic
environments (Tan et al., 2017). This multispecies biofilms may belong to different strains of
the same bacteria or multi-bacterial species (Sztajer et al., 2014). Mixed culture biofilms have
been widely distributed in the natural and industrial environments. The formation of mixed
culture biofilms on food and fresh produce depends on several factors including the microbial
species involved, species composition, food type, nutrients, quorum sensing, biofilm
maturation and EPS production. Mixed culture biofilms have gained attention in the recent
years due their ability to resist higher antimicrobial challenges compared to single species
biofilms (Lohse et al., 2017; Pang et al., 2017; Parijs and Steenackers, 2018). A growing
number of studies have reported an increasing cross resistance between different types of
antimicrobials (Davin-Regli and Pages, 2012). Several factors could be involved for the
tolerance of multispecies biofilms which include the higher extracellular polymer substance
(EPS) production, differences in physiological status depending on biofilm stratum,
interspecies cross protection among the species and internalisation into the food (Stewart,
2015). For example, in the meat processing industry several bacterial strains like
Acinetobacter calcoaceticus and Pantoea agglomerans were characterised to promote weak
or non-biofilm formers to attach to solid surfaces and consequently form biofilms (Habimana
et al., 2010). Although, the exact mechanism responsible for the higher tolerance of
multispecies biofilm is still a matter of debate among studies.

Multiple studies have demonstrated a diverse variety of microorganisms in fresh produce,

including soil bacteria (Pseudomonas fluorescens, Erwinia carotovora and Rahnella
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aquatilis), plant related bacteria, coliforms and opportunistic plant-human pathogens (Liu et
al., 2013). Bacterial strains unable to form single-strain biofilms could acquire additional
protective mechanisms and form a stronger biofilm when they come in contact with the
strong biofilm formers. It has been noted that the biofilm forming capacity of the
Burkholderia caryophylli was enhanced by interacting with E. coli (Liu et al., 2014). Given
the diversity of biofilms, the interspecies relations play an important role in determining the
function, structure of these biofilms, and these interspecies are unpredictable from the studies
of mono-species biofilms.

So far little has been reported on the application of ACP for etching of complex biological
systems such as mixed culture bacterial biofilms. Abramzon et al., (2006) and Alkawareek et
al., (2012) reported biphasic inactivation of bacterial mono-species biofilms by cold
atmospheric pressure plasma exposure. Rapid cell decline was observed during the first phase
(initial 60s) of plasma exposure, with D-value of 23.57s. After 60s of plasma exposure, a
slower second phase with lower bacterial reduction and a higher D-value 128.20s was
recorded. However, the interaction mechanism between the plasma and biomolecules are not
fully understood. New insights into the regulation of mixed biofilm formations in the food
industry are required. Food preservation conditions are adverse for the bacteria which might
induce stress responses and enhance biofilm formation (Chen et al., 2017; Vivijs et al.,
2016). There is a demand for appropriate techniques to be applied to develop further
understanding about the interaction and ultimate elimination of multispecies biofilms. This
study therefore focuses on understanding the mechanism and control measures of

multispecies biofilm by ACP treatment.

1.3.4 Quorum sensing (QS)
Quorum sensing (QS) is a mechanism of cell to cell communication in bacteria that relies on

the production and detection of signal molecules called auto-inducers that modulate gene
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expression in cell density dependent manner (Medina-Martinez and Santana, 2012). Auto-
inducers help monitor cell density. They are produced in response to accumulation of
bacterial cells to a threshold limit. Once inducers reach a critical concentration, it modulates
the expression of genes involved in a variety of physiological processes including symbiosis,
bioluminescence, swarming, motility, virulence, biofilm formation, sporulation, plasmid
conjugal transfer, toxins, antibiotic production (Galloway et al., 2011; Rutherford and
Bassler, 2012; Waters et al., 2008). The identity of auto-inducers in bacteria is distinct
between Gram positive and Gram negative organisms. Gram positive bacteria like
Staphylococcus aureus, synthesise and respond to polypeptides or auto-inducer peptides
(AlIPs) and they are processed during secretion through the ATP binding cassette (Monnet
and Gardan, 2015). Gram negative bacteria are the most intensively investigated with respect
to quorum sensing; bacteria communicate using acyl homoserine lactones (AHL’s) as a
primary signal molecule. The synthesis of AHL signalling pathway in Gram negative bacteria
depends on three main components: a gene coding for the enzyme-synthase responsible for
generation of AHL signalling molecules (Lux-1 gene and its homologues), the signalling
molecule itself and an intracellular cytosolic receptor (Lux-R) which is a transcription
activator of the genes regulated by QS (Rutherford and Bassler, 2012).

Pseudomonas aeruginosa AHL dependent QS are well characterised and provide a relevant
example of QS sensing in pathogenic bacteria. P. aeruginosa harbour three QS systems: two
Luxl/LuxR-type QS circuits that function in series to control the expression of virulence
factors as well as a third, 2-alkyl-4-quinoloneregulated system also called the Pseudomonas
quinolone signal (PQS) system. The hierarchal system helps control P. aeruginosa QS-
activated virulence factors such as elastases, proteases, pyoverdin, pyocyanin, rhamnolipids

and toxins (Pearson et al., 1997; Rutherford and Bassler, 2012).
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Biofilms are well organised, complex microbial communities that are present ubiquitously
and able to attach to several surfaces including food surfaces. The role of QS in bacterial
formation is well known. Zhu et al. (2003) demonstrated that QS participates in the biofilm
differentiation process. A comparison of biofilm production in two strains, the wide type and
the quorum sensing deficient mutant of V. cholera was investigated. The mutant strain
demonstrated a thicker biofilm than those formed by the wild-type bacteria. Biofilm
formation the associated resistance to antimicrobials and sanitisers is a persistent problem in
the food processing industries. Since QS plays an important role in biofilm formation, several
studies have focused on QS as a target mechanism to inhibit and control the foodborne
pathogens and their biofilms from the food surface. Thus, inhibiting QS may impact biofilm
formation and retard spoilage. The potential involvement of QS in the regulation of bacterial
biofilms by foodborne pathogens on food surfaces could be a potential new mechanism in an

effort to mitigate pathogens from persisting in surface attached communities.

1.3.5 Microbial spore formation

Spore forming bacteria play an important role in food spoilage and associated with foodborne
illness. The presence of spores poses a major challenge in the food industry, which are
actively involved in employing strategies to ensure complete inactivation of spores and
control their outgrowth. Bacterial spores are dormant and extremely resistant to a variety of
disinfection agents such as heating, desiccation, enzymes and toxic chemicals. Three main
spore forming bacteria species are Bacillus cereus, Clostridium perfringens, Clostridium
botulinum (Wells-Bennik et al., 2016). The harmful effects concerning food safety and
quality caused by these spore formers are majorly from the production of toxins and spoilage
enzymes which are responsible for foodborne illnesses including food poisoning.

Spores are structurally, biochemically and physiological different from vegetative cells.

Spore-formers have extraordinary tendency to enter sporulation as an adaptive strategy to
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survive conditions encountered in natural habitats transforming them into metabolic dormant
endospores (Al-Hinai et al., 2015; Markland et al., 2013). Dormant spores are resistant to
environmental stresses for instance heat, salinity, pH, water or nutrient availability. They are
composed of an exosporangium, coat, outer membrane, cortex, cell wall, inner membrane and
core (Wells-Bennik et al., 2016). There are number of reasons involved in their long term
survival and their resistance to extreme conditions including; (i) spore coats that restricts
access of chemical toxic agents to enter sensitive targets located within the spore; (ii) low
level of water in spore core region, spore core dehydration; and (iii) protection of spore DNA
by its saturation with small acid-soluble proteins (SASP) (Setlow, 2007). The main reason for
a spore’s metabolic dormancy is its low water content and its extremely low permeability to
hydrophilic small molecules. Clearly this challenges the fact that spore formers show
enormous diversity with respect to different types of spore resistance properties, its growth
and characteristics acquired at different times of sporulation. Despite their dormancy, spores
can still sense environmental changes. Ideal conditions (e.g. nutrient availability) triggers the
germination process in spores transforming them to vegetative states (Setlow and Johnson,
2013). With the abundance of spores along with the distinct characteristics of spore resistance
are responsible for product defects and spoilage of food products leading to economic losses
and substantial food wastes (Wells-Bennik et al., 2016). The resistance properties of the
spore vary between species and strains present in the food chain, in addition, environmental

conditions during spore formation and maturation also contribute to variation.

1.3.6 Microbial stress responses and adaptations

Over the past few decades, bacteria have evolved enormously in regards to their adaptive
network to face challenges of their changing environments and stress conditions (Abee and
Wouters, 1999). Stress responses are of particular importance in bacteria as they are

constantly exposed to various chemical, biological and physical changes in their
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environment. On exposure to stress conditions, bacterial cells may lose their viability, get
injured or express adaptive mechanisms that would help the bacteria to survive and continue
to grow during stress conditions.

Foodborne microorganisms encounter a variety of stresses at every step of the food chain,
including production, harvest, postharvest handling, processing, disinfection and storage
Environmental stresses such as acid, oxidative, cold or heat shock induced mutations are
reported to increase the tolerance or resistance of bacteria. Depending on the magnitude of
the stress involved, stress can be differentiated as sub-lethal or lethal stress. Lethal stresses
are severe, they cause irreversible damage to the microbial cells and often lead to cell death.
When microorganisms are exposed to sub-lethal stresses, it can cause metabolic changes and
induce adaptation to subsequent levels of same stress or at times to different stress condition
(Hill et al., 2002). Microbial adaptation to stress are also known to extend the tolerance to
multiple other lethal stresses which are referred to as cross protection (Johnson, 2002).
Microorganism utilise cross-protection as a defence mechanism against food disinfection or
food preservation techniques (Rodriguez-Romo and Yousef, 2005). Understanding how
pathogens sense stress and respond to stress is important in order to design safe and effective
minimal processing regimes.

Stress responses of L. monocytogenes

L. monocytogenes is a persistent strain commonly associated with multiple foodborne
outbreaks globally. The key feature contributing to L. monocytogenes ability to thrive under
varied conditions is its adaptability. L. monocytogenes possess adaptive responses to several
physiological stresses such as acid, heat, salt, alkali and oxidative that these cells are likely to
be exposed in the food processing environments. In L. monocytogenes, the Sigma factor
B (c®) has been shown to play a role in its growth and survival under several stress

conditions (Wiedmann et al., 1998). ¢ of L. monocytogenes is responsible to regulate the
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expression of numerous genes under environmental stress conditions. Sigma factor in
association with core RNA polymerase provides a mechanism for cellular responses that are
mediated through redirection of transcription initiation (Kazmierczak et al., 2005). The L.
monocytogenes ¢ regulon includes more than 150 genes that are both directly and positively
regulated by 6® (Abram et al., 2008) including genes encoding proteins responsible for stress
response, virulence (prfA, bsh, inlA, and inIB), damage repair, carbohydrate metabolism, and
transport (Raengpradub et al., 2008; Toledo-Arana et al., 2009). Not only is c® a core
regulator, guiding transcription of several other regulators but there is also considerable
transcriptional cross talk between sigma factor and other regulators, highlighting its central
role in adaptation. 6 contributes to the bacterium’s growth and survival in the presence of
stress agents employed. Furthermore, o® has been demonstrated to contribute to the ability of
stationary-phase L. monocytogenes cells to adapt and resume growth after exposure to sub-
lethal stress conditions (Ferreira et al., 2001). These exposures to sub-lethal stress may lead

to enhanced survival, resistance, virulence and even cross protection against multiple stresses.
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Table 1.5: Factors identified to have an impact on the growth and survival of L.

monocytogenes (adapted from Commission of the European Communities, 2008).

Factors Growth Survival
Lower growth ~ Optimum Upper growth
limit Limit
Temperature ("C) -1.5t0 +3.0 30.0to0 37.0 45.0 -18.0
pH 42t04.3 7.0 9.4t095 3.3t04.2
Water Activity (aw)  0.90to 0.93 0.99 >0.99 <0.90
Salt concentration <05 0.7 12 -16 >20
(%)
Atmosphere Facultative anaerobe (it can grow in the presence or absence of

oxygen; e.g. in a vacuum or modified atmosphere package)

The limits for growth and survival of L. monocytogenes presented in this table are based on
research carried out primarily in laboratory media under optimum conditions hence provides

a rough estimate.
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Figure 1.1: A representation of the systems and their proposed roles in stress

protection/adaptation in L. monocytogenes (Hill et al., 2002).
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Acid stress

L. monocytogenes is subjected to low-pH conditions in a range of environments including:
acidic foods or acid preserved foods, food processing environments, gastric passage in host
and in host cell vacuoles (Cotter and Hill, 2003). The bacterium has been shown to survive
acid conditions as low as pH 2.5 (Davis et al., 1996). There are a number of different systems
within L. monocytogenes that contribute to its acid tolerance including, the glutamate
decarboxylase (GAD) system, the arginine deiminase system, and the adaptive acid tolerance
response system (ATR) (Cotter et al., 2001; Davis et al., 1996; Ryan et al., 2009). o2 plays
an important role in ATR of L. monocytogenes induced by exposure to mild acidic pH
conferring protection against extreme pH conditions. These ATR’s are also identified to
provide cross protection against osmotic and thermal stresses which have roles in food
preservation. Acid adapted populations were found to be more tolerant to other stress or
disinfectants than their non-adapted counterparts (Gahan et al., 1996). Acid-adapted L.
monocytogenes (pH 5.5, 2 h) had increased resistance and survival against heat shock (52
°C), osmotic shock (25-30% NaCl) and alcohol stress (15%) (Koutsoumanis et al., 2003).

L. monocytogenes utilise glutamate decarboxylase (GAD) system to maintain pH homeostasis
and survive under acid conditions. Depending on the strain, L. monocytogenes possesses
three decarboxylase genes (gadD1, D2 & D3) and two antiporter genes (gadT1 & gadT2).
The GAD system involves combined action of a membrane bound antiporter (GadT) and a
cytosolic glutamate decarboxylase (GadD). When the bacterium is exposed to low pH, GAD
system decarboxylates glutamate to y-aminobutyrate (GABA). In this process, bacterium
exchanges extracellular molecule of glutamate with intracellular molecules of y-
aminobutyrate via antiporter (Feehily et al., 2014). Expression of several genes involved in
GAD system are under o® regulation which however has been shown to vary amongst strains

(Kazmierczak et al., 2003). Deletion of the sigB gene resulted in the elimination of acid
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induced transcription of gadD2, gadT2 and gadD3, highlighting the role of o in acid
adaptation (Wemekamp-Kamphuis et al., 2004). In addition, L. monocytogenes also
possesses an arginine deaminase (ADI) pathway and o® depended agmantine (AgDI)
deiminase system. The ADI system operates through the catabolism of arginine to produce
ornithine and ammonium ions (NH"s) which interacts with cytoplasmic ions to raise the
intracellular pH and protect from cell damage (Gahan and Hill, 2014).

Cold stress

Cold stress tolerance is one of the fundamental attributes of L. monocytogenes that
contributes to the microbe’s persistence during refrigeration conditions. This phenomenon
renders the use of low temperature during food processing and long-term storage of food
products under refrigeration temperature ineffective against L. monocytogenes.

L. monocytogenes produces cold shock proteins (Csps) in response to temperature downshock
and cold acclimation proteins (Caps) are synthesised during balanced growth at low
temperatures (Beales, 2004). The Csps consists of small highly conserved and structurally
related nucleic acid groups that are presumably responsible for regulation of various
microbial physiological processes. Schmid et al. (2009) demonstrated the roles of Csp in the
cold and osmotic (NaCl) stress adaptation responses in L. monocytogenes. The fact that Csp
promotes the microbial adaptation against cold and osmotic conditions has significant
implications in food microbial control measures; the combined or sequential exposure of L.
monocytogenes to these two stresses in food processing environment might inadvertently
induce cross protection responses. Although several transcriptomic analyses has revealed the
activation of L. monocytogenes genes during cold stress, however the precise role involved in

cold adaptation is still not understood (Chan et al., 2007). Differential expression of cold

adaptation genes were observed in L. monocytogenes strains which resulted in differences in
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cold tolerance (Arguedas-Villa et al., 2010). The loss of Csp proteins abolished cold growth

of L. monocytogenes organisms at refrigeration temperatures (Schmid et al., 2009).

In the view of food safety, it is important to understand how these organisms are able to adapt
their cellular physiology and overcome several food processing related stresses and resist
current control measures. Minimally processed food is easily contaminated by foodborne
pathogens either directly or indirectly by cross-contamination in food processing
environment. It is increasing clear that many of these foodborne pathogens have acquired
multiple complex mechanisms to withstand a wide range of environmental stresses. Apart
from enhanced survival and resistance to food processing treatment, these adapted pathogens
have also enhanced virulence through cross resistance. Therefore, further research using
cumulative sub-lethal damages and safe practical interventions without inducing stress
responses is needed for safe decontamination of fresh produces with a particular emphasis
required on emerging non-thermal process technologies that may rely on a hurdle approach to

maintain a safe shelf life.

1.4 Current Decontamination technologies

Decontamination is one of the most critical steps in food processing affecting quality, safety
and shelf life of the product. In order to obtain a maximum nutritional benefit at the point of
consumption, fruits and vegetables are typically eaten raw or minimally processed. As
minimally processing does not include intensive preservation or formal treatment steps in the
production line such as heat sterilisation, freezing or drying, they often do not effectively
reduce pathogenic bacteria, their spores or biofilms from the food produces. In response to
consumer’s health concerns, researchers have investigated the efficiency of several physical,
chemical and biological methods to efficiently eliminate microbial loads from food surfaces
while ensuring safety, nutritional and food quality along with an extension of shelf life.

Decontamination steps that could be employed for minimally processed fruits or vegetables
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include the use of disinfectants (chlorine, hydrogen peroxide, organic acids), chemical
preservation (ascorbic acids and calcium salts), bio-preservatives, mild heat treatment, high
intensity electric field pulses, ultraviolet radiation (UV) and ozone. Most of the conventional
methods used for fresh produce which provide effective results they are expensive, time
consuming or have detrimental effects on the overall quality of the product. The principle
fresh produce and wastewater decontamination techniques in food industry are summarised

below:

1.4.1 Chlorine

Chorine and chlorine derivatives have been the most common and widely used sanitiser in the
agricultural and food industry for several decades (Rangel-Marrén and Lopez-Malo, 2012).
Chlorine has antimicrobial action known to inhibit a broad range of microorganisms in food
products and water (Chaidez et al., 2012; Temiz et al., 2011). The inactivation mechanism of
chlorine is: interference with cell associated membrane function, phosphorylation of high
energy compounds, altered permeability of outer membrane resulting leakage of cell
components, breakage into DNA, depress DNA synthesis, inhibitions of protein/enzyme
synthesis, oxidation of respiratory components, irreversible oxidation of sulfhydryl (Dodd,
2012; Dychdala, 2001). The inhibitory activity or lethal effect of chlorine disinfection
depends on the concentration applied and the contact time (Gil et al., 2016). However, excess
or higher concentration usage of chlorine can result in toxic residues and by-products such as
halogenated trichloromethanes (TAMSs) and haloacetic acids (HAAs) which have created
major health hazard and increased the risks for public health (Gopal et al., 2007; Van Haute
et al., 2013). Based on the current decontamination practices in the food industry, an EFSA
panel on Contaminants in the Food Chain concluded that the application of a hypothetical
maximum residue limit (MRL) of 0.7 mg/kg for all foodstuffs and drinking water that would

only minimally reduce acute/chronic exposures and related risks (EFSA, 2015b).
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The efficacy of chlorine treatment depends on the growth of microorganisms during storage
and any development of bacterial biofilms (Joseph et al., 2001; Villagbmez et al., 2010),
surface properties of the product like the shape and size of the fruits or vegetables (Yuk et al.,

2006) and the amount of organic matter released from soil or fresh produce washes etc.

1.4.2 Ultrasound

Ultrasound is generally defined as a series of sound waves generated at high frequency which
is near the upper limit of the human ear (Elmehdi et al., 2003). The lethal effect of ultrasound
has been known for several decades. Ultrasound is classified into two major categories based
on their frequency range: Low intensity ultrasound frequency range of 5-10 MHz and High
intensity ultrasound with frequency range of 20-100 MHz (McClements, 1995). High power
ultrasound at lower intensity is also known as power ultrasound, it has been recognised as a
promising tool for the treatment of liquids in the food industry. High power ultrasound is
capable of inactivating microorganism and enzymes (Sinisterra, 1992). Ultrasound treatment
could be applied in a variety of ways, compressional and shear waves are most commonly
used in the food industry (McClements, 1997). Although other forms of ultrasound like
surface waves could also be useful for biotechnological applications.

Microbial inactivation by ultrasound occurs by production of acoustic cavitation which
causes disruption, localised heating and free radical formation (Patil et al., 2009). This action
breaks the living cells, damages the cell wall, cell membrane and cell organelles that
eventually results in cell death or sub-lethal injury (Cameron et al., 2008). Cavitation is the
formation, expansion and implosion of gas bubbles inside the liquid as the molecule absorbs
ultrasound energy. Several factors influence the inactivation efficiency of ultrasound that
include: temperature and viscosity of treatment liquid, frequency of ultrasound,
characteristics of food and target bacterial cells (Moncada et al., 2012; Sala et al., 1995). The

effect of ultrasound on several microorganisms have been studied, reports have indicated
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Gram positive bacteria being more resistant to ultrasound treatment than Gram negative
bacteria (Drakopoulou et al., 2009; Monsen et al., 2009). Conversely, other studies have
reported no significant difference in the inactivation process (Scherba et al., 1991). The
interaction between the ultrasound and microorganisms at sub-lethal/recovery stage is a
complex process and is not completely understood.

As for food quality aspects, high intensity ultrasound is generally non-destructive, rapid
technique that maintains the flavour of the food, maintains homogeneity and preserves
firmness (Cao et al., 2010; Sagong et al., 2011). Although, high intensity application uses
power levels that are high as 10-1000W/cm? they could affect properties of the food, often
permanently. Ultrasound has certain desirable and few detrimental effects on nutritional and
quality of food. However, authors have recommended using ultrasound in combination other

disinfection techniques (Seymour et al., 2002; Zhu and Mekalanos, 2003).

1.4.3 Ultraviolet (UV) radiation

UV is radiation with wavelengths between visible light and X-rays of the electromagnetic
spectrum. UV light is divided into UVA (400-320 nm), UVB (320-280 nm), UVC (280-200
nm) and vacuum UV (VUV) (200-100 nm). The inactivation of microorganisms by UV
radiation is directly dependent on the intensity, duration and dose of UV radiation. The UV
dose is typically expressed in units of mJ/cm? or J/m? (where mJ/cm? =10J/m? and is function
of UV intensity, mW/cm?and exposure time, s).

UV inactivates microorganisms by their absorption light. This causes photochemical
reactions that damages molecular components of bacteria and directly impact the genetic
material (DNA) within the cells (Chen et al.,, 2006). The germicidal effect of the
microorganisms is primarily due to formation of thymine dimmer affecting the normal
replication of the genetic code within the cell (Mukhopadhyay et al., 2014). The growth and

reproduction of the bacteria are thus lost, being no longer threat to human health. The major
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DNA damage occurs from irradiation at wavelengths within the UV-C wavelength (280-200
nm) and with a maximum adsorption at 265 nm (Kiefer, 2007). This wavelength is commonly
used for UV disinfection systems, validated for inactivation of major waterborne pathogens.
UV light can be produced by a variety of UV lamps however; mercury and electric arc lamps
are the most common which provide continuous sources of UV light. The light output from
the lamp depends on the mercury pressure within the lamp. UV disinfection uses either low
pressure mercury lamp at a wavelength of 253.7 nm or medium pressure mercury lamps from
200 to 600 nm (Gayan et al., 2014). Light at this wavelength does not have enough energy to
ionise atoms or molecules therefore the UV treatment is classified as non-ionization
radiation. Besides pathogen inactivation, UV can oxidise simple organic compounds like
carbon attached to other key elements such as nitrogen, hydrogen, phosphorus which are the
foundation of complex compounds such proteins, amino acids and peptides. However, UV
radiation is innocuous against complex compounds present in water such as pesticides,
suspended solids or volatile organic compounds since they require higher energy to degrade.
Due to poor penetrability, there is considerable energy usage and interference of the chemical
constitutes of the wastewater with the lamps, therefore several approaches combine UV with
other methods or auxiliary compounds in order to produce more powerful and effective

results.

1.4.4 Ozone

Ozone is a strong oxidant and an antimicrobial agent. It is a pale blue gas consisting of
loosely three oxygen atoms that is readily available to attach to and oxidise other molecules.
It has oxidation reduction potential greater than chlorine, hydrogen peroxide and
hypochlorous acids that conveys it antimicrobial properties (Kim et al., 1999). Ozone is
broad-spectrum antimicrobial agent active against a wide range of microorganisms including

bacteria, fungi, virus, bacterial and fungal spores (Burleson et al., 1975; Guzel-Seydim et al.,
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2004; Khadre et al., 2001). Commercial levels of ozone are commonly generated by either
high energy electric field corona discharge system or by photochemical UV radiation. In
addition to the above methods, ozone can be generated by chemical, thermal, chemonuclear
or by electrolytic methods in ambient air (Tapp and Rice, 2012). They are cost effective
methods and can be applied either in gaseous or aqueous phases.

The antimicrobial mechanism of ozone is a complex process that acts by: direct contact by
ozone molecule being dominant at low pH or indirectly by action of ozone generated free
radicals at high pH (Zuma et al., 2009). Ozone decomposition in water causes the generation
of several free radicals like hydroperoxyl, hydroxyl and super-oxides. The main locus of
action is the cell wall and the cell membrane, where ozone acts by oxidation of unsaturated
lipids, free fatty acids and protein components (Scott and Lesher, 1963). Damage to the cell
causes penetration of ozone and free radicals into the cell thus reacting with intracellular
components (DNA, RNA, enzymes) which results in cell lysis or cell death (Guzel-Seydim et
al., 2004; Scott and Lesher, 1963). Several studies have demonstrated the effectiveness of
ozone treatment against a wide range of microorganism in food products (Kim et al., 1999;
Olmez and Temur, 2010; Yuk et al., 2006). However, the efficacy of ozone for food
processing applications has been demonstrated to be influenced by many factors such as the
treatment product, relative humidity, pH value, treatment temperature, target microorganism,
type of ozone treatment, stability and concentration of ozone (Cullen and Norton, 2012).
Therefore, food scientists are focused on development of new efficient technology which
would provide microbiologically safe product with longer shelf life while maintaining fresh

like characteristics and high food quality.
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1.5 Atmospheric cold plasma (ACP)

1.5.1 Plasma and its classification

Plasma is a quasi-neutral ionised gas and is referred to as fourth state of matter. It is
composed of free electrons, UV photons, charged particles (positive and negative ions),
molecules that are in the ground and excited states, and a wide range of reactive species such
as hydrogen peroxides and nitric oxide derived species (Guo et al., 2015). Plasma is an
electrically energised gas generated by progressive application of energy to a matter that
converts solid to liquid up to gas phase. Further application of energy ionizes the gas
molecules resulting in plasma state. Depending on thermodynamic temperature equilibrium
of the constituents (Bogaerts et al., 2002), plasma can be classified into two major categories:

thermal and non-thermal plasma (Fridman et al., 2008).
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Figure 1.2: The transition of states of matter on application of energy.

Thermal plasma involves the introduction of high energy, pressure and thermal conductivity
to maintain the plasma constituents in thermal equilibrium (Tendero et al., 2006). They are
characterised by the high temperature of the electrons and heavy species of plasma, which
reaches several thousand Kelvins. While, non-thermal plasma is generated by electric
discharge in a gas at atmospheric or reduced pressure and requires less power (Misra et al.,
2011). It is characterised by non-equilibrium, where cooling of the ions and the uncharged
molecules is significantly more effective than that of energy transfer from electrons resulting
in the gas remaining at a low temperature (Bourke et al., 2017). It has a non-uniform

distribution of energy among the constituent particles (Niemira, 2012). As a practical matter,
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non-thermal plasma can cause little or no thermal damage to heat sensitive products.
Therefore, non-thermal plasma is also referred to as cold plasma (Noriega et al., 2011a), cool
plasma (Tran et al., 2008) and other comparable terms which have been used in recent
publications. Plasma can be generated using different gases such as air, nitrogen, oxygen or
mixture of different proportion of noble gases such as helium, argon or neon. Plasma sources
operating at atmospheric air and pressure are a focus of interest due to the economical and
operational advantages for industrial applications.

Cold plasma treatment is capable of surface sterilisation and activation through physical,
chemical or physical/chemical mechanisms without changing the properties of the substrate
material. To generate ACP, a range of discharge systems have been developed which include
radio-frequency plasma, corona discharge, dielectric barrier discharge plasma, Gliding arc
plasma and glow discharge (Kogelschatz, 2004; Morent and De, 2011). These types of gas
discharge systems provide room temperature conditions, flexibility of different geometric

shapes of experimental arrangements and for scaling up to large dimensions.

1.5.2 Types of ACP system
Some of the widely used plasma sources for food applications are dielectric barrier

discharges (DBD), plasma jets and corona discharges.

1.5.2.1 Corona discharge system
Corona discharges are localised luminous discharges generated in the neighbourhood of a pin
or thin wire at low atmospheric pressure. They are non-uniform discharge that generate a
high field region near a sharp electrode spreading towards a planar ground electrode. The
corona is generated by a strong electric field associated with a small diameter wire, needle,
sharp edge towards the electrode (Chang et al., 1991). lonization and emission of the plasma
therefore occurs locally around the pin or the wire. This type of discharge is characteristic of

asymmetric electrode pair and results from an electric field that surrounds an inhomogeneous
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electrode arrangement powered by continuous or pulsed DC voltage. This phenomenon of the
discharge breakdown and forming lighting crown of plasma around the wire is known as

corona discharge (Tendero et al., 2006).

1.5.2.2 Atmospheric pressure plasma jet
Numerous different types of plasma jets have been studied and developed. These plasma jets
differ with various design configurations, size, gas, frequency and applied voltage.
Atmospheric pressure plasma jet produces a stable, homogenous and uniform discharge at
atmospheric pressure. The general plasma jet consists of a gas channel made of one or two
electrodes between which the working gas flows through the jet’s nozzle into ambient air.
Working gases used are noble gases like helium, argon, mixture of other gases or atmospheric
air. When a sufficiently strong electric current is applied, plasma is generated that expands
out the jet’s nozzle via gas flow. The distance between the electrodes is within the range of
millimetres while the exposure distance between the nozzle of the jet and the treatment
sample is in centimetre range. The reactive components generated such as excited atoms, free
radicals, charged particles, reactive species etc. are released from the plasma jet at high
velocity which quickly react with the target. Atmospheric plasma jets have been shown to
inactivate many different microorganisms as well as their spores and biofilms (Hu et al.,
2018; Lu et al., 2018). Due to their small size and moderate temperature they are widely used
for biomedical applications like dentistry, wound healing, blood coagulation and surface
sterilisation but they could be employed for large scale application by moving the jet or by

applying multiple nozzles (Daeschlein et al., 2010; Morent and De, 2011; Perni et al., 2008).
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Figure 1.3: Schematic setup of Plasma Jet (Reuter et al., 2012).
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1.5.2.3 Di-electric Barrier Discharge (DBD) plasma system
Di-electric discharge plasma also known as silent discharge is a specific type of AC discharge
that provides strong thermodynamic non-equilibrium plasma at atmospheric pressure and at
moderate gas temperature (Chirokov et al., 2005). The DBD plasma system is characterised
based on the use of at least one di-electric layer (insulator) between discharge gap for
initiation of the plasma discharge. The discharge gap itself could be of different widths,
depending on its application. The di-electric barrier could be made of glass beads, ceramic,
thin enamel, polymer or dielectric capillary layers (Kogelschatz, 2003). The di-electric barrier
prevents building up of high current, spark formation, eliminates electrode etching, corrosion
and distributes the discharge uniformly thus providing a homogenous treatment (Tendero et
al., 2006). DBD operates strongly under non-equilibrium conditions at atmospheric pressure
for different gases including air at high power levels. The properties and amount of plasma
generation depends on the working gas composition, distance between the electrodes, applied

voltage and frequency (Kogelschatz, 2002). The high voltage level ionizes the gas within the
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electric field thus creating significant amount of reactive molecules within the discharge gaps

(Misra et al., 2011).
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Figure 1.4: Schematic principle of Dielectric Barrier discharge (DBD)

DBDs are a widely used plasma discharge system (Kogelschatz, 2003; Wagner et al., 2003).
It has been employed for sterilisation of various bacteria and large surfaces thus offering an
important advantage for large scale industrial applications. The design of DBD plasma
system could be modified depending on the potential application of the plasma system and
for scaling up to large dimensions. They have a large number of industrial applications as the
system operates in strong non-equilibrium state at atmospheric pressure and at reasonable

high power without using sophisticated power supplies (Fridman et al., 2005).

1.5.3 Mechanism of decontamination by ACP

The mechanism of microbial inactivation by cold plasma is a complex process. Atmospheric
cold plasma exposure generates several reactive plasma components such as reactive oxygen
species (ROS), reactive nitrogen species (RNS), ultraviolet (UV) radiations, charged particles
and metastables. Cold plasma can trigger complex biochemical processes resulting in
physical and chemical modifications of biological matter. The exact mechanism underlying
bactericidal inactivation by ACP treatment are target and system dependent, but studies have

demonstrated plasma components like charged particles and generated reactive species
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generally play an important function in the bacterial inactivation process (Timoshkin et al.,
2012). Plasma’s antimicrobial effect is likely due the synergistic action of reactive species
generated by the plasma system.

Depending on the working gas employed, various categories and amounts of chemically
reactive species are produced by ACP (Han et al., 2014; Zhang et al., 2013). Primarily,
Reactive Oxygen Species (ROS) and Reactive Nitrogen Species (RNS) generated by plasma
make a significant contribution to the inactivation of microorganisms. ROS and RNS have a
strong oxidative effect on cell structures. Among the several ROS produced, hydrogen
peroxide (H202), hydroxyl ions (OH*®), ozone (Os) chemical species are considered as potent
antimicrobial agents (Alkawareek et al., 2012). Diffusion of reactive oxygen species through
the cell membrane is known to cause oxidative damage to cytoplasmic membrane, proteins,
lipids and DNA. Studies by Lee et al. (2012) found that DBD plasma with He/O- input gas
resulted in higher inactivation on cheese slices than treated with He alone. The addition of
oxygen helped to produce more oxygen-based radicals (e.g. OH, Oz , Oz etc.) leading to
stronger antimicrobial effects. The OH® radicals initiates lipid peroxidation by subtracting H
radicals from unsaturated carbon bonds of fatty acids which leads formation of
methylenedianiline (MDA) and 4-hydroxynonenal (4-HNE) as end products. MDA and 4-
HNE are used as a marker for lipid peroxidation, where the presence of MDA causes DNA
damage and results in cell injury or death (Joshi et al., 2011). Further studies have
demonstrated that reactive species along with the ionized gases generated from plasma
exposure lead to significantly faster bacterial inactivation (Fridman et al., 2007; Dobrynin et
al., 2009).

Another significant role of plasma treatment is the mechanical disruption of bacterial cell is
by continuous bombardment of the bacterial cell wall with charged particles, electrons and

ions which breaks the bacterial cell structure by damaging the chemical bonds of
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lipopolysaccharides and peptidoglycan of Gram positive and negative bacteria (Gallagher et
al., 2007; Yusupov et al., 2013). The charged particles could accumulate on the surface and
cause electrostatic stress. The etching caused to reaction between the charged particles and
radicals and the organic molecules leads to breakage of the bonds in the cellular structure
causing morphological changes in bacteria (Laroussi et al., 2003). This erosion effect disrupts
the cell wall, forming lesions and opening in the membranes, inducing penetration of reactive
species or other toxic components inside bacterial cell thus leading to a release of
intracellular contents in the surrounding medium (Kelly-Wintenberg et al., 1999). Tian et al.
(2015) estimated the leakage nucleic acid (DNA/RNA) from the cell as the function of
plasma activation time. The production of UV photons of different wavelengths has been
proposed to induce dimer and cross-dimers of thymine bases of DNA. Increases in thymine
dimers, DNA single and double strand DNA was observed following exposure to plasma
treatment (Dobrynin et al., 2009a).

The lethality of ACP depends on various processing variables, including device setup and
system parameters applied (voltage, frequency, flow rate, gas pressure), gas composition and
the target organism (Alkawareek et al., 2012; Dobrynin et al., 2009a). By varying the process
parameters involved in plasma generation, a multitude of mechanisms may act individually or
synergistically.

Further, for an efficient application of ACP treatment a comparison to conventional
decontamination methods and a detailed understanding of the system parameters, target
characteristics, environmental conditions and product associated characteristics and matrices
is required. The reactive species generated by the plasma source can come into contact with
molecules from the surrounding air (homogeneous gas-phase reaction), resulting in the
generation of ROS and RNS (Thirumdas et al., 2015). They can act on the food in two

different ways: they can penetrate the contact surface or can initiate chemistry where plasma
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comes in contact with the solid medium. The ability of the plasma and its reactive species to
penetrate the product depends on several factors that include; product composition, water
content and porosity (Surowsky et al., 2016). The penetration depth is additionally dependent
on the plasma composition, its flow rate and half-lives of reactive species generated. Whilst,
introduction of electric discharge into the liquid surface causes numerous heterogeneous
reactions resulting in a great variety of different species (Fridman et al., 2008), they can
cause major oxidation of the organic constituents (such as proteins, carbohydrates) that are
affected through the reactions of peroxy radicals. The basis of the treatment is the gas-liquid
interface with transfer of the charged species between these two zones (Pivovarov and
Tischenko, 2005). The complexity of the molecule-molecule interaction highlights the
importance of process design, nature of environment and reactive species involved. Not all
plasma systems are the same, thus a clear understanding of critical control parameters for any
process technology is required for optimisation and validation. To achieve efficient
inactivation efficacy, it is critical to understand the system and process parameters on the
bacterial inactivation mechanisms. Therefore, further understanding of the influence of
plasma, process parameters on the mode of action for biological species is needed. By
tailoring the chemistry of the plasma, through appropriate tuning of the process parameters,
the inactivation as well as the effectiveness of the gas discharge on microbes and

biomolecules can be optimised.

1.6 Application of Atmospheric cold plasma

The inactivation capabilities of ACP treatment have initiated new areas of research for this
technology. The described atmospheric cold plasma systems above are very different in
configurations (structure, power supply, working conditions) therefore they have a wide
range of applications. ACPs have the potential to be applied in food processing and

packaging of food products, wastewater cleaning, medical treatment (coagulate blood, induce
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apoptosis in malignant tissues) and surface disinfection/sterilisation of medical equipment as

well as heat sensitive materials.

1.6.1 Surface activation and treatment by ACP

Activation and processing of substrate surfaces is one the oldest and most intensively studied
application of plasma. Applications include: surface functionalisation, cleaning or etching
and sterilisation; deposition of film and post treatment of coated surfaces (B&rdos and
Barankova, 2010).

Traditional surface functionalisation is the introduction of specific groups onto a polymer
surface which helps improve surface wettability, sealing, dye uptake and adhesion without
affecting the physical properties of the polymer substrate. Surface treatment is performed by
removing unwanted materials or contaminants (such as oils, grease, chemical and biological
agents) from the substrate. Plasma treatment induces several physical and chemical processes
within the plasma volume and plasma-polymer interface which modify surface properties.
Using plasma deposition provides a significant reduction of gases permeability, good
adhesion of carriers to the surface of polymer packaging material, transparency and flexibility
(Schneider et al., 2009). The gas plasma reaction has also demonstrated to be efficient
inactivation technology of various bacteria, yeasts and fungi adhered to polymer surfaces of
packaging material (Fitzgerald et al., 2004). From the food industry perspective, current
commercial application of cold plasma are primarily limited to packaging and widely
reported for uses with polypropylene (PP), polyethelene (PE), polyethylene terephthalate

(PET) and polytetrafluroethylene (PTFE) materials (Cheng et al., 2006; Tendero et al., 2006)

1.6.2 Food processing industries
Fresh products are excellent sources of nutrients and ideal source of medium for the growth
of microorganisms. Over the past few years an extensive number of outbreaks have occurred

associated with fresh produce and meat products. ACP is an emerging non-thermal
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pasteurisation method used for the enhancement of food safety (Kim et al., 2011). A number
of studies have indicated that cold plasma technology is a promising antimicrobial technology
for food products and food processing equipment. They have wide range of potential
applications in the food industry including food surfaces like meat, fish, fresh produces, nuts;
particulate foods such as seeds, nuts, and herbs (Kim et al., 2014; Ling et al., 2015; Ziuzina
et al., 2015). The most attractive features of cold plasma treatment is their low temperature
property, high efficiency of microbial inactivation, reduced water usage and lack of chemical
residues which makes it ideal for use in food industry.

Product shelf-life extension is another important global challenge to support food security
and minimise waste. Cold plasma can be successfully applied for microbial destruction on
food products to increase shelf life. Wang et al. (2016) showed in-package plasma treatment
with MAP resulted in significant 4-log reduction of bacterial population and could extend the
shelf life of fresh chicken meat without compromising product quality. A list of recent
applications of cold plasma technology for food applications is shown can be found in Table
1.6. These data demonstrate high variability in the total bacterial inactivation achieved by
plasma treatment which is highly influenced by bacterial strain, physiological state of
microorganism; produce utilised, treatment conditions, plasma source, working gas and gas

flow rate used. This variability complicates the overall comparison of plasma efficacies.
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Table 1.6: Applications of non-thermal plasma for inactivation of microorganisms on food matrices.

Food products Plasma source Working gas Bactericidal reduction References
Mung bean sprouts Atmospheric Air A 30-min plasma-activated water treatment  (Xiang et al.,
pressure plasma jet of mung bean sprouts reduced total aerobic ~ 2019)
bacterial counts by 2.32-log10 CFU/g.
Ham Surface-micro- Ambient air with ~ S. Typhimurium 1.14 log steps and L. Lisetal., 2018
discharge-plasma 45-50 and 90% of monocytogenes 1.02 log steps
humidity
Red chicory Dielectric Barrier Air E. coli 1.35 log MPN/cm?, L. Pasquali et al.,
Discharge monocytogenes 2.2 log CFU/cm? 2016
Pork-butt and beef-loin DBD plasma Nitrogen and L. monocytogenes, E. coli, S. Typhimurium  Jayasena et al.,

Lettuce

Strawberries

Dielectric Barrier

Discharge

Atmospheric

oxygen.

Air

98% Ar and 2%

were reduced by 2.04, 2.54, and 2.68 Log
CFU/g in pork samples and 1.90, 2.57, and
2.58 Log CFU/g in beef samples,
respectively.

Salmonella, L. monocytogenes and E. coli
was reduced by 2.4, 2.3 and 3.3 cfu/sample
by 5 min of treatment

Staphylococcus aureus 2.3 log at day-0

2015

Ziuzina et al.,
2015
Ma et al., 2015
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Fresh cut Lettuce and
Sprout

Strawberries

Pepper powder

Cherry tomatoes

Carrots

Cucumber

Pear

Sliced ready-to-eat
(RTE) meat product

Cheese

pressure plasma jet

Microwave driven

discharge

Dielectric Barrier

Discharge

Microwave-Cold

plasma

Dielectric Barrier
Discharge

Cold plasma jet

DBD Plasma

DBD plasma

02
Air

Air

N2, N2:02
(99.3:0.7), He,
He:02 (99.8:0.2)
Air

Air

Air; sample
sealed in 30%
oxygen and 70%
argon
He and He/ O2

storage, while 3.4 log at day-4 storage.

Up to 6 log and 2.5 log steps for P.
marginalis and P. carotovorum on salad and
sprout respectively

Background microflora was reduced by 2
logs with negligible effects on colour or
firmness

A. flavus 2.5 log reduction

Plasma treatment for 10, 60, and 120 s
resulted in reductions of Salmonella, E. coli,
and L. monocytogenes to undetectable levels
90% of Salmonella population (10° CFU/mI)
from carrot slices and 80% from cucumber
and pears slices

L. innocua ranging from 0.8 £+ 0.4t0 1.6 +

0.5 log cfu/g

E. coli 1.47 log cycles with helium and 1.98

Schnabel et al.,
2015

Misra et al.,
2014a

Kim et al., 2014

Ziuzina et al.,

2014

Wang et al., 2012

Rgd et al., 2012

Lee et al., 2012
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mixture log cycles with He/Oomixture

Milk Atmospheric Air 54% reduction in the population of E. coli Gurol et al., 2012
plasma corona cells
discharge
Chicken muscles and Cold atmospheric 100% He or 3 log reduction of L. innocula Noriega et al.,
skins plasma pen 98%:2% He:0: 2011b
plasma

DBD-Dielectric barrier discharge, APJ-Atmospheric plasma jet, ACP- Atmospheric Cold plasma, APP-Atmospheric pressure plasma,
APC-Atmospheric plasma corona discharge; He- helium, Ar-Argon, O2-Oxygen, N2 Nitrogen
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1.6.3 Food-Wastewater Treatment

Over past few vyears, significant progress has been archived in developing of new
technologies for wastewater treatment based on electro-chemical and plasma-chemical
principles. A potential application of plasma in liquids can be subdivided in three main
groups: electric discharge above the liquid surface, direct liquid discharge and discharge in
bubbles/vapours in liquids (Locke et al., 2005). The introduction of the electric discharge into
the liquid surface causes a number of chemical reactions (Fridman, 2008; Locke et al., 2012).
Major oxidation degradation of the organic matter and biological content governing by
reactions of the peroxy radicals. The basis of the treatment is transfer of the charged species
at the gas-liquid interface (Pivovarov and Tischenko, 2005). The reactive species generated
are utilised for interaction with agents contained in the liquid medium which further promotes
degradation of the organic content present in the liquid. A better understanding of microbial
inactivation mechanism by ACP is needed to define treatments that alone or in combination
with other control agents may assure the safety of wastewater when released into the

environment.

1.6.4 Advantages of ACP

To control persistent strains and emergent resistance among microbial populations across
diverse sectors requires more intensive and effective disinfection strategies. The food
manufacturing industries search for alternative methods and technologies. In recent years,
interest in the application of non-thermal plasma has significantly increased. The remarkable
characteristics of ACP includes a strong thermodynamic non-equilibrium nature, low gas
temperature, presence of reactive and high sensitivity which provides tremendous potential to
utilise ACP sources in wide range of applications. The advantages of ACP treatment can be

summarised as follows:
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1.7

Typical cold atmospheric cold plasma treatments are suitable for rapid generation of
plasma reactive radicals and plasma reactions.

It can be the performed at room temperature, under atmospheric pressure without any
catalyst.

It has potential to inactivate a wide range of microorganisms like bacteria,
bacteriophages, viruses, and fungi.

Demonstrates efficient treatment within short treatment times at low temperature
without significantly affecting the quality of the treated product.

They are cost effective and energy efficient, where smart design of systems based on

water, air and electricity can be functionalised towards antimicrobial effect.

Research Aim and objectives

In order to establish innovative applications of ACP applications in food sector and to

integrate the ACP treatments for increase in value of food produce into existing value-added

chains, detailed knowledge of plasma associated effects is crucial. The overall objective of

this study was to comprehensively investigate the efficacy of atmospheric cold plasma

treatment against microbial species mainly associated with the food industries. The specific

objectives of the study are:

To investigate primary experiment conditions, the effect of ACP systems and
treatment parameters (applied voltage, plasma treatment time, post treatment storage
time, post treatment retention time, and storage conditions) against a range of key
pathogenic and spoilage microorganisms commonly implicated in food environment
were evaluated.

To investigate the optimised ACP treatment parameters against complex microbial

multicellular communities such as biofilms. Chapter 4 focused on: (i) determining
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the effect of atmospheric cold plasma against inactivation of key foodborne
pathogens and spoilage microorganisms as mono or mixed species biofilm in model
media as well as attached on lettuce, (ii) to determine the effect of environmental
stress conditions on biofilm formation on fresh produce and its effects on ACP
antimicrobial efficacy.

To investigate the role of bacterial and environmental stress conditions on the
antimicrobial efficacy of ACP treatment. Chapter 5 focused on understanding the
role of stress responses in Listeria monocytogenes and to investigate the
applicability of ACP as a decontamination technology to control Listeria for fresh
produces. Several knockout mutants associated with stress regulation were evaluated
in this study with respect to their stress responses, plasma inactivation, RONS
intensity and gene expression post plasma treatment.

To determine the efficacy of cold plasma functionalised water for decontamination
processes in food industry, Chapter 6 focused on the antimicrobial efficacy of cold
plasma functionalised water for decontamination of fresh produces and the
wastewater generated fresh produce washing.

Food processing industries are associated with large discharge of wastewaters and
by-products that potential have impact on natural environment and health, therefore
Chapter 7 examines: The effectiveness of ACP in removing key pathogenic
microorganisms from model dairy and meat wastewaters along with the

environmental safety impact of ACP treated effluent on eco-toxicity markers.
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Chapter 2 Methods and Materials

2.1 Microbial strains and growth conditions

The list of microbial strains and treatment media used in this study are listed in the Table 2.1.
Microorganisms were stored at -80 °C in the form of the protective beads (Pro-
Lab Microbank®, Wirral, UK). The working cultures of E. coli, S. enterica, L.
monocytogenes were cultured on Tryptic soy agar (TSA, Biokar Diagnostics, Allonne,
France) at 37 °C, while B. thermosphacta was cultivated on TSA supplemented with 0.01M
CaCl; at 26 °C, C. perfringens on Reinforced clostridial agar (RCA) anaerobically at 37°C
using Anaerocult® A GasPak (Merck, Darmstadt, Germany), E. faecalis on Brain heart
infusion agar (BHIA, Biokar Diagnostics, Allonne, France) and P. fluorescens, E. carotovora
& B. megaterium were cultured on TSA and incubated at 30 °C. After 24 h of incubation all
the plates were stored at 4 °C.

Table 2.1: Bacterial strains used in this study

Microorganisms Growth media Acquired from

Escherichia coli NCTC 12900 TSB (+G) National Collection of Type

(non-toxigenic O157:H7) Cultures, Health Protection
Agency, London, UK

Enterococcus faecalis ATCC BHIB Microbiological stock culture,

29212 DIT

Clostridium perfringens ATCC Thioglycollate broth  Microbiologics, Ireland
13124

Bacillus megaterium LZB026 TSB (+G) Microbiological stock culture,
DIT

Listeria monocytogenes NCTC TSB (+G) Microbiological stock culture,

11994 DIT

L. monocytogenes EGD-e BHIB Dr Conor O’Byrne, Bacterial

Serotype 1/2a (Parent strain) Stress response group,
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AsigB Department of Microbiology,

Agad D1 NUI Galway.

Agad D2

Agad D3

Agad D2D3

AprfA

ArsbR

Almo0799

Almo0799-C56A

Listeria innocua NCTC 11288 TSB (+G) Microbiological stock culture,
DIT

Salmonella enterica Typhimurium  TSB (+G) Microbiological stock culture,

ATCC 14028 DIT

Brochothrix thermosphacta ATCC TSB (+G) Microbiologics, Ireland

11509

Pseudomonas fluorescens LZB065 TSB (+G) Microbiological stock culture,
DIT

Erwinia TSB (+G) Leibniz Institute DSMZ,

carotovorum subsp. carotovorum Germany

TSB: Tryptic Soya broth (Scharlau Chemie, Barcelona, Spain), (+G): with Glucose present
To investigate microbial stress mechanism post ACP exposure, eight mutants with knockout
genes associated with stress regulation were selected to investigate their role against ACP and
gene expression level after plasma treatment Table 2.2.

Table 2.2: List of knockout mutants and their characteristics

Microorganism Description Reference

Listeria monocytogenes strains

EGD-e (wild type) Serotype 1/2a

EGD-e AsigB Plays an important role under multiple stress Utratna et al.,
conditions (heat, high osmolarity, high ethanol 2011
concentrations, high and low pH, and oxidising
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agents)

EGD-e Agad D1
EGD-e Agad D2
EGD-e Agad D3
EGD-e Agad D2+

Encodes a glutamate decarboxylase important
for acid tolerance and play significant role in

overall virulence of L. monocytogenes

Feehily et al.,
2014

Agad D3

EGD-e AprfA Listeriolysin-positive regulatory factor A Guldimann et al.,
Virulence Regulator factor, influence 2017
expression of several virulence factors such as
biofilm formation

EGD-e ArsbR Stress regulator (positive regulator for sigma B Donaldson et al.,
activity) 2009

Almo0799 Sulphate Transporter and Anti-Sigma factor O’Donoghue et

Almo0799-C56A

antagonist domain of the 'stressosome’ complex
proteins RsbS and RsbR, regulators of the
bacterial stress activated alternative sigma
factor sigma-B by phosphorylation;

AImo0799 C56A: Cys is replaced by Ala

al., 2016

2.2 Cell culture

Cell lines were kindly obtained from the culture stocks of Dr Michelle Giltrap, FOCAS

research Institute, Technological University Dublin (Dublin, Ireland). The following

established fish cell lines were used: RTG-2 cells (Catalog No. 90102529) derived from

rainbow trout gonad and PLHC-1 (CRL-2406) derived from a hepatocellular carcinoma in the

topminnow. Both the cells were cultured and maintained in Dulbecco’s modified medium

nutrient mixture/F-12 Ham (DMEM) supplemented with 10% (RTG-2) or 5% (PLHC-1) fetal

bovine serum (FBS) and 45 1U ml-1 penicillin, 45 mg/ml streptomycin, 25 mM HEPES and

1% non-essential amino acids. Cultures were maintained in a refrigerated incubator at 20 °C

(RTG-2) or 30 °C (PLHC-1) under normoxic atmosphere.
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2.3 Liquid media under investigation

Several liquid media were used for the bacterial inactivation studies. Preliminary studies were
carried out in simple phosphate buffer solution (PBS, Oxoid LTD, UK) while meat studies
were carried out in meat model media, fresh produce studies in lettuce broth and wastewater

studies in model dairy effluent and meat effluent.

2.3.1 Preparation of model meat media and inoculum

Model meat broth consisted of 12% beef extract (BE, Scharlau Chemie, Barcelona, Spain) in
distilled water and was sterilised by autoclaving at 121 °C for 15 min to prevent any
background bacteria contamination.

Overnight culture of B. thermosphacta was prepared by inoculating in 12% beef extract broth
(BE, Scharlau Chemie, Barcelona, Spain) at 26 °C for 18 h. Cells were then centrifuged at
10,000 rpm for 10 min and the cell pellet was washed and re-suspended in 10 ml of PBS. The
final bacterial cell density was adjusted to 10"® CFU/ml in PBS using McFarland reagent

(BioMerieux, Marcyl'Etoile, France), 3% or 12% BE.

2.3.2 Preparation of lettuce broth (LB) media and inoculum

LB was prepared according to procedures described previously by Jahid et al. (2015) with
some modifications. Briefly, small section of iceberg lettuce was added into a sterile
stomacher bag (BA6040, Seward LTD, UK) and was stomached for 3 min. The extracted
juice was centrifuged (10,000 rpm for 10 min at 4 °C) twice to remove coarse particles. The
supernatant obtained was membrane filter sterilised (0.2 um, pore size, Millipore, Ireland)
and was diluted to 12% using sterile distilled water. All broths were freshly prepared before

each experiment and stored at 4 °C until use.
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2.3.3 Preparation of L. monocytogenes EGD-e and its knockout mutant cell suspensions
and inoculum

The wild and mutant cells were grown in sterile brain heart infusion broth (BHIB) for 16-18 h
at 37 °C. The overnight cultures were washed thrice with PBS by centrifugation at 10,000 x g
for 5 min and adjusted to 0.5 McFarland standards (BioMerieux, Marcyl'Etoile, France).
Finally, cell suspensions with concentration of 108 CFU/ml were prepared in PBS

(planktonic) or BHIB (biofilm).

2.3.4 Preparation of model wastewater effluents and inoculum
2.3.4.1 Preparation of model effluent

Model dairy effluent (DE) was prepared as reported by Daverey and Pakshirajan (2011)
which contained 2 g/L semi-skimmed milk powder (TESCO, Dublin, Ireland), 0.2% (w/v)
milk fat (East end Foods, UK), 0.01% (w/v) sodium hydroxide (Sigma-Aldrich, Arklow,
Ireland) and sterile distilled water adjusted the final effluent pH to 6.0. The milk powder was
composed of 35% proteins, 50.3% carbohydrates, 0.6% fat, 1.05% calcium, 0.8%
phosphorus, 0.095% magnesium. The organic content in dairy effluent varies with the
manufactured product; therefore, the relative impact of organic milk fat content on bacterial
inactivation efficiency was examined. The milk fat content as an experimental variable
ranged between 0.2 g/L to 4 g/L.

Model meat effluent was prepared using the procedure of Barrera et al., (2012) with a few
modifications. The synthetic meat effluent consisted of commercial meat extract powder
(Scharlau Chemie, Barcelona, Spain) 1950 mg/L, glycerol (CsHgOs) (Sigma-Aldrich,
Arklow, Ireland) 200 mg/L, ammonium chloride (NH4ClI) (Sigma-Aldrich, Arklow, Ireland)
360 mg/L, sodium chloride (NaCl) 50 mg/L in sterile distilled water. The effluents were

prepared as required and the concentration was maintained throughout the study.
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2.3.4.2 Inoculum preparation
Bacterial strains of Escherichia coli NCTC 12900 (non-toxigenic O157:H7), Clostridium
perfringens ATCC 13124 and Enterococcus faecalis ATCC 29212 were used as the principle
indicators in this study. A subculture of each strain was prepared by inoculating in their
respective broth as mentioned in the Table 2.1 and incubating it at 30-37 °C for 24 h. The
cells were harvested by centrifugation at 13,000 rpm for 4 min. The supernatant was washed
twice with sterile PBS. The cell pellet obtained was re-suspended in PBS. The bacterial
density was determined using a 600 nm spectrophotometer and confirmed by plate count. The
final bacterial concentration was adjusted to 105 CFU/ml in the model effluents.

2.3.4.3 Preparation of mixed bacterial culture in effluents
A cocktail of microorganisms was used to represent the probability of a variable microbial
load in dairy and meat wastewaters. Three different bacteria were used including: (1) E. coli,
(2) E. faecalis, and (3) C. perfringens. The overnight cultures were purified and washed with
PBS as described previously. Equal volumes of each bacterial cultures were mixed together
(1:1:1) to obtain final concentration of approx. 10° CFU/ml and were added to the model
effluent.

2.3.4.4 Preparation and analysis of B. megaterium spores
Spores of B. megaterium were cultivated as per the method described by Garvey et al. (2013)
with modifications. Spores were prepared by growing the bacterial strain on TSA
supplemented with 3 mg/L of manganese sulphate for 8 days at 30 °C. Spores were collected
by flooding the plate with 10 ml of PBS and rubbing the surface gently with a sterile
spreader. After harvesting, the cells were washed twice with PBS by centrifugation at 10,000
rpm for 10 min at 4 °C. The samples were then heated at 85 °C for 25 min to inactivate any
vegetative cells and immediately cooling it in ice water bath. After heating, spores were

washed twice by centrifugation (10,000 rpm for 10 min at 4 °C) in sterile PBS. The purity of
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the sample was determined using malachite green spore staining method and phase contrast
spectroscopy (Rowan et al., 2001). The purity of the final sample was calculated from the
bacterial spore suspension and performed by drawing 20 pl of sample on clean glass slide and
stained by malachite green and observed under phase contrast microscope. The concentration
of the spore suspension was determined by plating onto TSA agar plates and incubating

aerobically at 30 °C for 24 h. The spore suspension prepared was stored at 4 °C until use.

2.4 Bacterial Biofilm formation on abiotic surfaces

2.4.1 Inoculum preparation

In order to study the effect of ACP treatment on bacterial biofilm, bacterial biofilm of E. coli,
S. enterica, L. monocytogenes, P. fluorescens, E. carotovora were formed in model fresh
produce media (3% and 12% lettuce broth). While biofilm forming capacity of meat spoilage
bacteria B. thermosphacta was carried out in meat model media (12% BE). Overnight culture
of bacterial suspension was prepared by inoculating in their respective media (Table 2.1). The
bacterial suspension was prepared by washing the overnight bacterial cells thrice with sterile
PBS at 10,000 rpm for 10 min. The pellet obtained was re-suspended in 3% and 12% LB or
12% BE. The final bacterial concentration was adjusted to 107 CFU/ml using McFarland

standard (BioMérieux, Marcy-I'Etoile, France) which was confirmed by plate count method.

2.4.2 Monoculture Biofilm formation

A 96 well microtitre plate method was used for biofilm formation was described in Ziuzina et
al. (2015). The prepared bacterial cultured suspension (200 ul) was dispensed into the 96
well microtiter plate and incubated statically for 24 h to 48 h at 30 °C (B. thermosphacta, P.
fluorescens) or 37 °C (E. coli, S. enterica, L. monocytogenes, E. carotovora). The supernatant
(with non-adherent cells) from each well was replaced with fresh broth after 24 h incubation.

Sterile LB and model meat media without inoculum were used as a negative control.
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2.4.3 Mixed culture biofilm formation

For multispecies biofilm formation, combination of P. fluorescens, L. monocytogenes, S.
enterica, E. coli bacteria were selected so as to investigate individual contribution and
biofilm forming capacity of each bacteria under mixed bacterial conditions. These bacteria
are important strong biofilm formers in fresh and minimally processed produce. The
individual inoculum was described in section 2.4.1 and mixed in equal volume (1:1:1:1 or 1:1
ratio) adjusting the bacterial concentration to 7.0 Logio CFU/ml in 12% lettuce broth.
Bacterial biofilms were produced similarly to mono-species biofilm by adding 200 pl of
prepared dual/mixed bacterial suspension (P. fluorescens + L. monocytogenes, P. fluorescens
+ E. coli, P. fluorescens + L. monocytogenes + S. enterica + E. coli) into wells of microtiter

plate and incubated at 30°C for 24-48 h to form biofilms under static condition.

At the end of incubation, the supernatant was carefully aspirated and rinsed thrice with PBS
to remove non-adherent cells. Prior to each experiment the biofilm grown on the microtiter
plate was air dried for 60 min. The biofilm growth and density were monitored in a 96 well
microtiter plate using Crystal violet (CV) assay. The antibacterial effect of applied ACP

treatment on bacterial biofilm was quantification by plate count (PC) and XTT assay.

2.5 Preparation of meat samples

Samples of lamb chops were purchased from a local retailer, Dublin, Ireland. Under aseptic
conditions, approximately 25 g of lamp chop was spot inoculated with 1 ml of prepared B.
thermosphacta bacterial suspension (10”® CFU/mI) and allowed to dry for 1 h in a laminar
flow safety cabinet to facilitate surface attachment of the bacteria. Samples were placed
inside a plastic tray (196 x 154 mm and 45 mm depth), flushed with 30% CO> + 70% O- gas

mixture at a controlled flow rate of 0.5 L/min for 1 min using the vacuum packaging machine
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(Lavezzini VG600, Kent, UK) and sealed prior to treatment. The meat samples were stored at
4 °C before and after plasma treatment.

For the microbiological analysis, inoculated untreated samples were prepared to determine
initial sessile bacterial challenge following attachment; Inoculated treated samples to access
efficacy of the ACP treatment, un-inoculated untreated samples to estimate the initial micro-
flora and uninoculated treated samples to analyse effect of ACP treatment on the background

micro-flora respectively.

2.6 Preparation of produce

Lettuce (Irish iceberg) was purchased on the day of the experiment from the local
supermarket and stored at 4 °C until use. The outer leaves were separated and inner leaves
were used for the experiment. Lettuce pieces were cut (5 x 5 cm) aseptically and rinsed with
sterile distilled water to clean and remove unattached bacteria. Washed lettuce samples were
dried in bio-safety cabinet for 20 min.

For lettuce inoculation, 100 ul of prepared bacterial suspension was spot inoculated and dried
in bio-safety cabinet with air flow for 2 h. Following air drying, the samples were transferred
to sterile petri-dish and stored for 0 or 24 h at 4 °C.

For biofilm formation studies on lettuce, the lettuce inoculation procedure was carried out by
Kroupitski et al. (2009) method with minor modification. The cut lettuce pieces were
submerged in a beaker containing 300 ml of bacterial suspension (adjusted to 10”% CFU/ml)
of L. monocytogenes and P. fluorescens (mixed in equal ratio 1:1) for 2 h in laminar biosafety
cabinet. Following incubation, the samples were washed with sterile distilled water in
separate beaker in order to remove any unattached bacteria. The lettuce pieces were drained
of excess water and were allowed to dry on sterile aluminium foil for 15 min each side in
laminar air flow. Following air drying, the samples were transferred to sterile petri-dish and

stored for 24-48 h at either 4 °C or 15 °C.
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2.7 Stress studies

2.7.1 Stress responses in L. monocytogenes and P. fluorescens

For stress exposure experiments, washed bacterial cells of L. monocytogenes and P.
fluorescens were suspended in either lettuce broth acidified to pH 4 using 33% acetic acid
(Sigma-Aldrich Co., Arklow, Ireland) then incubated for 1 h at 37 °C or in lettuce broth and
stored in 4 °C for 1 h. The bacterial cells inoculated into plain lettuce broth incubated 37 °C

for 1 h served as negative non-stress control.

2.7.2 Mild acid stress and cold stress of L. monocytogenes mutants

To obtain mild stress-habituated cells, two stress conditions were imposed i.e. acid and cold
stress. The cells were prepared by suspending the washed wild and mutant cells in either in
PBS and stored in 4 °C for 1 h or acidified PBS (pH 4.0 using acetic acid) and then incubated
for 1 h at 37 °C. The non-stress cells in PBS at 37 °C served as negative control. Cells
prepared under this range of conditions were dispensed in 96 wells and were then treated with

ACP.

2.8 Experimental design

2.8.1 ACP-DBD plasma system

The plasma treatment was performed using dielectric barrier discharge (DBD) ACP system
which is an in-house set up at Technological University Dublin. The schematic plan of the
DBD system is represented in the Figure 2.1. DBD-ACP consists of high voltage set-up
transformer (Phenix Technologies, Inc., USA) with maximum voltage output of 120 kV at
50Hz. The system consists of two aluminium disk electrodes (outer diameter = 158 mm) with
a dielectric material (1 mm thick boards) in between them to prevent the transition into arc
regime (Misra et al., 2014b). The two electrodes were separated by polypropylene container

(310 x 230 x 40 mm) which also acts as dielectric barrier. The distance between the
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electrodes was 30 mm, which was equal to the height of the polypropylene container and
dielectric boards used for the plasma treatment. The distance between the two electrodes was
maintained constant for all experiments. The system was operated at variable voltage range of
60-80 kVrwms at atmospheric pressure using atmospheric air as working gas. Voltage and input
current characteristics of the system were monitored using an InfiniVision 2000 X-Series
Oscilloscope (Agilent Technologies Inc., USA). After samples were loaded, each container
was sealed in a high barrier polypropylene bag (Cryovac, B2630, USA) so to trap the reactive

species generated by ACP treatment inside the container.
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Figure 2.1: Schematic of the experimental setup of the DBD-120 ACP plasma system

For direct plasma treatment, the sample container was placed directly between the two
electrodes i.e. within the range of plasma discharge. The distance between the top electrode
and the sample for direct treatment was approximately 10 mm. While in case of indirect
plasma treatment, the sample was placed at the corner of the container; so as to achieve
treatment outside the plasma discharge. The distance between the samples and the centre of
the electrodes varied from 120-160 mm owing to sample distribution on the plate. Each
container was sealed with a high barrier polypropylene bag (B2630; Cryovac Sealed Air Ltd.,

Dunkan, SC, USA) and placed between the aluminium electrodes.
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For post treatment storage studies, ACP treated samples were kept sealed and stored for 0, 1
or 24 h at room temperature or at refrigeration temperature for food related studies including
lettuce broth, beef broth, lettuce and meat samples. While, ACP treated wastewater samples

were retained by unsealing the package and storing for 0-10 min before analysis.

2.8.2 ACP-DBD submerged plasma system

Figure 2.2 (a) shows the schematics of atmospheric cold plasma (ACP) treatment system
used in this study. The ACP treatment system is based on a submerged dielectric barrier
discharge (DBD) plasma source, which is developed and built in Technological University og
Dublin (Submerged DBD plasma system). The system design and set up as well as
diagnostics described below were carried out by Dr. Peng Lu, TU Dublin. The submerged
DBD plasma source which employs a conventionally coaxial electrode configuration is
submerged into the liquid. The high voltage electrode is sealed in a quartz tube, and ground
electrode is inserted into the liquid. The gap between the two coaxial quartz tubes was 2 mm
as shown in Figure 2.2 (b) of the geometry of coaxial DBD tube. The liquid serves as both an
additional dielectric barrier layer and the coolant for the discharge. Therefore, the plasma
column length is determined by the depth of the liquid in the beaker. In this study, the liquid
is contained in a cylindrical beaker made of borosilicate glass (internal diameter of 100 mm
and height 135 mm) with total volume of 800 ml. Air is used as the plasma working gas and
its flow rate is controlled by a mass flow controller (KOFLOC DF300C). The post-discharge
afterglow plasma effluent is bubbled into the liquid through four gas diffusers which are
attached at the end of the tube. The gas diffusor generates microbubbles for production of
agitation and distribution of plasma effluent in the washing beaker. The plasma discharge is
driven by a high voltage (HV) AC power supply (PVM500, Information unlimited). Applied
voltage and discharge current were monitored by a HV probe (Tektronix P6015A) and a

wideband current transformer (Stangenes Industries CT 0.5W), respectively. Lissajous Q-V
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figures were used to calculate the DBD plasma power. The measurement capacitance is 4.7
nF. Figure 2.3 (a) shows the waveforms of applied voltage, plasma current and voltage
across the measurement capacitor, the frequency of applied voltage is 25.8 kHz. Figure 2.3
(b) shows a Lissajous Q-V figure of the single discharge period, from which it is calculated

that the average DBD power is about 7.45 W.
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Figure 2.2: The experimental setup for treatment of lettuce and wash-water using
Submerged DBD-ACP system: (a) system setup, (b) geometry of submerged DBD
plasma source and (c) photograph of plasma generated in submerged DBD plasma

Ssource.
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2.8.3 Plasma treatment of Liquids
2.8.3.1 ACP treatment of PBS and meat model media

Bacterial suspensions (100 ul) in PBS and 3 % BE were prepared in 96 well microtiter plates,
placed at the centre of the polypropylene plastic container. The bacterial samples were then
treated with plasma placed directly between the electrodes of the system. A variable voltage
range of 60-80 kVrwms and treatment times from 15-300 s were used. The effect of post
storage period and storage temperature was evaluated; samples were stored for 1 h or 24 h at
room temperature (PBS) or 4°C (BE) post plasma treatment. Experiments were performed in
duplicate and replicated twice. The bacterial suspension without any plasma treatment was
kept as a negative control and stored under similar conditions. Depending on the availability

of the DBD-ACP system, bacterial strains were prepared and treated on different days.
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2.8.3.2 ACP treatment of lettuce broth
For planktonic cell studies and stress studies, 100 pl of bacterial suspension prepared in PBS
or lettuce broth was suspended in 96 well microtiter plates, placed at the centre of the
polypropylene plastic container. Bacterial cells suspended in lettuce broth were exposed to
direct plasma treatment at 80 kV for 60-120 s with a post treatment storage time of 24 h at

4°C.

2.8.4 Plasma treatment of biofilms on abiotic surface

In order to study the effect of ACP on the bacterial biofilm, 48 h biofilm (mono & mixed
biofilm) grown on microtiter plate was subjected to direct ACP treatment at 80 kV for 60 s,
120 s and 300 s. After treatment the treated samples were subjected to post treatment storage

for24 hat4 °C.

2.8.5 Plasma Treatment of meat

The packed lamb samples were treated at 80 kV of voltage for 1 min. The lamb samples were
stored at 4 °C for predetermined interval days: 0, 1, 4, 7, 10, and 13 (to evaluate potential of
shelf life extension). All experiments were carried out in duplicates and replicates to ensure

reproducibility of the experimental data.

2.8.6 Plasma Treatment of lettuce sample

For bacterial biofilm on lettuce, the inoculated lettuce samples kept in sterile petri dish
enclosed in a sealed polypropylene container and exposed to indirect in-package treatment
using ACP-DBD120 system for 2 min and 5 min. All samples were treated at 80 kV with a
post treatment storage time of 24 h at 4 °C. Experiments were performed in duplicate and
replicated twice. Inoculated lettuce samples without any plasma treatment was kept as a

negative control and stored under similar conditions as treated samples.
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Inoculated lettuce samples were immersed in the plasma reactor (ACP-DBD submerged
plasma system) containing 700 ml of sterile distilled water and stirred at speed approximately
450 rpm using Magnetic Stirrer (IKA C-MAG HS 7). The ratio of vegetable sample to wash
water was 15 g to 700 ml of wash water (~1:50). Plasma treatment was operated at voltage of
20 kV for treatment period of 0-10 min. The temperature was continuously monitored, and it

did not exceed more than 30 °C.

2.8.7 Independent Antimicrobial effect of pH

ACP treatment is known to cause a reduction in pH from neutral to acidic therefore to
determine whether acid production was responsible for the strong antimicrobial activity,
lettuce inoculated with L. innocua was exposed to different acidic conditions (pH 3-5) for
exposure times equivalent to those of the plasma treated water. The working solution was
prepared by adding 1N hydrochloric acid (HCI) to sterile deionised water and adjusting the
pH to 3, 4 and 5. The prepared acid solutions were then exposed to same ratio of vegetable to
water (~1:50) of 1078 CFU/mI L. innocua and held for 0-10 minutes. Colony count assay was

performed for quantification of surviving bacteria as described previously.

2.8.8 Chlorine treatment

Sodium hypochlorite solution and its derivatives are commonly used for sanitizing fresh
produce (Warriner et al., 2009) and in fact, chlorine is a very potent disinfectant with
powerful oxidizing properties (Suslow, 1997). High concentration of sanitisers (100-300
mg/L) are commonly applied in food industry (Beuchat, 1998; Martinez-Hernandez et al.,
2015). Chlorinated water was prepared by adding sodium hypochlorite (NaOCI) solution
containing 6-14% active chlorine (EMPLURA® Sigma-Aldrich, Arklow, Ireland) to sterile
distilled water to obtain concentrations of 100 mg/L free chlorine. The pH of the washing
solutions was adjusted to 7.1-7.3 using 1M hydrochloric acid. The treatment procedures and

sample analysis were same as described for ACP treatment.
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2.8.9 ACP treatment of wastewater effluents

The plasma treatment of the wastewater samples was carried out in a petri-dish placed inside
a polypropylene box. The polypropylene boxes were packed in high barrier polypropylene
bags. Aliquots (10 ml) of wastewater samples were subjected to different doses of direct
plasma treatment. System and process parameters included voltage level (60-80 kV),
treatment time (0-30 min), retention time (0-10 min) and organic fat content (0.2-4 g/L). All
experiments were carried out using atmospheric air as the working gas. ACP treated
wastewater samples were retained by unsealing the package and storing for 0-10 min before

analysis.

2.9 Post treatment analysis

2.9.1 Determination of reactive species concentration after ACP treatment

Reactive oxygen species (ROS) measurements

Hydrogen peroxide concentrations in plasma treated liquids were determined using oxidation
of potassium iodide to iodine and spectrophotometric measurement. A standard curve of
known hydrogen peroxide concentrations (0, 2 x 10%, 3 x 10%, 5 x 10%%, 1 x 103%, 2
x 1073%, 3 x 1073%, and 5 x 103% (1% = 0.3263M) was included on each plate and used to
convert absorbance into peroxide concentrations. Briefly, 50 pl of plasma treated
liquid/standard curve samples, 50ul of phosphate buffer (10 mM) and 100 ul of potassium
iodide (KI; 1M) was added to 96 well microtiter plate. After 20 min incubation at room
temperature absorbance was measured at 405 nm (Boehm et al., 2017).

Intracellular reactive oxygen species (ROS) measurements

Measurement of reactive oxygen species (ROS) generated in the ACP treated bacterial
suspension was performed utilising the 2', 7'-dichlorodihydrofluorescein diacetate (DCFH-
DA) assay. DCFH-DA is a non-fluorescent cellular probe which turns highly fluorescent 2,

7'-dichlorodihydrofluorescein (DAF) upon oxidation by ROS and other peroxides which
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directly correlates to ROS concentration (Gomes et al., 2005). After ACP treatment and
storage, L. monocytogenes EGD-e and knockout mutants were incubated with DCFH-DA
(Sigma-Aldrich, Arklow, Ireland) at the final concentration of 5 uM in PBS for 15 min at 37
°C under dark conditions. After incubation, aliquots of each sample was transferred to 96-
well plates and the fluorescence was measured on Synergy™ HT Multi-Mode Microplate
Reader (BioTek Instruments Inc., Winooski, USA) at excitation and emission wavelengths of
485 and 525 nm. Untreated control of each sample was used to determine the original
intracellular ROS before ACP treatment. The data generated represent the ROS
concentrations generated after ACP treatment expressed as arbitrary fluorescence units
(AFU).

Reactive nitrogen species (RNS) measurements

Nitrite (NO2) concentrations were determined using Griess reagent (Sigma-Aldrich, Arklow,
Ireland). A total of 50 pl of Griess reagent was added to 50 pl of plasma treated liquid. After
30 min of incubation, absorbance was read at 548 nm and compared to a sodium nitrite
standard curve. A range of known concentration of sodium nitrite (0, 40, 50, 60, 80, 100, 200,
300 uM) was used to prepare NO: calibration curve and to convert absorbance into NO>
concentrations.

Nitrate (NOs) concentrations were assessed by 2,6-dimethyl phenol (DMP) using the
Spectroquant® nitrate assay kit (Merck Chemicals, Darmstadt, Germany) using the
manufacturer’s instructions with minor modification. Samples were pre-treated with sulfamic
acid to eliminate nitrite interference. Set of standard concentrations of sodium nitrate (0, 0.1,
0.2,05, 1, 2,4, and 5 mM) was prepared to make a NOs3 standard curve. Briefly, 200 ul of
reagent A, 25 ul of treated sample and 25 pl reagent B was added into a microtube and
incubated for 20 min. After incubation period, 100 ul of the total mixture was added to fresh

96 well plate microtiter plate and absorbance was read at 340 nm.
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Ozone measurements

Dissolved ozone concentration in plasma treated water was measured by the indigo method
as described in Bader and Hoigne (1981). Ozone concentration was measured
spectrophotometrically by the decolourisation of indigo trisulfonate. Samples of 1 ml each
were withdrawn at 0, 20, 40, 60, 80 and 120 s into cuvette and absorbance was measured at
600 nm using UV-Vis spectrophotometer (Shimadzu UV 1800, Shimadzu Scientific
Instruments).

Ozone and carbon monoxide concentrations inside the sealed packages containing the lamb
sample were measured using Gastec ozone and carbon monoxide detection tubes (Gastec
Corporation, Japan). The reagent inside the tube shows colour change upon contact with the
specified gas and is calibrated for specific sampling volumes. Each measurement was taken

immediately after plasma treatment, after 1 h and 24 h of post-treatment storage.

2.9.2 ACP treated liquids

Plasma treated samples (PBS or 3 % BE or LB) were serially diluted in Maximum recovery
diluent (MRD, Scharlau Chemie, Barcelona, Spain) and aliquots (1 ml and 0.1 ml) of
appropriate dilutions were surface plated on TSA except TSA+0.01M CaCl, for B.
thermosphacta. The plates were incubated aerobically for 24 h. To detect further possible
increase in the formation of visible colonies, the plates were further incubated for 24 h.

Results were represented in the form of Logio CFU/m.

2.9.3 Bacterial biofilm on abiotic surface

Biofilm formation capacity for both mono and mixed bacterial biofilm was quantified using
the crystal violet assay while the antibacterial effect of applied ACP treatment on bacterial
biofilm was quantification by plate count (PC) and XTT (2,3-bis (2-methoxy-4-nitro-5-
sulfophenyl) [phenyl-amino)car-bonyl]-2H-tetrazolium hydroxide, Sigma Aldrich, Ireland)

assay.
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2.9.3.1 Crystal violet (CV) assay
Crystal violet assay was performed as described in Stepanovi¢ et al. (2000) with minor
modifications. After biofilm formation, the wells were rinsed and dried as described in
section 2.4. The adherent biofilms were fixed with 200 ul methanol (99%) for 15 min, after
which the supernatant was removed and allowed to air dry. The biofilms were then stained
with 0.1% crystal violet stain for 20 min. Excess stain was removed by washing the wells
with 200 ul of deionised water until entire water was clear. The plate was dried by gently
tapping the plate on dry tissues. The dye bound cells were was re-solubilised with 200 pl of
33% (v/v) glacial acetic acid and the optical density (OD) of each well was measured at 590
nm using microtiter plate reader (Synergy HT, Biotek Instruments Inc.). Each biofilm well
absorbance value was corrected by subtracting the means of absorbance of a blank
(uninoculated) broth (negative control). The classification system of Stepanovic et al. (2000)

was used to compare the biofilm development under different conditions.

2.9.3.2 Plate count assay
Following the ACP treatment and post storage period, the bacterial biofilm in 96 well plate
was re-suspended in 200 pl of sterile PBS. In order to disrupt the adhered biofilm, the plate
was sonicated (Bransonic 5510E-MT, Danbury, USA) for 5-7 min. The obtained cell
suspension was pooled in sterile microtubes and vortexed thoroughly to ensure separation of
aggregated and clumped cells. The cell suspensions obtained from monoculture biofilms
were serially diluted in sterile MRD and plated on TSA except B. thermosphacta which was
plated on TSA + 0.01M CaCl,. The B. thermosphacta plates were incubated at 26 °C, E.
carotovora and P. fluorescens at 30 °C, S. enterica, E. coli and L. monocytogenes at 37 °C for
24-48 h. The survival bacterial population obtained were represented in Logio CFU/ml. The
plates with no growth were further incubated until 72 h and checked for the presence of

colonies every 24 h.
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To evaluate the individual contribution of bacterial species in mixed culture biofilms, the
bacterial biofilm suspensions were diluted ten folds in MRD and plated on appropriate
selective media plates: Sorbitol MacConkey agar (SMAC, Scharlau Chemie, Barcelona,
Spain) supplemented with Cefixime-Tellurite (CT, Oxoid Ltd, England, UK) for E. coli,
Polymyxinacriflavine- LiCl-ceftazidime-aesculin-mannitol PALCAM (Scharlau Chemie,
Barcelona, Spain) supplemented with PALCAM Listeria Selective Supplement (Oxoid Ltd,
England) for L. monocytogenes, Xylose Lysine Deoxycholate agar (XLD, Scharlau Chemie,
Barcelona, Spain) for S. enterica, and Pseudomonas Agar Base (PAB, Oxoid, England, UK)
supplemented with Cetrimide Fucidin Cephalosporin (CFC, Oxoid Ltd, England, UK) for P.
fluorescens. Plates were incubated at appropriate incubation temperature as mentioned above

for 24-48 h.

2.9.3.3 XTT Assay
The effect of the ACP treatment on biofilm metabolic activity was determined using the XTT
assay after each ACP treatment and 24 h post treatment storage to evaluate post treatment
population viability. Prior to each experiment, fresh XTT stock solution was prepared as
described in Peeters et al. (2008). To each well, 100 pl of PBS and 100 pl XTT solution was
added and incubated in the dark for 5h at 37°C. After incubation, the supernatant from each
well (100 pl) was transferred into new microtiter plate and absorbance was recorded at 486
nm using the microtiter plate reader. The percentage of surviving bacterial population was
calculated as:
(Aacr- Ac)l Ag) X 100%

Comparing the absorbance of treated samples (Aacp) with absorbance of the negative control

(Ac; sterile broth without inocula) and untreated control biofilms (Ao), respectively.

75



2.9.4 ACP treated meat sample

To quantify the effects on lamb, approximately 10 g of the lamb was sampled using a sterile
forceps and a scalpel, transferred to a stomacher bag (BA6041, Seward LTD, West Sussex,
UK) with the addition of 10 ml of sterile MRD and stomached for 2 min. Subsequent
dilutions were made in MRD and were surface plated on selective media STAA agar
(streptomycin-sulphate, thallous-acetate and actidione, Oxoid CM881, England, UK) with
STA selective supplement (Oxoid SR0151, England, UK). All the plates were incubated
aerobically at 26 “C for 24-48 h and the result were reported as Logio CFU/mI. Surviving
background microflora (aerobic mesophilic bacteria) isolated from raw lamb was evaluated
using non-selective TSA media incubated aerobically at 26 °C for 24-48 h. Replicate samples
were obtained from each tray to ensure reproducibility of the experimental data and all
experiments were performed in duplicate. Results are reported as Logio CFU/g with error

bars representing standard deviation.

2.9.5 Wastewater effluent analysis

For microbial enumeration, the samples were taken before and after plasma treatment
respectively. Control and treated samples were pooled together in sterile eppendorf tubes
after their respective post treatment storage time and were serially diluted in MRD.
Subsequent dilutions were surface plated on appropriate media: TSA for E. coli and B.
megaterium endospores, BHIA for E. faecalis and RCA for C. perfringens. The bacterial
inactivation levels were determined by plotting Logio CFU/mI of survival bacteria against the
treatment time (s) for each experimental organism. While the surviving population of mixed
culture bacteria in effluent after ACP treatment was determined by plating on appropriate
selective medium for each bacteria; cefixme-tellurite sorbital MacConkey (CT-SMAC,
Biokar Diagnostics, Allonne, France) agar for E. coli O157:H7, Membrane enterococcus

Slanetz and Bartley agar, modified (mEI agar, Oxoid Ltd, England, UK) for E. faecalis and
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modified Tryptose Sulphite Cycloserine Agar (mTSC, Biokar Diagnostics, Allonne, France)
with D-cycloserine supplement (Biokar Diagnostics, Allonne, France) for C. perfringens. All
plates were incubated at 30-37 °C for 24 h. The plates were incubated for additional 24 h to
observe any subsequent increase in visible colonies.
2.9.7.1 Aquatic Biomarker Cytotoxicity assays

For cytotoxicity test, individual wells of 96-well microplate were seeded with 100ul of cell
suspension at seeding density of 2 x 10° cells per ml of RTG-2 cells and 1 x 10° cells per ml
of PLHC-1 cells and were allowed to attach for 24 h exposure period. The treated effluents
were filtered sterilised using 0.2 um filters, before subjection to toxicity testing. Effluent
concentrations (5, 10, and 20%) were prepared in respective supplemented DMEM media.
After 24 h of cell attachment, the cells were washed with PBS and exposed to different
concentration of test ACP concentrations. Six replicate wells were used for each control and
ACP test concentrations per microplate. Untreated samples were used as reference control.
Cytotoxicity test was assessed using Alamar blue (AB) and Neutral red (NR) assay which
was conducted on the same plate following the methodology as previously described by

Davoren and Fogarty (2006).

2.9.7.2 Aquatic Biomarker eco-toxicological analysis using Daphnia magna acute
immobilisation test
Acute toxicity tests were performed with the ACP treated effluents in accordance with the
OECD test 202 Guidelines. Daphnia magna was kindly supplied by FOCAS research
Institute cultured in static conditions at 21 °C and under a 16 h/8 h light /dark photoperiod for
all exposures. Toxicity tests were performed on D. magna neonates that were less than 24 h
old. Concentrations of ACP (5 and 10 min) treated effluents was set to 2, 5, 10, 20% using
Elendt M4 Daphnia medium. Three replicates were tested for each test and control samples

and 5 neonates were used for each replicate. Immobilisation of neonates was determined
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visually after 24 h and 48 h of exposure; any abnormalities or signs of stress were also
recorded. The results obtained were used to calculate ECso values i.e. effective concentration

at which 50% of exposed neonates die (Casado et al., 2013).

2.10 Statistical analysis

Statistical data analysis was performed using SPSS 22.0 (SPSS Inc., Chicago, USA). Each
experiment was repeated in duplicates and are represented as mean value with standard
deviation (SD). The mean values were compared according to Fisher’s Least Significant
Difference (LSD) method. The survival bacterial populations were analysed by one-way
variance (ANOVA) to test statistical significance among treatments. Statistical significance
was accepted at p < 0.05.

For biofilm studies: statistical analysis was performed using IBM SPSS statistical tool 23.0
software (SPSS Inc., Chicago, USA). Means were compared according to the method of
Fisher's Least Significant Difference at the 0.05 level.

For fresh produce studies: each experiment was repeated three times. Mean bacterial counts
between various treatment groups and controls were compared using a one-way ANOVA
using GraphPad Prism 5 (GraphPad software, La Jolla California USA). Differences among
the treatments were performed using Tukey pairwise comparison test. Results were
considered significant at p < 0.05.

For Listeria monocytogenes mutant studies: Statistical analysis was performed using SPSS
22.0 (SPSS Inc., Chicago, U.S.A). All microbial data were pooled and average values and
standard deviations determined. Significant differences between samples tested were
determined by using either t-test or one-way analysis of variance (ANOVA) using Fisher’s
Least Significant Difference-LSD at the 0.05 level. Error bars indicating standard deviations

from the means are displayed on graphs and tables.
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For wastewater effluents: each experiment was performed in triplicate (three independent
exposures) to ensure reproducibility. The experimental data was analysed by two-way
ANOVA using IBM SPPS 22.0 (SPSS Inc., Chicago, USA). For the inactivation Kinetics
studies between bacterial strains, two variance analyses were performed using t-test variance
test. For all cell assay (AB/NR assay) fluorescence as fluorescence unit (FUs) was measured
using the microplate reader. Cytotoxicity was expressed as mean percentage inhibition
relative to unexposed control values, which was calculated using the formula [100- (mean
experimental data/mean control data x 100)]. The cytotoxicity of the control sample was set
to 0%. Statistical analysis and curve fitting were performed to calculate the ECso values using
a nonlinear-regression sigmoidal dose-response curve model provided by Prism 5.0 software
(GraphPad Software, Inc., La Jolla, CA, USA). The ECso values are reported +95%

Confidence Intervals.
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Chapter 3 Controlling Brochothrix thermosphacta as a spoilage risk using
in-package ACP

B. thermosphacta is a key spoilage microorganism of meat and its control in processing
environments is important to maintain meat product quality. This study ascertained the
potential of dielectric barrier discharge atmospheric cold plasma (DBD-ACP) for control of
B. thermosphacta, in response to key parameters such as treatment time, voltage level,
interactions with media composition and post treatment storage conditions. In-package
treatment provides the dual advantages of mitigating against recontamination or cross
contamination events within processing and compatibility with the widely applied meat
preservation technology of modified or controlled atmosphere packaging. Thus, this study
investigated interactions of plasma discharging in modified atmosphere packaged (MAP)
meat samples to ascertain if this provides a processing advantage for microbial reduction and
control.

3.1 Effect of the plasma treatment time and post storage time on ACP
inactivation efficiency against planktonic cells of B. thermosphacta

A contained atmosphere post treatment storage interval was found to control inactivation.
The bacterial inactivation after ACP treatment with 1 h and 24 h post treatment storage time
(PTST) is represented in Figure 3.1. With 24 h PTST, plasma treatment at 80 kV reduced the
bacterial population in stationary phase by 5 Log cycles within 15 s of plasma treatment. No
cells were detected after 30 s and 60 s treatment time. Reducing post treatment storage time
to 1 h, plasma treatment at 80 kV for 30 s reduced bacterial cells by 1.5 Log cycles, but no
cells were detected after increasing treatment time to 60 s. Limit of detection was 1.0 Logio

CFU/ml.
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Figure 3.1: Effect of plasma treatment on stationary phase-B. thermosphacta in PBS at

80 kV with (m) 1 h and (7) 24 h post treatment storage time (PTST) with treatment time

of 155,30 sand 60 s.

C: Untreated Controls, ND: non-detectable (below detection limit of 1 Logio CFU/ml),
Different letters indicate a significant difference at the 0.05 level between PTST and
treatment times. Vertical bars indicate standard deviation.

Previous studies have showed the dependency of microbial inactivation on the voltage levels
(Han et al., 2014). The interaction of voltage level and treatment duration period along with
post treatment storage interval were investigated here for B. thermosphacta (Table 3.1). With
a 24 h post storage interval, ACP treatment at 60 kV & 70 kV for 15 s showed reductions of
2.56 Logio CFU/mI and 3.64 Logio CFU/mI of bacterial populations. A maximum reduction
of 5 Log cycles was observed with 15 s of ACP treatment at 80 kV. While with 1 h storage, a
reduction of 1.5+0.5 Logio CFU/mI was observed with 30 s of plasma exposure at 70 kV and
80 kV. The bacterial population was undetectable after 60 s of treatment with all storage
times and voltage levels except 60 kV voltage treatment with 1 h post treatment storage.
However, the effect of ACP was clearly observed after 300 s of treatment. Greater
inactivation was observed with increasing voltage and post treatment storage time, therefore
80 kV of applied voltage and 24 h PTST was used for further analysis in this study.
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Table 3.1: Effect of ACP on B. thermosphacta inactivation in PBS at different voltage

levels after 1 h and 24 h PTST

Applied Plasma 1 h post storage 24 h post storage
voltages treatment cell density SD cell density SD
time (s) | (logo CFU/mI) (logio
CFU/ml)
0 7.18° 0.02 7.10" 0.06
15 6.95" 0.04 4.56' 0.12
60 kV 30 6.54° 0.06 ND? 0.0
60 6.21¢ 0.11 ND¢ 0.0
120 4.99f 0.18 ND? 0.0
300 ND9Y 0.0 ND? 0.0
0 7.182 0.02 7.10" 0.06
15 6.52°¢ 0.12 3.46/ 0.12
70 kV 30 5.81° 0.04 ND? 0.0
60 ND9Y 0.0 ND? 0.0
120 ND? 0.0 ND? 0.0
300 ND9Y 0.0 ND?¢ 0.0
0 7.18° 0.02 7.10" 0.06
15 6.12¢ 0.05 2.17% 0.14
80 kV 30 5.76° 0.03 ND? 0.0
60 ND9Y 0.0 ND® 0.0
120 ND? 0.0 ND? 0.0
300 ND? 0.0 ND? 0.0

SD: Standard deviation; ND: under detection limit (<1.0 Logio CFU/ml). Different
letters indicate a significant difference at the 0.05 level between plasma treatment times,

voltage levels and post treatment storage time.
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3.2 The effect of nutritive environments on inactivation of B. thermosphacta

The inactivation of B. thermosphacta was investigated in a meat model medium (Table 3.2).
In order to replicate similar nutrient conditions as in actual meat, plasma treatment was
performed in liquid meat model which was composed of 3% beef extract. Samples were
treated with direct plasma discharge at 80 kV with 24 h post treatment storage period at 26
°C. Table 3.2 shows that the bacteria grown in the meat model presents a greater challenge to
ACP inactivation than in PBS. The bacterial population was reduced by 2.5 + 0.1 Logio
CFU/ml in the beef extract after 300 s of treatment while complete inactivation in PBS was
achieved after 30 s. A protective effect on bacteria against ACP treatment was observed with

the high nutrient content meat model (3% beef extract).
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Table 3.2: Surviving numbers of stationary phase B. thermosphacta in PBS and 3% beef

extract after ACP treatment at 80 kV and 24 h post treatment storage time.

] Plasma treatment Cell density
Media )
time (s) (Logio CFU/mI)

C1 7.812 0.05
C2 8.59P 0.10
15 8.44¢ 0.07

3%
30 8.27¢ 0.12

beef
60 7.882 0.05

extract

120 7.464 0.07
180 7.09¢ 0.14
300 5.49f 0.08
C1 7.50¢ 0.07
C2 5.899 0.25
15 2.17" 0.14

PBS 30 ND! 0.00
60 ND! 0.00
120 ND! 0.00
180 ND! 0.00
300 ND' 0.00

C1: Control without storage, C2: Control with 24 h storage, SD: Standard deviation,
ND: non-detectable, Different letters indicate a significant difference at the 0.05 level

between media and treatment times.

3.3 Adhesion and biofilm formation capacity of B. thermosphacta

Biofilm pose serious concerns in the meat processing industries as they are major reasons for
limiting the run periods of manufacturing plants and threaten the quality of products
(Chmielewski and Frank, 2003). Biofilms can be formed on food processing
equipment/surfaces or on the meat product itself, offering the potential for cross-
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contamination and post-production contamination. A preliminary adhesive assay was
performed to evaluate the ability of B. thermosphacta to adhere to an abiotic surface such as a
96 well polystyrene surface plates and to study the conditions at which the bacteria were able
to form biofilm. Bacteria were grown in 1.2%, 3% and 12% model meat media (beef extract)
at different growth durations (section 2.4.2). The attached cells were stained with crystal
violet as described in section 2.9.3.1 and then the absorbance was measured. The biofilm
formation capacity of B. thermosphacta was classified using Stepanovi¢ et al., (2000)
classification system. B. thermosphacta displayed adhesive behaviour and developed a
biofilm with increasing nutrient and incubation period (Figure 3.2).
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Figure 3.2: Biofilm formation of B. thermosphacta after 24 h & 48 h of incubation at 26

°C quantified by crystal violet assay.

(m) 1.2% (2) 3% (0O) 12% beef extract media (BE). ND: Non-detectable (no biofilm

formed). Vertical bars represent standard deviation.

The biofilm formation capacity of B. thermosphacta was low for 24 h of incubation in both
3% BE and 12% BE, while no biofilm formation was observed in 1.2% BE. No significant

difference was observed between bacterial cells attached in 3% BE and 12% BE post 24 h
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incubation. The biofilm forming was increased with longer incubation of 48 h. Bacteria
grown on 12% beef extract showed the highest biofilm formation after 48 h of incubation,
which was confirmed by the standard plate count method. No biofilm was detected in the
negative control wells which only contained culture media so as to rule out the contamination
issues. These findings reflect the bacteria’s ability to generate additional biofilm biomass in
nutrient rich environmental conditions. Based on these results 48 h incubation period was

selected for further investigation for ACP treatment.

3.4 Effect of ACP treatment on B. thermosphacta biofilms

In order to study the efficiency of ACP to inactivate B. thermosphacta biofilm, bacterial
biofilm grown in 12% BE for 48 h was treated at a high voltage of 80 kV for 60 s, 120s and
300s of treatment time. Surviving populations were estimated using viable cell counts
(Figure 3.4a) and residual metabolic activity using XTT assay (Figure 3.4b).

Biofilm associated cells of B. thermosphacta was significantly reduced (p<0.05) from Logio 8
CFU/ml to 4 £0.6 Logio CFU/ml after 60 s of ACP treatment in 12% BE. Further prolonging
the ACP treatment time to 120 s reduced the bacterial load to 3+0.1 Logio CFU/mI; however,
there was no significant difference in bacterial survival after 300 s of ACP treatment (Figure
3.4a).

XTT assay was carried out to find the metabolic activity of the B. thermosphacta biofilm
immediately post ACP treatment and 24 h PTST. The percentage of biofilm survival curve
based on XTT assay is represented in the Figure 3.4b. The ACP treatment of 80 kV for 60 s
and 120 s reduced the bacterial metabolic activity by 35% and 52% respectively. However,
no further reductions were observed after prolonging the treatment time to 300 s, indicating a

significant retention of metabolic activity.
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3.5 In-package ACP treatment of lamb chop

Initial background microflora levels present on raw lamb chop and its reduction by ACP
treatment is shown in Figure 3.5. The average initial concentration of background micro-
flora on the lamb sample was approximately 6 Logio CFU/g, with no significant reductions of
bacterial loads observed immediately post treatment. However, between days 7 and 10 of
storage, bacterial concentrations in plasma treated samples were about 1 Logio CFU/g lower
than those of untreated controls, indicating a reduced microbial growth rate. A total viable
count of approx. 10’ CFU/g was recorded at the end of the shelf-life study on day 13, a
concentration considered in the range of borderline acceptable for MAP packed meats
according to the UK Health Protection Agency (HPA, 2009). It is reported as the general
threshold value for spoilage causing sensorial deterioration, such as off-odours and slime
(Degirmencioglu et al., 2012; Koutsoumanis et al., 2008; Limbo et al., 2010; Rao and

Sachindra, 2002).
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Figure 3.4: Background microflora of lamb chop packaged with 30% CO2 & 70% O:
and treated with plasma at 80 kV for 60 s for shelf life of up to 13 days.
(®) untreated Control, (m) 60s ACP treated. Vertical bars indicate standard deviations.
Column with different letters indicate a significant difference between bacterial controls
and treatment time (p<0.05).
The antimicrobial effect of in-package plasma treatment on the selected challenge spoilage
organism B. thermosphacta inoculated on lamb was investigated. Inoculated samples were
MAP packaged under high oxygen content (70%) and then treated with ACP for 1 min at 80
kV. The average initial population of the challenge bacteria attached on the meat was
approximately 6 Logio CFU/g, which showed a significant 0.8 Logio CFU/ml reduction
achieved immediately post treatment (p<0.05). Gradually the bacteria recovered during the
storage period and an increase in bacterial concentration was observed during next 24 h
(Figure 3.6a). A difference of 0.2-0.4 Logio CFU/mI was maintained between the control and
the treated samples up to end of the storage period (p<0.05 on day 0, 4 and 7), however with
longer storage periods the remaining bacterial population did grow to levels similar to the

untreated samples (Figure 3.6b).
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Figure 3.5: Effect of ACP treatment (1 min at 80 kV and 24 h post treatment storage at
4 °C) on B. thermosphacta inoculated lamb chop packaged with 70% O2 and 30% CO:2
concentration.
(a) B. thermosphacta population on day 0 and day 1. (::) Control ({}) ACP treated
(b) B. thermosphacta population in control and treated lamb for period of 14 days. (®)
untreated control, (m) 60s ACP treated.
Vertical bars indicate standard deviations. Column with different letters indicate a

significant difference between bacterial controls and treatment time (p<0.05).
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Both ozone and carbon monoxide concentration were measured inside the trays immediately
after treatment and after post-treatment storage (Table 3.3). High ozone concentrations were
detected for lamb which could be attributed to the in-package headspace, thus trapping more
reactive species in the package. Carbon monoxide (CO) is one of the main concerns of the
meat industry due to its high toxicity and for being a meat colorant, currently banned in the
15 EU states as it stabilises the red colour and may mask visual evidence of spoilage.
Undetectable levels of CO after treatment at 80 kV for 5 min were obtained, suggesting that
plasma treatment of meat packaged under a modified atmosphere of 30% CO, + 70% O gas
mixture does not result in carbon monoxide concerns with none detected immediately after
treatment or indeed after 1 h post treatment sealed storage. The meat volume and tray size
appeared to have an important influence on the ozone generation, with large portions of meat
and trays exceeding the electrode dimensions where ozone was generated in lower amounts.
Further, carbon monoxide was not detected in lamb trays therefore toxicity concerns related
to the potential high concentrations of carbon monoxide generated during the plasma

treatment can be discarded.

Table 3.3: In-package ozone and carbon monoxide concentration measured inside the

sealed trays after plasma treatment at 80 kV

Measurement time

t=0 h t=1h

Ozone 1 min 1800 ppm ND
5 min >8000 ppm ND

Carbon monoxide 1 min NT NT
5 min ND NT

ND = non-detectable; NT = not tested (if at a longer treatment time was non-detectable)
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3.6 Discussion

B. thermosphacta is a predominant microflora of raw meat products (Borch et al., 1996; Osés
et al., 2013) and is well known to cause significant impact of meat spoilage (Ercolini et al.,
2006). Atmospheric Cold Plasma as a novel technology can be designed for flexibility at the
application point and therefore could be incorporated into food or food environment
decontamination systems. Therefore, this study examined the susceptibility of B.
thermosphacta to ACP treatment, taking microbial and food environment challenges into
consideration, in response to system and process parameters. Preliminary studies
demonstrated that the applied voltage level and treatment time along with PTST played a
critical role in the rate of ACP inactivation against planktonic cells of B. thermosphacta.
Higher inactivation efficiency of ACP against planktonic cells was observed with increases in
applied voltage levels and treatment time. An elevation in the concentration of the reactive
species (like ROS and RNS) has been reported with increases in voltage levels in association
with a higher bactericidal effect (Han et al., 2015; Pankaj et al., 2013). The intensity of the
discharge increases with increases in the voltage level and treatment time which further leads
to increased amounts of reactive species. These reactive species generated are known to play
an important role in bacterial inactivation, they have the ability to disrupt the bacterial cell
and destroy macromolecules like DNA, proteins and lipids thus resulting in bacterial
inactivation (Han et al., 2014). In this study, 60 kV of ACP treatment of bacteria suspended
in PBS showed a slow bacterial reduction but prolonging the treatment time to 60 s lead to
complete inactivation. At 80 kV of ACP treatment, the effects were apparent with 30 s
treatment time yielding inactivation below detection limits. Similar trends were observed
with the previous studies of bacterial inactivation in relation to applied voltage and treatment
time by Han et al. (2014) and Niemira et al. (2014). A range of post treatment storage

conditions were evaluated, where 24 h of PTST was found to be most compatible for further
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experiments as it allowed longer interaction between the bacteria and the reactive species
thus retaining efficacy against the target.

B. thermosphacta biofilm growth was strong with an aggregated biofilm mass apparent in the
nutrient rich conditions. These results are in agreement with other studies by Stepanovié¢ et
al., (2004) and Zeraik and Nitschke (2012) demonstrating strong influence of media on the
surface properties of the bacteria and biofilm formation. A strong bactericidal effect in B.
thermosphacta biofilm was observed with increasing plasma treatment time from 60 to 300 s.
B. thermosphacta biofilms grown in 12% beef extract were found to be more resistant to
plasma treatment compared to planktonic cells. Biofilm being a more complex structure than
planktonic cells, protects the bacteria from antimicrobial and other unfavourable conditions.
According to previous studies by Han et al., 2014; Lee et al., 2006 and Ulbin-Figlewicz et
al., 2014, Gram positive bacteria were shown to be more resistant to ACP treatment than
Gram negative bacteria. The composition and thickness of the biofilm structure varies with
type and strain of bacteria which significantly affects the rate of ACP inactivation. Therefore,
further studies is warranted to elucidate if ACP could mitigate B. thermosphacta biofilm
formation, either on biotic or abiotic surfaces.

The media employed also had a strong influence over the ACP bacterial inactivation,
showing significant differences in the rate of bacterial inactivation when treated in PBS and
model meat media. Liquid inactivation studies in meat model media showed minimum
reduction of £2.5 Logio CFU/mI after 300 s of ACP treatment, while £1 Logio CFU/mI
bacterial reduction were obtained in the lamb sample. The growth and survival of B.
thermosphacta in model meat media and lamb may be attributed to the high nutrient
conditions, complexity of the meat matrix and ability of the bacterial to grow in varied
conditions. Previous studies by Williams et al., (2005) have reported that the presence of high

organic components in the medium had protective effects against the bactericidal effects of
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plasma. Plasma treatment generates several reactive species which include atomic oxygen,
metastable singlet state oxygen, ozone, hydrogen peroxide etc. These organic components in
the media are scavengers for reactive species, which oxidize these higher organic components
breaking them into intermediate products (Reszka et al., 2010) and thus protecting the
bacterial cells from killing (Patil et al., 2009). It can also be noted that (I) the initial
concentration of the challenge bacteria inoculated or present as background on the meat
sample was higher than generally found on meat in industry, (1) the time-lapse between
slaughter and MAP packaging as meat were purchased from local retail shop may have
further contributed to the early meat spoilage.

Thus, the overall results reported here indicate that ACP has good potential to be an
alternative safe decontamination process in meat industry, whether for raw meat product or
the related processing environment. The demonstrated challenge associated with effecting
control on highly nutritive surfaces, informs the need for flexibility in ACP treatment
applications particularly to foods themselves, where repetitive or pulsed treatment may offer
advantages over single stage interventions. The simultaneous evaluation of the wide range of
parameters reported here provides broad insights into decontamination or control of a major
spoilage bacteria namely; B. thermosphacta, using ACP technology which can facilitate

further scale-up and optimisation.

3.7 Conclusions

In conclusion, ACP was found to be effective against planktonic and biofilm cells of
Brochothrix thermosphacta, providing complete inactivation in PBS and reducing the
bacterial load in meat model media. The results obtained showed significant influence of
system treatment and particularly environmental parameters such as the complexity of target
media and matrix, on the rate of bacterial inactivation. Overall, the results show the potential

of high voltage in-package atmospheric cold plasma treatment in reducing spoilage bacteria
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like B. thermosphacta on meat products and meat environments, although process
optimisation is required to enhance the control of B. thermosphacta by ACP. This treatment
method could not only help inhibit the population of spoilage bacteria but also ensure

microbial safety by prolonging the shelf life of meat while maintaining food quality.

The following paper has been published from this study:
Patange, A., Boehm, D., Bueno-Ferrer, C., Cullen, P. and Bourke, P. (2017). Controlling
Brochothrix thermosphacta as a spoilage risk using in-package atmospheric cold plasma.

Food Microbiology, 66, pp.48-54. https://doi.org/10.1016/j.fm.2017.04.002
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Chapter 4 Potential of atmospheric cold plasma treatment for control of
bacterial biofilms on fresh produce

Food processing industries are constantly subjected to high levels of contamination by
spoilage and pathogenic bacteria. The ability of pathogens to survive and grow under
processing and storage conditions, as well as the development of resistance to antibiotics and
disinfectants has made it even more difficult to control their levels in food. In this study, the
antimicrobial efficacy of ACP against a range of microbial populations including; planktonic
cultures, monocultures (Escherichia coli, Salmonella enterica, Listeria monocytogenes,
Pseudomonas fluorescens) and mixed cultures biofilms (Listeria monocytogenes and
Pseudomonas fluorescens) on abiotic and biotic surfaces commonly implicated in food
processing industries was investigated.

In addition to biofilm formation, bacteria species are influenced by the food components as
well as the food storage conditions. Food preservation conditions such as low pH, high
osmotic pressure or low temperature could be adverse for some microorganisms which could
induce stress responses and enhance bacterial resistance to antimicrobial treatments. Short
term exposures may alter cellular physiology and increase resistant to subsequent challenges
such as food disinfection or food preservation techniques (Calvo et al., 2017; Patil et al.,
2010; Rodriguez-Romo and Yousef, 2005). Therefore, this study investigated the influence of
acid and cold stress shock on ACP inactivation as well as the effect of different temperature
storage conditions on biofilm formation for fresh produce and its inference on ACP

antimicrobial efficacy.

4.1 Effect of critical control parameters on ACP inactivation efficiency
Preliminary experiments were performed investigating the process parameters in terms of
their antimicrobial effects on key microorganisms associated with food contamination and

optimising the conditions to obtain high ACP efficiency. The study evaluated the effect of
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high voltage levels (60, 70, 80 kV) on antimicrobial efficacy of ACP with a PTST of 24 h
against stationary phase S. enterica, L. monocytogenes, P. fluorescens and E. carotovora in
PBS (Table 4.1). The highest voltage level of 80 kV showed significantly greater inactivation
by comparison to 60 kV or 70 kV (p<0.05). ACP treatment at 70 kV reduced S. enterica and
P. fluorescens counts by 2.3 £ 0.10 and 3.0 £ 0.06 Logio CFU/mI after 120 s of treatment
while complete inactivation was achieved using 80 kV voltage level. L. monocytogenes and
E. carotovora was reduced by 3.6 + 0.17 Logio CFU/ml and 2.36 + 0.02 Logio CFU/mI after

60s of ACP exposure at 60 kV, but again was more susceptible to the higher voltage levels.
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Table 4.1: Effect of voltage on plasma inactivation efficacy in PBS

Applied Plasma S. enterica L. monocytogenes P. fluorescens E. carotovora E. coli
voltages tr(_eatment Cell density | SD | Cell density SD Cell density SD | Celldensity | SD | Cell density | SD
time (s) (Logzo (Logzo (Logzo (Logzo (Log1o
CFU/ml) CFU/ml) CFU/ml) CFU/ml) CFU/mlI)

c1 8.062 0.02 7.292 0.04 7.502 0.06 8.06° 0.05 7.902 0.10
c2 8.14° 0.04 6.84° 0.10 8.09° 0.12 7.902 0.10 8.00? 0.04
60 kV 30 7.38° 0.05 6.32° 0.09 6.30° 0.09 6.30° 0.09 7.802P 0.19
60 6.97 0.11 3.71¢ 0.17 6.00° 0.02 5.70¢ 0.02 7.58° 0.09
120 5.69' 0.18 NDf - 5.708 0.17 4.70¢ 0.17 6.82° 0.03
300 ND! - NDf - ND? - ND® - 3.94¢ 0.08
c1 8.40? 0.04 7.29° 0.06 7.50? 0.06 8.06? 0.06 7.90° 0.10
C2 8.30° 0.12 6.84° 0.02 8.09° 0.12 7.902 0.02 8.002 0.04
70 kV 30 6.95¢ 0.05 5.30¢ 0.06 6.0° 0.10 7.00f 0.01 7.20° 0.05
60 6.309 0.18 NDf - 5.8° 0.01 5.309 0.06 6.85¢ 0.11
120 5.68' 0.10 NDf - 4.50f 0.06 ND® - 4.23f 0.13

300 ND! - NDf - NDY - ND® - ND? -
c1 8.192 0.02 7.292 0.05 7.502 0.06 8.062 0.05 7.902 0.10
c2 8.04P 0.05 6.84° 0.14 8.09° 0.12 7.902 0.14 8.00? 0.04
80 kV 30 6.69° 0.02 5.00¢ 0.10 6.1° 0.20 7.30" 0.01 7.15¢ 0.10
60 5.79" 0.03 NDf - 3.7¢ 0.05 3.20' 0.19 5.90" 0.03

120 ND - NDf - NDY - ND® - ND? -

300 ND! - NDf - NDY - ND® - ND? -

C1: Control without storage, C2: Control with storage, SD: Standard deviation, ND: Non-detectable (below detection limit of 1.0 Logio
CFU/ml), Different letters indicate significant difference between voltage levels and treatment time. Each experiment was conducted in

duplicate and replicated twice.
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The effect of the contained post treatment storage time is known important process factors for
microbial inactivation and is presented in Table 4.2. Two post-treatment storage times, 1 or
24 h, were assessed. Inactivation efficacy was related to both treatment time and post-
treatment storage time. ACP treatment for 120 s with 1 h PTST reduced stationary phase S.
enterica, L. monocytogenes, P. fluorescens and E. carotovora to 1.11 + 0.12, 5.79 + 0.47,
2.72 £ 0.2, 2.7 £ 0.13 Logio CFU/mI. Extending the treatment time from 120 s to 300 s while
retaining the PTST at 1 h, lead to further significant reductions in population density.
However, greater ACP inactivation efficiency was obtained with 24 h PTST (p<0.05) and

120 s treatment time, with cells below detection limit after 120 s of ACP exposure.
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Table 4.2: ACP inactivation efficacy against planktonic stationary phase bacterial

populations, treated at 80 kV with different treatment and post-treatment storage times

Bacteria Plasma treatment 1 h Post storage 24 h Post storage

time (s) Celldensity ~ SD  Cell density SD
(Logio CFU/mI) (Logio CFU/mI)

E. carotovora 0 8.41° 0.05 8.41° 0.05
30 NT - 7.39° 0.01
60 6.30° 0.10 3.291 0.19

120 5.63° 0.13 ND¢ -

300 ND¢ - ND¢ -
P. fluorescens 0 7.512 0 7.512 0.03
30 NT - 7.128 0.17
60 5.81° 0.05 3.73°¢ 0.05

120 4,794 0.20 ND® -

300 ND® - ND¢ -
S. enterica 0 8.03% 0.15 8.072 0.04
30 NT - 6.69°¢ 0.05
60 7.85" 0.08 5.79¢ 0.18

120 6.92°¢ 0.12 ND¢ -

300 ND® - ND¢ -
E. coli 0 7.002 0.16 7.002 0.06
30 NT - 3.62°¢ 0.03

60 6.21° 0.10 ND¢ -

120 ND¢ - ND¢ -

300 ND¢ - ND¢ -
L. 0 7.302 0.06 7.302 0.06
monocytogenes 30 NT - 5.00¢ 0.10

60 2.15° 0.21 ND¢ -

120 1.51° 0.47 ND°® -

300 ND¢ - ND¢ -

SD: Standard deviation, ND: non-detectable, NT: Not tested. Different letters indicate a

significant difference at the 0.05 level between treatment and post treatment storage

times. Experiments were performed in duplicates and replicated twice. Limit of

detection was 1.0 Logio CFU/m.
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4.2 Effect of food and storage conditions on ACP bacterial inactivation efficiency
To investigate the effect of food product and storage conditions on ACP bacterial inactivation
efficiency, mild acid and temperature stresses were applied to stationary phase L.
monocytogenes and P. fluorescens inoculated in lettuce broth (model product media) and
treated with ACP (Figure 4.1). In general, the inactivation rates for L. monocytogenes and P.
fluorescens obtained from short term exposure to acid (pH 4) stress were quicker than non-
stress control bacterial cells. P. fluorescens exposed to mild acid stress was highly sensitive
and were reduced to 1.6 Logio CFU/mI after 60 s of plasma exposure. Exposure to mild cold
stress (4 °C) did not significantly influence the effectiveness of ACP treatments on P.
fluorescens; both stressed and control cells had similar inactivation patterns. However, L.
monocytogenes exposed to low temperature, showed significantly higher resistance to ACP
than the non-stressed population. Exposure to environmental stress such as acid or
temperature could trigger stress responses in L. monocytogenes (Bergholz et al., 2012;
Venkitanarayanan et al., 2017) thus demonstrating enhanced bacterial resistance to ACP

treatment than cells not exposed to acid/temperature stress.
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Figure 4.1: Effect of acid stress and cold shock on the resistance of (A) L. monocytogenes

and (B) P. fluorescens to ACP treatment

(w) Control untreated, (2) 60s ACP, (8) 120s ACP when suspended in lettuce broth. ND:

Non-detectable. Dotted lines indicate detection limit i.e. 1.0 Logio CFU/ml. Experiments
were performed in duplicated and replicated three times (n = 6). Column with different
letters indicate a significant difference between controls and ACP treated samples

(p<0.05). Vertical error bar indicates standard deviation.
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4.3 Microbial biofilm formation in lettuce broth

Biofilm formation capacity of selected microorganisms in lettuce model media was
quantified using a crystal violet assay (Figure 4.2). According to the classification system of
adherence capabilities of microbial strains described by Stepanovi¢ et al. (2000), E. coli and
L. monocytogenes were classified as moderate biofilm formers whereas, S. enterica and P.
fluorescens demonstrated to be strong biofilm formers. While E. carotovora formed a weak
biofilm observed after 96 h of incubation (data not shown). Incubation for 48 h resulted in the
highest biomass production therefore only bacterial biofilms grown for 48 h were used in

further studies.
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Figure 4.2: Bacterial biofilm formation after (0) 24 h (2) 48 h of incubation quantified

by crystal violet assay. Vertical bars indicate standard deviations. Column with
different letters indicate a significant difference between bacterial strains and biofilm

incubation time (p<0.05).

To evaluate the dual/mixed biofilm formation, different combination of bacterial cultures
were grown together in lettuce broth for 24-48 h. The average absorbance obtained for
dual/mixed culture biofilms in 96 well microtiter plates is illustrated in Figure 4.3. There

were distinct differences in the biofilm biomass of dual culture biofilm of L. monocytogenes
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and P. fluorescens compared to the monocultures or other bacterial combinations of mixed
biofilms formed. Among all combination of strains, L. monocytogenes and P. fluorescens
formed strong biofilms than rest of the strains, therefore, the study further evaluated the

antibiofilm activity of ACP against mixed biofilms of L. monocytogenes and P. fluorescens.
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Figure 4.3: Biofilm formation of dual/mixed culture bacteria.
(Mixed): L. monocytogenes, S. enterica, E. coli and P. fluorescens; (P+L): P. fluorescens
and L. monocytogenes; (P+E): P. fluorescens and E. coli formed for 48 h at 30 °C under
static conditions. Vertical bars indicate standard deviations. Column with different

letters indicate a significant difference between bacterial (p<0.05).

4.4 Effect of ACP treatment on mono-culture bacterial biofilms

Preliminary studies demonstrated ACP to effectively inactivate planktonic microorganisms
relevant to the food environment. Inactivation of bacterial biofilms is of special interest in the
food industry due to their resistance and increasing source of contamination in food products,
leading to food spoilage, reducing shelf life of products, or transmission of diseases (Phillips,
2016). This study investigated the potential of ACP treatment for inactivation of bacterial
biofilms formed by E. coli, L. monocytogenes, S. enterica and P. fluorescens. Since 48 h

culture incubation yielded increased biomass with mature biofilms, 48 h biofilm were utilised
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for the challenge biofilm inactivation studies. The impact of ACP inactivation on biofilms
were analysed by plate count and XTT assay, providing insight into bacteria’s culturability
and metabolic activity post plasma treatment. Surviving populations of E. coli, L.
monocytogenes, S. enterica and P. fluorescens 48 h old mono-culture biofilm are represented
in the Figure 4.4a and 4.4b. Biofilm formation for 48 h in 12% lettuce broth resulted in an
average attached population of 5.4 + 0.4 Logio CFU/mI. According to both plate count and
XTT assays, significant reductions of bacterial biofilms were observed after ACP treatment.
ACP treatment reductions were 3.76, 4.14 and 2.6 Logio CFU/mI for L. monocytogenes, S.
enterica and P. fluorescens respectively. The highest inactivation levels were observed for E.
coli, where ACP treatment reduced bacterial population to undetectable levels, analysed by
plate count method. However, XTT assay demonstrated the presence of 34% metabolic active
biofilm cells when compared to control untreated (0 h). While, in the cases of L.
monocytogenes, S. enterica and P. fluorescens, better correlations were observed between the
colony count and XTT assay, with metabolic activity reduced by 72%, 42% and 35%

respectively.
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Figure 4.4: Surviving populations of 48 h mono-culture biofilm assessed by (a)Plate count (b)
XTT assay after 60 s of ACP treatment at 80 kV and 24 h PTST.

Figure 4.4 (a)Plate count: Vertical bars represent standard deviation. Column with different
letters indicate a significant difference between controls (Oh & 24h) and ACP treated samples

(p<0.05). ND: Non-detectable; Limit of detection for plate count was 1.0 Logio CFU/ml.
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Figure 4.4 (b): Percentage surviving populations of 48 h bacterial biofilms assessed by XTT
assay. (E.c) E. coli, (L.m) L. monocytogenes, (S.e) S.enterica and (P. f) P. fluorescens; (m)
untreated 24 h control (z) ACP 60 s treated. Vertical bars represent standard deviation.
Column with different letters indicate a significant difference between bacterial strains and

treatment time (p<0.05).
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4.5 Effect of ACP treatment on mixed culture bacterial biofilm

Bacterial contamination of food or food processing environment is more likely to exist as
multi-species biofilms, therefore subsequent investigations focussed on a mixed species
biofilm model. A significant increase in biofilm biomass was observed in mixed culture
biofilm as compared to monoculture biofilms. ACP was also employed to treat mixed species
biofilms to investigate their antimicrobial effects in food processing environment. Figure 4.5
shows the size of the surviving populations as a function of duration of ACP treatment for
monoculture and dual species biofilm of L. monocytogenes and P. fluorescens. In case of dual
species biofilms, interspecies interaction was found to have small effect on the antimicrobial
efficacy of ACP treatment. Both L. monocytogenes and P. fluorescens in dual species showed
around 4.2 + 0.2 log reduction after ACP treatment of 60 s and 24 h PTST. Similar trend was
observed by XTT assay, the percentage of metabolically active cells significantly decreased
to an average of 52.5 + 10.4%, 23.9 £ 2.3% and 3.5 £ 2.4% after 60 s, 120 s and 300 s of

treatment. Both species under mono culture or mixed conditions were found to be sensitive

to ACP treatment.
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Figure 4.5: Surviving populations of bacterial biofilms after ACP treatment at 80 kV
and 24 h PTST assessed by:
(A) Colony count assay: (m) L. monocytogenes dual-biofilm, (m) P. fluorescens dual-

biofilm, () L. monocytogenes mono-biofilm and (8) P. fluorescens mono-biofilm.

Detection limit for plate count method was 1.0 Logio CFU/m.

(B) XTT assay: (m) L. monocytogenes single biofilm, (A) P. fluorescens single biofilm,
(#) dual biofilm of L. monocytogenes and P. fluorescens.

Experiments were performed in duplicate and replicated twice (n = 4). Vertical bars
represent standard deviation. Column with different letters indicate a significant

difference between bacterial biofilms and treatment time (p<0.05).

4.6 Effect of ACP on bacterial populations inoculated on lettuce

The antimicrobial efficacy of ACP against dual bacterial biofilms of L. monocytogenes
and P. fluorescens on lettuce grown at 4 °C or 15 °C is presented in Figure 4.6. After 5
min of treatment, the concentration of cells in 48 h biofilm formed at 15 °C were

significantly reduced to undetectable levels compared with untreated controls (p < 0.05).
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In the current study, different inactivation patterns were observed for 48 h biofilms grown
at 4 °C and 15 °C. Increased resistance to ACP treatment was observed for 48 h biofilms
formed at 4 °C with 4 Logio CFU/mI reduction achieved for L. monocytogenes and 2.1
Logio CFU/mI for P. fluorescens. Even though the average initial bacterial biofilms
formed by L. monocytogenes (7.0 £ 0.3 Logio CFU/ml) and P. fluorescens (5.5 + 0.2 Log1o
CFU/ml) was similar at both temperatures, the biofilms grown at 4 °C were more resistant
to inactivation by ACP. These findings imply that environmental stressors could influence
antimicrobial efficacy of ACP treatment.

Storage temperature is an important factor in maintaining the quality and the shelf-life of
the fresh products. A difference in the overall lettuce appearance was observed at lettuce
stored at different refrigeration temperatures prior plasma treatment; signs of slight
browning was observed only on lettuce stored at 15 °C. No difference in relation to colour
or texture of lettuce were visible due to the plasma treatment and post 24 h storage. This
research with lettuce stored under refrigeration and or abuse temperatures presents an
opportunity to further explore the physicochemical and sensory properties of the fresh

food products in future.
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Figure 4.6: Effect of ACP on 48 h dual bacterial biofilms of L. monocytogenes and P.
fluorescens formed on lettuce at (A) 4 °C and at (B) 15 °C.

(") untreated control, (0) 2 min and () 5 min ACP treated samples. ND: not detectable;

limit of detection 1.0 Logio CFU/ml. Experiments were performed in duplicate and
replicated twice (n=4). Different letters indicate significant difference between bacterial

biofilms and ACP treated samples (p<0.05). Vertical bars represent standard deviation.

4.7 Discussion

In summary, results from this study show potential of ACP to treat both pathogenic and
spoilage bacterial in mono or dual biofilms. The study demonstrates the impact of different
parameters influencing ACP inactivation efficacy which includes: the bacterial type,
physiological state of cells, substrate on which the bacteria are present and ACP process
parameters such as voltage level and post treatment storage environment conditions.
Increasing applied voltage levels to 80kV largely resulted in higher bacterial inactivation,
reaching undetectable levels within short periods of treatment time. Similar results were

obtained with Han et al. (2016b), where the author also reported increased Reactive Oxygen
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Species (ROS) levels along with increased voltage levels have resulted faster inactivation.
Atmospheric air plasma are excellent sources of ROS and RNS (Han et al., 2015) including
ozone, hydrogen peroxide and nitrates; which are amongst the most commonly detected
species using in-package Dielectric Barrier Discharge-ACP treatment (Boehm et al., 2017;
Han et al., 2015). The reactive species generated by plasma have inhibitory effect on
bacterial population causing oxidative damage of macromolecules like like DNA, proteins
and lipids (Bourke et al., 2017). Additionally, PTST emerged as a critical treatment
parameter for bacterial inactivation with this system. Reports from Niquet et al. (2018)
established that increasing the PTST helped retain the reactive species generated from plasma
treatment inside the container, increasing the diffusion and interaction time with the
microbial targets sample which further enhanced antimicrobial efficacy. The study also
reported high concentrations of hydrogen peroxide using the in-package DBD-ACP system
which increased over post treatment storage time of 24 h (Niquet et al., 2018). Similarly, the
influence of storage time on plasma efficiency at short treatment durations was clearly
observed in our study. The PTST of 1 h or 24 h facilitates retention of short- or long-lived
reactive species that enhances the antimicrobial efficacy for decontamination. The interaction
between the plasma species and bacteria has been reported (Han et al., 2015; Julak et al.,
2012). In this study, a high voltage of 80 kV along with 24 h PTST, was efficient to reduce
most of the bacterial species with short treatment times thus these parameters were used for
further analysis.

To simulate real fresh produce processing conditions, a lettuce model broth was used to
analyse the influence of the substrate components and storage conditions in relation to fresh
produce on the antimicrobial efficacy of the treatment. It is known, most food substrates
either enhance or reduce, bacterial attachment and subsequent biofilm formation

(Papaioannou et al., 2018). Also, foodborne microorganisms are known to encounter a
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variety of stresses (acid, oxidative, cold or heat shock induced mutations) within the food
chain, including production, harvest, postharvest handling, processing, disinfection and
storage (Delaquis and Bach, 2012) which may increase tolerance the or resistance of bacteria.
Therefore, this study investigated the influence of short-term exposure of acid or cold stress
on inactivation of common food pathogen and spoilage organisms inoculated in lettuce broth
by ACP. Both strains studied were sensitive to ACP post acid exposure showing significant
reductions (p < 0.05) within 120 s of plasma exposure. L. monocytogenes exposed to cold
stress (4 °C) for 1 h resulted in a higher resistance than non-stressed control cells, potentially
giving a cross-protective effect against ACP treatment. While, P. fluorescens exposed to cold
stress (4 °C) did not show significant difference to values obtained for control non-stressed
cells. L. monocytogenes and P. fluorescens both are psychrotrophic bacteria known to survive
and grown under refrigeration temperatures. Microbial adaptation to stress is also known to
extend the tolerance to multiple other lethal stresses, referred to as cross protection (Johnson,
2002). Microorganism can utilise cross-protection as a defence mechanism against many food
disinfection or food preservation techniques (Rodriguez-Romo and Yousef, 2005). Therefore,
the cold stress induced cross protection to cold plasma observed here should be taken into
account when designing and implementing minimal processing regimes that rely on
refrigeration temperatures.

The physiological state of the bacterial cells has been reported to play an important role in its
resistance under adverse environment conditions. Several microbial pathogens or spoilage
bacteria are able to form biofilm on a wide variety of surfaces which may possess a potential
risk for continuous reservoir of contamination in food processing environment. In general,
biofilms are the dominant life style of bacteria which can grow and survive in all
environments and have enhanced resistance to several antimicrobial agents (Sanchez-Vizuete

et al., 2015). Fresh produce lettuce model broth was used to form biofilms on a microplate
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surface to analyse the influence of substrate components in relation to fresh produces on
antimicrobial efficacy of treatment. ACP treatment was effective against challenge mono
species biofilms which was determined using direct plating technique combined with XTT
assay to gain insight into both culturable and metabolic active cells of the bacterial biofilm.
According to colony counts, treatment for 60 s reduced the E. coli population to undetectable
levels, whereas this treatment was less effective against L. monocytogenes, S. aureus and P.
fluorescens. The percentage reduction values based on the XTT assay showed a good
correlation with the plate count method for L. monocytogenes, S. aureus and P. fluorescens.
While in the case of E. coli biofilms, even though the plate count results demonstrated
bacterial cell count to undetectable levels, 34% metabolically active cells were detected after
60 s of ACP exposure. This could be due to the oxidative stress encountered from reactive
species generated by ACP treatment, bacteria may enter the viable but non-culturable
(VBNC) state where bacteria cells are still alive but are not able to grow on bacteria media.
VBNC is a strategic state adopted by most prokaryotes when subjected to adverse
environmental conditions (Arana et al., 2010). There was a loss of bacteria culturability but
the cells were still metabolically active under stress conditions and with the adoption of
VBNC phenotype they may be able to retain their virulence factors that could contribute
further to contamination (Barcina and Arana, 2009; Oliver, 2010).

Interestingly in multispecies biofilm, both P. fluorescens and L. monocytogenes displayed
significantly higher biofilm cells compared to its pure culture biofilm. The main proposed
factor for P. fluorescens and L. monocytogenes co-operation is the EPS production, large
amount of Pseudomonas EPS that would fix, embed and protect L. monocytogenes (Puga et
al., 2014). Several factors could be involved for the tolerance factor of multispecies biofilm
which includes the higher extracellular polymer substance (EPS) production, differences in

physiological status, interspecies cross protection among the species and internalisation into
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the food (Stewart, 2015). Considering this, mixed biofilm species represent more challenging
environment than single species biofilms. Previous studies by Norwood and Gilmour (2000)
& Saé Ibusquiza et al. (2012) investigated the resistance of single and mixed species biofilms
of Listeria and Pseudomonas against different chemical disinfectants. Their research
demonstrated that Listeria and Pseudomonas species grown in mixed species under most
conditions were more resistant to disinfectants than single species. The interspecies
interactions that takes place in multi-species biofilm significantly modify the matrix complex
if compared with mono-cultures. In contrast, in this study, interspecies interaction did not
seem to have any effect on the antimicrobial resistance of biofilms for each individual
species. A significant reduction in mixed biofilms formed by L. monocytogenes and P.
fluorescens after 60 s of treatment was found complete inactivation after prolonging the
treatment time to 120 s. The results obtained demonstrate that ACP treatment obstruct the
association capacity between the mixed biofilms, giving rise to a mixed biofilm that is
significantly (p<0.05) less resistant to ACP. However, when the challenge mixed culture
microorganisms were inoculated onto lettuce, an extended treatment time (300 s) was
necessary in order to achieve significant reduction of challenge mixed bacterial culture
biofilms inoculated on lettuce for 48 h. Bacterial pathogens can rapidly attach to different
plant parts (stomata, veins, lenticels, plant cuts) and persists for longer periods which are
much more complex for antimicrobial treatments to reach (Warning and Datta, 2013). Also,
the organic components in the fresh produces such as proteins and vitamins could scavenge
the reactive species generated by the plasma exposure thus defending the microbial cells from
oxidation and cell death. Additionally, studies by Ziuzina et al. (2015) demonstrated that the
storage conditions, such as temperature, light and time have interactive effects on bacterial
proliferation and susceptibility to the ACP treatment. The fluctuation in the temperature or

light intensity may induce bacterial attachment, biofilm formation and internalisation in
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plants (Ziuzina et al., 2015). Consistent storage temperature is difficult to maintain
throughout the distribution process of fresh produce. Therefore, in this work, the effect of
temperature (4 °C and 15 °C) on bacterial biofilm formation and its susceptibility to ACP
treatment was evaluated. The temperature 4 °C was chosen as the general refrigeration
temperature used for fresh produce storage and 15 °C was selected to be close to temperature
abuse conditions encountered in many food production environments. The results
demonstrated that high voltage ACP treatment for 300 s significantly reduced 48 h biofilm
grown at 15 °C to undetectable levels, however there was significant difference between
biofilm grown at 4 °C. Mixed biofilm formed at 4 °C showed increased resistance to the
treatment, P. fluorescens particularly was found to present higher resistance than L.
monocytogenes to ACP treatment. Similarly, the resistance of L. monocytogenes exposed to
with chlorine (0.465%) or peroxyacetic acid (2%) increased with incubation time of stainless
steel at 4 °C (Belessi et al., 2011). Furthermore, previous studies have demonstrated bacteria
present in mixed species biofilm have increased understanding of interactions and dynamics
of surface attachment. The bacterial populations attached may not contribute at the same level
towards biofilm formation or under environmental stress conditions, some of the bacterial
strain is able to dominate over the others, depending on the surrounding conditions and
development of resistance (Giaouris et al., 2013; Kostaki et al.,, 2012). The more
characteristic feature of the dual L. monocytogenes and P. fluorescens biofilms is the
layering, L. monocytogenes is located at the bottom layer of the dual biofilm (Puga et al.,
2014). The bacterial population located at bottom in the biofilm structure undergo several
anaerobic and starvation stresses (Lungu et al., 2010). Depth and slow doubling time could
contribute to highly increased resistance to antimicrobials as observed for L. monocytogenes

in multispecies.
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4.8 Conclusion

In conclusion, ACP was effective against planktonic populations effectively eliminating
viable cells present in a mature biofilm formed in lettuce broth or on lettuce under different
conditions (mono or mixed biofilm). ACP remains a promising technology for
decontamination of pathogenic or spoilage bacteria in biofilms present fresh produce and
associated food processing environments. However, caution must be used in cognisance of
the environmental stresses previously encountered by the microbial risk and the potential for
cross protection to ACP from low temperature exposure. All the result presented surely
highlight the complexity of the mono/mixed biofilm, the influence of interspecies interaction
between pathogenic and spoilage bacteria in biofilm, culture and biofilms setup conditions,
temperature, substrate surface and composition of substrate. The fresh produce industry
currently lacks efficient control methods to ensure elimination of food-borne pathogens from
minimally processed food products. ACP could be part of an efficient control mechanism
against bacterial contamination in fresh cut produce or minimally processed products which
could help extend shelf-life while maintaining quality. Further investigations of the molecular
mechanism behind the stress responses and the relationship to ACP treatment is needed to
provide useful information for optimisation and implementation of effective ACP

decontamination regimes.
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Chapter 5 Effect of atmospheric cold plasma on bacterial stress responses
and virulence

The impact of ACP on gene expression levels of L. monocytogenes has not been investigated
in detail to date. The present work aims to elucidate the responses of L. monocytogenes stress
genes to ACP treatment. Nine knock out mutants of stress related genes in L. monocytogenes,
as listed in Table 2.2, were compared with the parent strain with respect to their inactivation
patterns. Further, the transcriptomic analysis was applied using RT-PCR to determine the
activities of stress related genes to create a partial picture of cellular functions following ACP

exposure.

5.1 Detection of intracellular ROS in L. monocytogenes after plasma treatment

Several studies have reported that the plasma effect is mainly due to the generation of
reactive species (Barekzi et al., 2012; Graves, 2012). Amongst them, ROS is suggested to
play an important role in the bactericidal activity. Parameters such as the plasma source, gas
mixture, method of treatment and composition of the substrate medium treated affect ROS
generation and plasma performance (Joshi et al., 2011). In an attempt to evaluate treatment
parameters influencing intracellular ROS generation, L. monocytogenes strains were exposed
to plasma treatment for 1-5 min. As observed in Figure 5.1, 1 min plasma treatment
significantly increased the ROS levels in both wild-type and mutant strains. The ROS levels
increased in tandem with increasing treatment times in samples with post-treatment storage
time of 1 h. AgadD2 with 1 min treatment had a much higher signal than all other mutant
strains (p<0.05). After 5 min treatment, higher ROS levels were observed from AgadD2,

AgadD2D3 and AsigB than the wild strain and other mutants.
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Figure 5.1: L. monocytogenes mutants and parent strain ROS density assay by DCFH.

Control B 1 min ACP treated m 3 min ACP treated B 5 min ACP treated

Experimental conditions: 1, 3, 5 min treatment at 80 kV, following 1 h post treatment
storage. Untreated controls followed the same preparation procedure at all post-
treatment storage times. Higher fluorescence signals detected in AFU indicates higher
intracellular ROS concentration as measured by DCFH-DA. Column with different
letters indicate a significant difference between bacterial strains and treatment time

(p<0.05).

5.2 ACP Inactivation efficacy associated with treatment parameters

Figure 5.2 shows the inactivation patterns for L. monocytogenes EGD-e and knockout
mutants after ACP treatment and 1 h PTST. All mutants were similarly affected by direct
exposure to plasma for 1 min (p>0.05), with different mutant responses noted only after 3
min plasma exposure. AsigB and Almo0799-C56A were highly sensitive to ACP treatment,
they exhibited lower survival levels than the parent strain and other mutant strains (p<0.05).
Almo0799-C56A was reduced by 4.5 Log after 3 min exposure while AsigB mutants were

below the detection limit. Both EGD-e WT and other mutant strains showed 2.5-2.7 log
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reduction after 3 min ACP treatment. No significant difference was recorded between the
ACP inactivation rate of mutants (AgadD1, AgadD2, AgadD3, AgadD2D3, ArsbR and
Almo0799 mutants) and parent strain. All strains tested were at the limit of detection (<1.0

Logio CFU/mI) after 5 min of treatment.
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Figure 5.2: Effect of ACP on L. monocytogenes EGD-e wild type and its knockout
mutant strains.
The graph displays surviving population of L. monocytogenes after ACP treatment at

variable time range (® untreated control, ® 1 min, 3 min) and 1 h of post treatment

storage time. ND: Non-detectable (below detection limit of 1.0 Logio CFU/mI). Vertical
bars indicate standard deviation. Column with different letters indicate a significant

difference between bacterial strains and treatment time (p<0.05).

5.3 Assessing stress responses to ACP using L. monocytogenes knockout mutants

In order to ascertain if sub-lethal stress exposure could influence L. monocytogenes
behaviour, ACP resistance was evaluated for the cultures exposed to cold (4 °C) or acid (pH
4) stress for 1 h. Experiments focused on investigating the influence of stress adaptation on

Listeria monocytogenes ACP resistance. The survival of L. monocytogenes EGD-e wild-type
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strain was compared to its knockout mutants following exposure to sub-lethal stress and ACP
treatment (Table 5.1 and 5.2). Application of direct plasma was found to be effective for
reduction of both L. monocytogenes EGD-e wild type and mutants. However, there were
significant effects of bacterial pre-treatment and conditions observed.

Applying a mild cold stress (4 °C) to L. monocytogenes EGD-e (WT) and knockout mutants
(AsigB, AlImo0799, Almo0799-C56A and ArsbR) enhanced effects of ACP treatment. Notably,
there was no significant difference observed between WT and mutant bacterial inactivation
efficacy when exposed to cold stress or ACP treatment, except for the ArsbR mutant which
was reduced below detection limit after 1 min of treatment. The limit of detection was 1.0

Logio CFU/m.
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Table 5.1: Influence of cold stress (4 °C) on ACP inactivation efficacy for L.

monocytogenes EGD-e (WT) and its mutant strains.

Strain Condition Initial population Log reduction
(Logio CFU/mI) after 1 min of
ACP
L. monocytogenes  Control 7.68% +0.15 2.45°+0.16
EGD-e (WT) 1 h exposure to 4 °C 8.10° + 0.40 4.17°+0.05
AsigB Control 7.04% £ 0.59 2.67%%+0.39
1 h exposure to 4 °C 7.55% £ 0.02 3.89°+0.08
ArsbR Control 7.15°+0.40 1.749+ 0.45
1 h exposure to 4 °C 7.17%°+0.38 7.17°+£0.38
Almo0799 Control 7.73*+£0.15 1.399+0.05
1 h exposure to 4 °C 8.11°+0.35 4.25" +0.06
Almo0799 C56A  Control 7.702£0.15 2.57%+0.05
1 h exposure to 4 °C 7.68%+£0.35 4.55°+0.03

Experimental conditions: 1 min of direct plasma treatment at 80 kV following 1 h of
Post treatment storage time. SD: Standard deviation. Limit of detection was 1.0 Logio
CFU/ml. Different letters indicate a significant difference between stress and non-

stressed; among different ACP treated stressed and non-stressed strains (p<0.05).

Adaptation of L. monocytogenes to stress can protect the pathogen to a variety of normal
lethal conditions found in the environment (Lou and Yousef, 1997). In this study, all mutants
subjected to the acid pH 4.0 stress were highly susceptible to ACP treatment (Table 5.2). All
L. monocytogenes strains exposed to acid stress were reduced below the detection limit

immediately after 1 min of treatment.
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Table 5.2: Effect of pre-exposure to mild acid condition (pH 4) on ACP inactivation

efficacy for L. monocytogenes EGD-e (WT) and mutant strains.

Strain Condition Initial population

(Log CFU/mI)

Log reduction
after 1 min of ACP

L. monocytogenes Control 7.68%+0.15 2.45% £ 0.16
EGD-E (WT) 1 h exposure to pH 4 6.97° £ 0.41 6.97° +0.12
AgadD1 Control 7.59%+0.25 1.90°+ 0.08
1 h exposure to pH 4 7.42%+0.29 7.429+0.29
AgadD?2 Control 6.89° +0.17 1.62% +0.41
1 h exposure to pH 4 7.33°£0.09 7.339+0.09
AgadD3 Control 7.30° £ 0.34 1.52°+ 0.07
1 h exposure to pH 4 6.339+0.24 6.337+0.24
AgadD2D3 Control 7.11°+0.38 1.24°+0.10
1 h exposure to pH 4 7.46%£0.15 7.46%+0.15
ArsbR Control 7.15*° +0.41 1.74°+0.15
1 h exposure to pH 4 5.25°+£0.15 5.259+0.15
AsigB Control 7.04% £ 0.51 2.67%+£0.41
1 h exposure to pH 4 5.44°+0.12 5.449+0.12
Almo0799 Control 7.732+£0.16 1.39 £ 0.05
1 h exposure to pH 4 7.10°+0.23 7.109+0.23
Almo0799-C56A Control 7.708+£0.28 2.57% £ 0.05
1 h exposure to pH 4 7.712+£0.45 7.719+0.45

Experimental conditions: 1 min of direct plasma treatment at 80 kV following 1 h of
Post treatment storage time. SD: Standard deviation. Limit of detection was 1.0 Logio
CFU/ml. Different letters indicate a significant difference between stress and non-

stressed; among different ACP treated stressed and non-stressed strains (p<0.05).

5.4 Effects of ACP on L. monocytogenes and prfA mutant biofilms
Previous studies with L. monocytogenes reference strains 10403S and EGD revealed a

significant requirement of prfA for biofilm formation (Lemon et al., 2010; Travier et al.,
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2013). Therefore, to investigate the role of PrfA in biofilm formation, the AprfA mutant with
in frame deletion of prfA gene was analysed for biofilm formation on 96 well microtiter
plates using crystal violet and plate count assay (Figure 5.3). Both strains showed an ability
to attach to polystyrene. The AprfA mutant displayed similar levels of biofilm compared to
the wild type with no significant difference observed in means (p > 0.05). Deletion of prfA

did not show any impact on growth and/or biofilm formation in the AprfA mutant.
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Figure 5.3: Impact of prfA on biofilm formation. Biofilm formation by L. monocytogenes

EGD-e (WT) and AprfA mutant at 37 °C in TSB for 48 h, quantified by (A) plate count

and (B) crystal violet assay.
Vertical bars indicate standard deviation. Column with different letters indicate a

significant difference between EGD-e (WT) and prfA (p<0.05).

Further, in order to study the effect of ACP treatment on L. monocytogenes biofilms, biofilms
of the wild type and AprfA mutant were treated with ACP for 1-5 min. Figure 5.4 shows that
the mutant was significantly more sensitive to ACP treatment. ACP treatment for 1 min with
1 h PTST led to a 1.2 log reduction of the wild type biofilm compared to 2.4 log reduction for

the prfA mutant. However, metabolic activity of the wild type and prfA mutant were similarly
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affected by plasma treatment for 1 min (p>0.05), with difference in activity noted after 3 min

plasma exposure.
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Figure 5.4: Surviving population of 48 h L. monocytogenes after ACP treatment for 1, 3

and 5 min following 1 h PTST.
A) Plate count: (=) EGD-e WT, (2) AprfA. ND: non-detectable (Limit of detection 1
Logio CFU/mI).

B) XTT assay: (¢) EGD-e WT assessed by XTT assay, (®) AprfA assessed by XTT assay
Vertical bars represent standard deviation. Column with different letters indicate a

significant difference between bacterial strains and treatment time (p<0.05).
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5.5 Effect of ACP on gene expression of stress induced genes

ACP has demonstrated an inhibitory effect on survival and longer plasma exposure appears to
have the capacity to kill L. monocytogenes (Sections 5.2). Due to the inhibitory effects
induced by extended in-package ACP exposure (5 min) to L. monocytogenes cells, the study
further focused on the biological effects induced by short term (1 and 3 min) in-package ACP
exposures to allow detection of early effects in terms of ACP modulated gene activities. The
gRT-PCR assay was optimised by determining primer annealing efficiency for each primer
pair. The melting curve analysis for selected primer pairs showed single peaks confirming
that there was no DNA contamination. The PCR efficiency for the primers ranged between
94 to 96%. To determine the specific contributions of the transcriptional regulator 62 to
expression of L. monocytogenes virulence and stress response genes, transcript levels of
selected o®-dependent genes were measured under sub-lethal stress conditions.

Expression of target genes (gadD1, gadD2, gadD3, sigB, prfA, rsbR and Imo0799) relative to
the expression of the 16S rRNA gene after 1 and 3 min exposure to ACP is presented in
Figure 5.5. The result showed that exposure to sub-lethal 1 min ACP increased gene
expression of stress associated genes. SigB showed highest gene expression, increasing by
15.60 + 3.9 fold, followed by gadD2 (7.19 £ 0.5) and Imo0799 (8.6 + 2.08) after 1 min
exposure, compared to untreated controls. As expected when subjected to a harsh
environment, L. monocytogenes increases expression levels of several stress related genes.
However, longer ACP exposure decreased or in some cases downregulated the gene
expression. prfA was down-regulated 1.7 + 0.6 fold after 3 min ACP while no significant
induction or repression was noted for gadD3. The change in gene expression post treatment

was mainly associated to ACP activity of bacteria.
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Figure 5.5: Effect of ACP on gene expression of stress related genes in L. monocytogenes
EGD-e (WT).

m rsbR m prfA s sigB m gadD1 m gadD2 s gadD3 & Imo0799. The y-axis represents the

Logz fold change between untreated cells and ACP treatment cells (for 1 min or 5 min),
determined by the delta-delta Ct method. Vertical bars represent standard deviation in
the mean of 2 independent repeats. Column with different letters indicate a significant

difference between bacterial strains and treatment time (p<0.05).

5.6 Discussion

L. monocytogenes EGD-e is a persistent strain prevalent in food-borne illnesses, which is
capable of surviving varied environmental and process conditions (NicAogain and O’Byrne,
2016). Environmental stress such as acid, oxidative, cold or heat shock induced mutations can
increase tolerance or resistance in bacteria (Delaquis and Bach, 2012). Bacterial adaptive
strategies to stress cause changes in the gene expression pattern to maintain viability under
harsh conditions. In order to design efficient ACP treatments, it is essential to understand the
behaviour of the microorganism when exposed to different environmental and process stress
conditions. Stress responses in L. monocytogenes have been extensively reported but

investigations pertaining to cellular responses to cold plasma is still limited. ACP is
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increasingly explored as a tool for decontamination in a wide range of sectors (Patange et al.,
2018; Sarangapani et al., 2018). In the present work, the efficiency of the ACP for
inactivation of L. monocytogenes with the effects of commonly encountered process
conditions as extrinsic conditions with mechanistic insights were examined using a series of
mutants with deletions relevant to ACP and other environmental stresses.

Atmospheric cold plasma is an excellent source of reactive species which contribute to
bacterial inactivation process (Arjunan et al., 2012; Wu et al., 2012). The DCFH-DA assay
demonstrated the generation of ROS in L. monocytogenes wild and mutant strains following
treatment. The ROS generation increased with respect to ACP treatment time (Figure 5.1).
The high ROS levels generated could induce oxidative stress which may cause deleterious
effects in L. monocytogenes strains (Imlay, 2013) as observed in Figure 5.2. Previous studies
have suggested the link between bacteria inactivation by ACP and ROS production (Han et
al., 2016). ROS, such as peroxide and superoxide generated inside a cell, cause a series of
oxidation-reduction reactions mediated by iron-sulfur clusters, flavoproteins, and the Fenton
reaction, generating further short-lived but high amounts of hydroxyl radical species which
subsequently cause intracellular damage (Kohanski et al., 2007). Han et al. (2016b)
demonstrated ACP treatment increased overall amount of reactive species in Escherichia coli
BW 25113 and its isogenic knockout mutants (rpoS, soxR, soxS, oxyR and dnaK genes) that
led to the increased cell membrane permeability and sensitivity with 1 h and 24 h post
treatment storage time.

The general mechanism by which plasma treatment can induce cell damage and cause cell
death has been reported but there is scant information about the effects of ACP on stress
regulated genes and the protection or sensitivity of microbial mutants with gene deletions
against plasma treatment (Van Impe et al., 2018). The survival of L. monocytogenes EGD-e

wild-type strain was compared with that of its isogenic mutants following exposure to plasma
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treatment. The same intensity plasma treatment had different effects on mutants with deleted
genes associated with stress responses. The SigB mutant was more sensitive to ACP treatment
than the wild type and other mutants which could be attributed to higher level of ROS
detected in the cells. SigB is known as a crucial stress regulator and is responsible for
regulation of several stress associated genes. SigB and sigB-dependent genes play an
important role against oxidative stress, cold, and high hydrostatic pressure etc.
(Chaturongakul et al., 2008). SigB has demonstrated a protective role to oxidative stress
(Ferreira et al., 2001). Therefore, in the absence of sigB, the bacterial strain was sensitive and
readily inactivated by plasma treatment. To investigate the role of SigB in L. monocytogenes
stress adaptation, all the strain’s survival patterns were compared under these lethal treatment
conditions following a 1 h pre-exposure to sub-lethal levels of the acid/cold stresses (4 °C
and pH 4.0). Pre-adaptation to acid or cold stress did not enhance the survival of any strain
following exposure to plasma treatment. The wild type (WT) and mutants exhibited similar
inactivation patterns. Despite the well-established role for SigB, there are several
discrepancies reported by other researchers regarding its role under oxidative stress in L.
monocytogenes. Studies by Boura et al. (2016) have shown that cells without SigB were more
resistant to H2O by at least 7 logs compared to its isogenic WT. The stationary phase cells
grown aerobically were more resistant against H202 at 30 °C than 37 °C. In contrast, survival
experiments by Chaturongakul and Boor (2004) showed considerably reduced survival of the
AsigB strain relative to the parent strain and indicated a role for ¢® in oxidative-stress
resistance in L. monocytogenes 10403S during exposure to cumene hydroperoxide (CHP).
Interestingly in our study, hypersensitivity was observed in cells pre-adapted to cold or low
pH conditions.

L. monocytogenes utilises the glutamate decarboxylase (GAD) system to survive under acid

stress. Previous genetic studies on GAD system in L. monocytogenes EGD-e have shown
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that gadD1, gadD2 and gadD3 are critical for survival of L. monocytogenes at low pH
(Wemekamp-Kamphuis et al., 2004). Deletion of gadD3 together with either gadD1 or
gadD2 reduced acid tolerance in L. monocytogenes EGD-m, whereas resistant single mutants
(gadD1 and gadD2) showed greater acid survival than the parent strain (Feehily et al., 2014).
However, deletion of gad genes (gadD1, gadD2 and gadD3) seemed to confer no protection
against mild acid or ACP derived oxidative stress. Similarly, loss of sigma B-activating
protein rsbR did not show any significant difference in its ability to survive at low pH as well
as under oxidative stress (Table 5.2). Pre-adaptation to sub-lethal pH (4.0) and cold (4 °C) did
not enhance the survival of either strain following exposure to ACP treatment. All pre-
adapted L. monocytogenes strains were highly susceptible and were reduced below the
detection limit within 1 min of the ACP treatment. The stress conditions used in this study
may have been sufficiently lethal to have overwhelmed the possible sigB contributions to
cellular survival.

RT-PCR was applied for gene expression studies, focused on expression changes of stress
associated genes of L. monocytogenes (wild-type bacteria) after sub-lethal exposure to ACP.
The expression of genes sigB, prfA, rsbR, Imo0799, gadD genes was quantified after 1 min
and 3 min ACP treatment relative to untreated controls using 16s rRNA as the reference gene.
An increase in gene expression was seen by all stress associated genes analysed after 1 min of
ACP treatment. Longer treatment times reduced the gene expression and, in some cases,
down-regulated prfA and gadD3 gene expression. The RT-PCR results show a significant
association between ACP exposure and sigB expression, confirming its essential function for
the increased tolerance to stress factors. A significant correlation was observed for the
expression of sigB associated genes and sigB after ACP treatment in L. monocytogenes. The
sigB overexpression mainly occurred at sub-lethal ACP exposure (1 min) with higher gene

expression of the rsbR and Imo0799; which could explain the significantly increased
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expression of sigB gene. RsbR and Imo0799 are integral parts of the stressosome complex, its
contribution for ¢® activation cascade and o® activity (O’Donoghue et al., 2016; van der
Steen et al., 2012) consequently leads to the transcription of the general stress response
(GSR) regulon (NicAogain and O’Byrne, 2016). L. monocytogenes EGD-e exposed to ACP
for 3 min, the transcriptomic analysis revealed reduced expression of sigB and other stress
associated genes. Hence, L. monocytogenes show changes in its resistance to different doses
of plasma treatment due to the gene sensitivity to the plasma-driven alterations.

The intensity of ACP-induced oxidative stress generates high concentrations of intracellular
ROS/RNS species. These reactive species react with nearby organics leading to chain
oxidation and destruction of DNA molecules as well as cellular membranes and other cell
components (Dobrynin et al., 2009b). The deoxyribose sugar and the nucleobases of DNA
are readily susceptible to direct oxidative/nitrosative attacks by ROS/RNS (Arjunan et al.,
2015). Following exposure to ACP, the SOS response regulon (consisting of several genes
responsible for DNA repair mechanism, cell division) are significantly up-regulated (Sharma
et al., 2009). Previous studies by Xu et al. (2015), demonstrated an increase in the Nfo gene
(encodes for endonuclease IV, a DNA repair protein), indicating that the bacterial DNA
structures are gradually damaged with an increase in plasma exposure. The DNA repair
protection largely depends upon the type, quantity and the exposure time of bacterial cell to
generated ROS. In addition to oxidation of the deoxyribose sugar, ROS/RNS directly affects
DNA damage repair enzymes and polymerases (Arjunan et al., 2015) thus slowing the repair
processes or preventing replication altogether. Similarly, Sharma et al. (2009) suggests that
although plasma treatment led to the induction of uvrA and uvrB (that detect damaged
nucleotides), the absence of uvrC, uvrD and polA leads to incomplete induction of the DNA

damage repair mechanisms, thus causing cellular damage.
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The o® regulon is the largest stress response regulon in L. monocytogenes and overlaps with
several other regulatory systems. It has also been shown that environmental stress conditions
can prime oS-regulated virulence functions of L. monocytogenes i.e. 62 also contributes to
transcription of the gene encoding the global L. monocytogenes virulence gene regulator,
Positive regulatory factor A (PrfA) (O’Byrne and Karatzas, 2008; Scortti et al., 2007); binds
to the specific DNA sequence known as prfA box and positively regulates the expression of
L. monocytogenes virulent genes including itself. Studies by Lemon et al., (2010) and Luo et
al. (2013) highlighted the importance of the prfA gene leading on extracellular biofilm
formation and virulence; with the elimination of prfA gene led to reduced biofilm formation
and contributed to altered gene expression patterns in several different strains of L.
monocytogenes. In this study, both L. monocytogenes EGD-e (WT) and AprfA strains
showed similar biofilm formation in TSB at 37°C. This could be due to the flagellum-
mediated motility in L. monocytogenes causing initial surface attachment and subsequent
biofilm development. Lemon et al. (2010) also reported that prfA mutant’s defect in biofilm
development is observed after initial surface attachment and is significantly affected at
biofilm maturation, virulence and resistance steps. Therefore, when biofilms of L.
monocytogenes EGD-e (WT) and AprfA were treated with ACP, AprfA was found to be
significantly more sensitive than the wild type strain with 6.3 £0.02 Logio CFU/mI reduction
of culturable cells and 72% reduction in metabolically active cells after 3 min of treatment.
Further, the gene expression studies revealed the sub-lethal treatment of 1 min induced prfA
gene expression; however, prolonged treatment of 3 min repressed the prfA expression by 1.7
+ 0.6 fold. Expression of prfA gene is highly regulated by multiple promoters; it can be
transcribed as bicistron, together with the upstream plcA gene and monocistronically from
two promoters (P1prfA and P2prfA) directly upstream from the prfA, one of which is under

control of sigB (Scortti et al. 2007). The partially c2-dependent P2prfA promoter contributes
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to the majority of prfA transcript levels in both intra- and extracellular bacteria
(Chaturongakul et al., 2008). Therefore, when bacteria were exposed to ACP exposure, sigB
is highly expressed which may contribute to increased gene expression of prfA (Rauch et al.,
2005). Similarly, Xu et al. (2015) demonstrated, plasma treatment induced transcription of
genes associated with several important bio-molecular processes related to environmental
stress resistance. Exposure of S. aureus cells to plasma treatment, up-induced gene (IcaA,
SarA, sigB, Rbf, LuxS) responsible for polysaccharide intercellular adhesion, regulation and
biofilm formation in Staphylococcal biofilms and significant difference in gene sensitivity
was observed with plasma exposure for 10 and 30 min. Xu and colleagues employed a
different plasma device, however, the key effectors are likely to be similar. Consequently,
bacteria such as L. monocytogenes and S. aureus respond to sub-lethal plasma-derived stress
conditions to regulate biofilm formation via bio-molecular processes on the genetic level.
Hence, it is suggested that bacteria may show potential changes in its resistance to different
doses of plasma treatment due to the gene sensitivity to the plasma-driven environmental

alteration and the impact on the DNA repair mechanisms.

5.7 Conclusion

In summary, this study underlines and confirms that ACP treatment effectively reduced L.
monocytogenes and its mutants with 3-5 min of treatment under stressed/non-stressed/biofilm
conditions. In this work, the effect of different doses of ACP treatment was analysed for L.
monocytogenes EGD-e at the gene transcription level. The results indicate that sigB is
important for general stress resistance, with loss of the sigB gene significantly reducing
bacterial resistance to ACP treatment. In addition, the sigB gene showed the highest gene
expression under sub-lethal ACP treatment. The results show that plasma exposure can
induce gene expression to different degrees. However, whether plasma exposure facilitates or

attenuates resistance due to sub-lethal treatments requires further investigation. Hence, an
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improved understanding of L. monocytogenes response to different stress factors is necessary,
which may reveal a comprehensive mechanism of plasma induced effects as well as help
evaluate the extent of changes in virulence or other biological properties as a response to
stress and resistance-associated gene expression. This would contribute to an understanding
of how to control and reduce these events. The experimental results presented here provide a
baseline for understanding the bacterial genetic response to plasma stress and offers

promising insights for optimising ACP applications.
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Chapter 6 Efficacy of cold plasma functionalised water for improving

microbiological safety of fresh produce and wash water recycling

Fresh produce can be contaminated with a range of pathogenic bacteria and viruses, which
can pose a serious health risk as this category of product are typically prepared, distributed,
stored and consumed raw. Produce washing is widely used method to minimise the microbial
risk and maintain the quality of raw fresh produce from the farm to the consumer along the
food chain. The efficacy of plasma treatment to control microorganisms is dependent on
many system and process related parameters including inducer gas, geometry of the system
and the type of device used; thus, the key antimicrobial effectors and resulting efficacy may
also differ (Han et al., 2016a; Liao et al., 2017). This study demonstrates the use of a
submerged dielectric barrier discharge into water assisted by coaxial diffusers in addition to
agitation of micro-bubbles to indirectly treat fresh produce with plasma functionalised water.
6.1 Inactivation of P. fluorescens on fresh lettuce by different plasma treatment
methods

Lettuce inoculated with P. fluorescens and refrigerated for 24 h to allow attachment was
treated with plasma functionalised water in the treatment chamber. Efficacy in relation to
agitation on or agitation off was compared. High speed agitation using a magnetic stirrer
enhanced the ability of the plasma to inactivate bacteria on the lettuce surface (Figure 6.1).
The purpose of washing fresh produce is to remove dirt and loosen microbial attachment to
surfaces so they may be removed or subject to the action of any additive treatment within the
water. High speed agitation may help distribute the plasma reactive species in the reaction
mixture generated from plasma treatment, thus helping to remove and inactivate firmly
attached microbial cells present at different niches on lettuce surfaces. Moreover, previous

studies have demonstrated pre-treatment with sanitisers using micro-bubbles generation
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improved the bactericidal effect for decontamination of fresh produce (Kim et al., 1999; Soli
et al., 2010). Micro-bubbles have demonstrated high stability and surface area that can
maintain ozone, which may improve antimicrobial efficacy. Marui (2013) demonstrated small
micro-bubble increased the dissolved potential of ozone and free radicals by cracking of the
bubbles. Diffusor assisted bubbling of plasma generated effluent in conjunction with high
speed stirrer agitation was found to be efficient and was selected for further experiment

conditions.

69 a

Surviving bacteria (Logy, cfu/g)

T T T
Control 1 min 3 min 5 min

ACP treatment time

Figure 6.1: Effect of ACP (Y) with or (m) without agitation on viable counts of P.
fluorescens inoculated on lettuce.

Vertical bars indicate standard deviation. Dotted lines indicate limit of detection (1
Logio CFU/g). Column with different letters indicate a significant difference between

treatment method and treatment time (p<0.05).

6.2 Antimicrobial effect of micro-bubbling plasma functionalised water on lettuce
The effect of ACP on the microbial load attached on iceberg lettuce, for 1 h and 24 h of

bacterial attachment time was assessed. The initial levels of L. innocua and P. fluorescens on
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lettuce was 6.2 and 6.8 Logio CFU/g. Washing the lettuce with sterile deionised water yielded
0.5 Logio CFU/g reduction after 10 min.
Table 6.1: Washing lettuce with sterile deionised water with microbubbles and agitation

in submerged DBD system without plasma treatment

Treatment  P. fluorescens SD L. innocua SD
time (min)  (Logio CFU/Q) (Logio CFU/qg)
0 6.042 0.10 6.142 0.15
1 5.72P 0.14 5.66" 0.06
3 5.63" 0.11 5.65" 0.28
5 5.60P 0.04 5.40P 0.16
10 5.18° 0.10 5.42° 0.13

SD: Standard deviation. Different letters indicate significant difference between

different treatment times of individual bacteria.

Plasma bubbling into the produce treatment chamber increased the antimicrobial efficacy for
lettuce samples significantly by comparison with bubbling of untreated water alone; Figure
6.2. Washing with untreated water had limited efficacy for microbial reduction regardless of
the washing time. Values represent the average population recovered with a detection limit of
1 Logio CFU/g. The inactivation pattern for P. fluorescens population inoculated on lettuce
followed a linear trend, showing significant reductions during 1-10 min of ACP treatment
(p<0.05). In the case of L. innocua a significant reduction of 2-2.4 Logio CFU/g was
observed after 3 min of ACP treatment; however, survival curves for L. innocua showed a

tailing effect even after increasing the treatment time to 10 min.

137



Survivng bacteria (Log cfu/g)

ACP Treatment time (min)

(A) L. innocua

Survivng bacteria (Log cfu/g)

0 1 3 5 10

ACP Treatment time (min)

(B) P. fluorescens
Figure 6.2: Effect of ACP on (a) P. fluorescens (b) L. innocua attached to lettuce leaves

for (m) 1 h and (Y) 24 h. Each column represents average bacterial population

recovered after ACP treatment.
Dotted line indicates limit of detection (1 Logio CFU/g). ND: Not detected (counts below
detection limit). Vertical bars represent standard deviation. Column with different

letters indicate a significant difference between bacterial attachment and treatment time

(p<0.05).
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Gram negative bacteria have been shown to be more susceptible to ACP than Gram positive
bacteria due to differences in cell wall structure (Mai-Prochnow et al., 2016). The thick
peptidoglycan layer of the Gram positive bacteria poses a barrier for plasma reactive species
to penetrate through the cell wall and impacts its antimicrobial efficacy. This is in agreement
with this study where despite similar initial inoculation levels on the lettuce surface, P.
fluorescens decreased significantly in number after exposure to ACP treatment compared to
L. innocua. In addition to target cell characteristics, the stage, strength and nature of bacterial
attachment to produce may also impact overall ACP inactivation efficacy. Some foodborne
pathogens attach and internalise into plant tissue thus contributing to elevated resistance to
antimicrobial agents. Rough food surfaces or those characterised by stomata or seeds on
surfaces present protective niches requiring longer treatment times. SEM micrographs of the
lettuce surface show that treatment with plasma functionalised water for 1 and 3 min did not
lead to any visible damaging effects (Figure 6.3), while significantly decreasing the bacterial
population. Changes in the bacterial morphology was observed after 1 min of plasma
treatment in the case of P. fluorescens and after 3 min of treatment the lettuce integrity was

maintained whilst P. fluorescens populations remaining were at the detection limit.
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ili. 3 min ACP treatment

Figure 6.3: SEM images of P. fluorescens and L. innocua inoculated on lettuce. The

photographs represent attachment of bacteria on lettuce and after ACP treatment.
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6.3 Wash water analysis

Contaminated produce wash water can be a vehicle for microbial cross-contamination
through the transfer of microbial contaminants; usually requiring removal from the process or
the addition of chemicals to decontaminate the water prior to re-use. Developing a chemical
free intervention to enhance the safe recycle-ability of wash water is an important step for
both water and energy sustainability as well as microbiological safety. The surviving
bacterial load released from the lettuce to the process effluent is illustrated in Figure 6.4.
Continuous bubbling and agitation of plasma effluent through the process water reduced the
survival of microbes released into the process effluent. The microbial load in wash water
declined continuously and was below the detection limit for P. fluorescens after 10 min
contact time with plasma generated reactive species. Limitations associated with common
chemical disinfectants include minimal efficacy, operational costs, the safety management of
the technology at the processing site, formation of hazardous by-products and the need for
monitoring ambient concentration levels (Van Haute et al., 2015). In the case of ACP
treatment, the continuous generation of plasma reactive species in the wash water provides a
reservoir of active agents that can overcome scavenging by organic debris or contaminants
and can also serve as a continuous treatment to either clean or refunctionalise wash water
during and after the produce processing. This is advantageous from both cost and water

sustainability perspectives.
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Survivng bacteria (Log cfu/10ml)

ACP Treatment time (min)

Figure 6.4: Survival of (5) L. innocua and (m) P. fluorescens in the wash water after

washing lettuce in plasma functionalised water.
ND: not detected (below detection limit of 1 Log CFU/10ml); Vertical bars indicate
standard deviation. Column with different letters indicate a significant difference

between bacteria and treatment time (p<0.05).

6.4 Effect of pH

Figure 6.5 illustrates the changes in pH of the samples after plasma treatment. The initial pH
of water used for treatment was 7.2 £ 0.1, which decreased with increasing plasma treatment
time. The shift in pH can be attributed to production of acids including nitrates, nitrites and
hydrogen peroxides (Oehmigen et al., 2010). Similar results were obtained where plasma
discharges lead to acidification of treated water (Lu et al., 2017; Traylor et al., 2011). Lower
pH is favourable for reactive species to penetrate the cell wall, further affecting the bacterial

membrane system (Bourke et al., 2017; Ikawa et al., 2010).
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Figure 6.5: pH value of wash water after DBD-ACP treatment

To account for any independent effect of the acidic conditions, L. innocua was treated at
different pH conditions. The bacterial inactivation was non-significant at the different pH
conditions equivalent to those generated by 1, 3, 5 or 10 min of plasma treatment (Figure
6.6), with the exception of pH 5; where the bacterial population was reduced by 1.3 + 0.13
Logio CFU/g after 10 min treatment time. The same trend was recorded for P. fluorescens
(data not shown). Satoh et al. (2007) reported that inactivation of E. coli in an acidified liquid
(pH 3.4) needed a longer period of time compared to plasma treatment. However, others have
demonstrated that an acidic environment along with addition of nitrate ions or hydrogen
peroxide could not induce significant inactivation of microorganisms comparable to plasma
treatment (Ercan et al., 2013; Oehmigen et al., 2010). The acidic environment alone did not
have significant bacterial inactivation properties for the contact times used in this study,
however the acid conditions generated may be complementary to the action of plasma

functionalised water.
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Figure 6.6: Bacterial inactivation assay in acidic solutions. L. innocua (10" CFU/mI)
inoculated on lettuce exposed to different acidic conditions

(=) pH 3, (¢) pH 4 and (A) pH 5. Detection limit was 1.0 Logio CFU/g. Vertical bars
indicate standard deviation. Column with different letters indicate a significant
difference between L. innocua treated in different pH solutions and treatment time

(p<0.05).

6.5 Chemical analysis

Measurement of hydrogen peroxide, nitrite, and nitrate concentrations

Plasma discharged in water produces reactive species such as superoxide, the hydroxyl
radical, singlet oxygen, and nitric oxide (Schmidt-Bleker et al., 2016). These short-lived
species are converted rapidly to relatively longer lived species such as hydrogen peroxide,
nitrites, nitrates and other uncertain intermediate species (Shimizu et al., 2011). These
diverse RONS play an important role in antimicrobial activity (Joshi et al., 2011). The
concentration of hydrogen peroxide (H20.), nitrate (NO3") and nitrite (NO2") reactive species
generated after ACP treatment in water is presented in Figure 6.7. The plasma functionalised

water generated using this submerged DBD diffuser contained higher concentrations of

145



nitrate but no detectable levels of hydrogen peroxide. The concentration of nitrate increased
with respect to treatment time in the range of 250-400 uM. However, a very low

concentration of 12.63 uM nitrite was detected only after 10 min of ACP treatment.
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Figure 6.7: Concentration of (a) Nitrate and (b) Nitrite reactive species in plasma
functionalised water. Experimental conditions: 1, 3, 5 and 10 min treatment at 80 kV
with 0 h post treatment storage time. ND: not detectable. Vertical bars indicate
standard deviation. Column with different letters indicate a significant difference

between different treatment times (p<0.05).
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The concentration of dissolved ozone concentration in the water was measured by the indigo
degradation method. Ozone is another long lived ROS generated by atmospheric cold plasma
discharge, and is a powerful oxidant, capable of inactivating various classes of pathogens.
ACP treatment for 90 s increased the ozone concentration to 6 mg/L, but this remained
constant after 120 s exposure time (Figure 6.8). The reactive species content in the plasma
functionalised water indicated increased concentrations of nitrate and ozone with increasing
plasma treatment times, with some nitrite detectable at 10 minutes. The type and
concentration of RONS generated by plasma system depends on several factors including
plasma-liquid interactions at the liquid surface (sputtering, high electric field induced
hydrated ion emission, and evaporation), plasma source, discharge setup, gases and liquids
used for treatment (Lukes et al., 2014). Each plasma system offers differing reactive species
composition, with diverse antimicrobial and cytotoxic activities, which points to the need for

target or function led design of the appropriate plasma functionalised liquid.
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Figure 6.8: (a) Absorption spectra of Indigo Reagent degradation by submerged DBD-
ACP system and (b) Concentrations of dissolved ozone in water generated during
plasma exposure time.

6.6 Comparison of plasma functionalised water with sodium hypochlorite
washing for bacterial reduction on lettuce

Sodium hypochlorite solution and its derivatives are commonly used for sanitising fresh
produce (Warriner et al., 2009). The effectiveness of ACP was compared to commonly used
NaOCI for decontamination of L. innocua and P. fluorescens attached on lettuce. The initial
number of L. innocua and P. fluorescens attached to lettuce leaves was 5.2-5.6 Logio CFU/g
and 5.0-5.4 Logio CFU/g, respectively. Both the treatments caused significant reduction in
the bacterial counts when compared to corresponding controls. For L. innocua, both
treatments (chlorine and ACP) showed similar reduction of 2.4-2.9 Logio CFU/g on lettuce
after increasing the treatment time to 10 min (p>0.05). However, greater reduction in P.
fluorescens population was observed with plasma water washing when compared to chlorine

wash. With the same exposure duration, 100 mg/L chlorine wash achieved reduction of 4
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Logio CFU/g while ACP treatment reduced the P. fluorescens population below detection

limit Figure 6.9.

Viable bacterial population (Log,, cfu/g)

Treatment time (min)

(A)L. innocua

Viable bacterial population (Log,, cfu/g)
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(B) P. fluorescens
Figure 6.9: Effect of (m) NaOCI or (e) ACP on inactivation of L. innocua and P.
fluorescens on lettuce.Dotted line indicates detection limit (1.0 Log CFU/g). Vertical
bars indicate standard deviation. Column with different letters indicate a significant
difference between Treatment type (NaOCI, ACP) and treatment time (p<0.05).
The disinfection efficiency of chlorine washes varies; for example, sanitizing with 0.02% SH

(200 mg/L free chlorine) reduced background microbiota on strawberry, cherry tomato, and
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red bayberry by approximately 0.20-2.07 log cfu/g (Wei et al., 2017). Other studies reported
0.76 log CFU/g, 0.79 log CFU/g, and 0.47 log CFU/g Log reductions of initial coliform from
fresh-cut radishes, zucchini, and green bell peppers after washing with 100 mg/L sodium
hypochlorite (Sun et al., 2012). Although chlorine is commonly applied as a disinfectant in
washing fresh produce, a challenge is to maintain a stable free chlorine concentration during
washing, necessitating continuous monitoring and dosing. Plasma functionalised water
achieved control comparable to chlorine treatment of L. innocua, but eradicated P.
fluorescens populations below the detection limit, offering potential for delayed spoilage and
shelf-life improvement. In addition, micro-bubbling of the plasma effluent and high speed

agitation helped distribute RONS, providing greater microbial reactive species interactions.

6.7 Conclusion

The efficacy of ACP to inactivate microbial loads depends on many factors for example the
product type, target microorganism, pH of wash water and contact time of treatment. These
findings demonstrate aqueous plasma treatment can effectively reduce viable counts of
pathogenic and spoilage microorganisms attached on lettuce. ACP functionalised water was
efficient to control L. innocua while reducing P. fluorescens population below detection limit
from lettuce, as well as from the wash water used for the treatment. In addition, micro-bubble
and high speed agitation aided distribution of the active agents and enhanced microbial:
reactive species interactions.

The fresh produce industry currently lacks an efficient control method to ensure removal or
elimination of food-borne microorganisms from fresh or minimally processed fruits and
vegetables, which is compounded by increasing consumer concerns with standard chemicals
including chlorine. Extending the safe shelf life of minimally processed fresh produce is of
paramount importance to promote safe consumption and consumer confidence, pre-washing

the fresh cut lettuce in plasma functionalised water could be an efficient replacement or
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additional technology for commercial processing lines. Moreover, ACP shows potential for
improving water recycling by minimising the contaminant load in wastewater, thereby,

significantly lowering the consumption of free chlorine and organic chlorine residues in the

wastewaters.
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Chapter 7 ACP treatment of wastewater effluents

Generation of wastewater is one of the main environmental sustainability issues across food
sector industries. The constituents of food process effluents are often complex and require
high energy and processing for regulatory compliance. Wastewater streams are the subject of
microbiological and chemical criteria and can have a significant eco-toxicological impact on
the aquatic life. Thus, innovative treatment approaches are required to mitigate environmental
impact in an energy efficient manner. Here, DBD atmospheric cold plasma (ACP) was
evaluated for control of key microbial indicators encountered in food industry effluent. A
sequence of experiments was performed to determine the best treatment parameters for
bacterial inactivation efficiency within complex effluents. This study also investigated the
eco-toxicological impact of cold plasma treatment of the effluents using a range of aquatic

bioassays.

7.1 Effect of retention time on bacterial inactivation

The preliminary post treatment retention treatment (PTRT) studies were performed in simple
phosphate buffer solution in presence of E. coli. Post treatment retention was carried out by
holding the opened wastewater sample post ACP treatment so as to imitate the treatment
system tank conditions which is used to hold wastewater. Figure 7.1 shows the inactivation
of E. coli after ACP treatment at 80 kV for 30-60 s of plasma followed by variable PTRT of
0, 5 and 10 min. E. coli populations decreased with increasing retention time and no cells
were detected after 10 min of Post treatment retention time (PTRT). When the plasma
treatment time was reduced to 30 seconds, the same trend was repeated where microbial
loads went from 5 Logio to 1 Logio CFU/mI after 10 min of retention time. Thus, retention
time emerged as a critical processing parameter for microbial control and a retention time of
10 minutes after a 1-minute treatment at 80 kV of voltage was sufficient for effective

bacterial inactivation. These results indicate the high efficiency of ACP at short treatment and
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retention times which can assist in fast processing rates of wastewater decontamination

industrially.

\ﬁ

Surviving bacteria (Log;o CFU/mI)

A

Retention time (min)
Figure 7.1: Effect of post treatment retention time (0, 5, 10 min) on stationary phase E.

coli treated with DBD ACP system for (@) 30 s and (&) 60 s and at 80 kV in phosphate

buffer solution.

ND: Non-detectable, Dotted line indicates limit of detection (1 Logio CFU/ml); C:
Control. Vertical bars represent standard deviation. Column with different letters
indicate a significant difference between controls and ACP treated samples at different
time points (p<0.05).

7.2 Effect of voltage level and treatment time on bacterial inactivation efficiency
by ACP

The relationship between bacterial inactivation with the treatment voltage levels is
represented in the Table 7.1. Experiments were conducted using voltage of 60-80 kV,
treatment time of 1-5 min and PTRT of 10 min. Increasing voltage level gradually enhanced
the rate of microbial inactivation in model dairy wastewater, which was most notable after 2
and 5 min of ACP treatment for all bacteria examined. Increased voltage level at 80 kV
archived significantly greater reduction of + 2.0 Log CFU ml in all bacterial population as

compared to lower voltage level tested (p < 0.05).
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Table 7.1: Effect of Atmospheric cold plasma on bacteria inactivation at various applied

voltage levels with 10 min Post treatment retention time.

Voltage  Treatment E. coli E. faecalis C. perfringens
level time
(kV) (min) Log1o SD Log1o SD Logio SD
CFU/ml CFU/ml CFU/mlI

60 0 5.68° 0.23 5.60° 016  5.65*  0.22
1 4.92° 0.11 4.46° 0.09  4.77° 0.23
2 4,79° 0.07 4,149 0.08 4429  0.15

5 NDf - 2.67° 0.05 NDf -
70 0 5.622 0.09 5.70° 003  565° 0.22
1 4.61° 0.02 4.87° 012  4.70°  0.09
2 3.95¢ 0.19 4,344 0.10 355¢ 021

5 NDf - ND® - NDf -
80 0 5.682 0.23 5.90° 008 532° 0.11
1 4.77° 0.08 4.58P 0.07  4.49¢ 0.07
2 2.87¢ 0.18 3.42¢ 030 378 0.3

5 NDf - ND® - NDf -

SD: standard deviation, ND: non-detectable (below 1 Logio CFU/mI). Different letters
indicate significant difference between voltage levels and treatment time of individual

microbe.

Bacterial inactivation at 80 kV in relation to ACP treatment time in model dairy and meat
wastewater is further summarised in Figure 7.2. The initial bacterial concentration inoculated
in model dairy wastewater before treatment was 5.6 + 0.1 Logio CFU/ml of E. coli, 5.9 £ 0.3
Logio CFU/mI of E. faecalis and 5.3 £ 0.3 Logio CFU/mI of C. perfringens respectively.
Significant reduction of £ 1 Logio unit of bacterial concentration was observed after 1 min of
the ACP treatment (p<0.05) in the dairy wastewater. However, bacterial indicators in meat
wastewater were found to be much more sensitive to plasma treatment, with most bacterial

populations being affected at 1 min of ACP treatment and showing complete inactivation
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after 2 min of treatment. Therefore, increasing the ACP treatment time with a PTRT of 10

min significantly enhanced the rate of bacteria inactivation, with no culturable cells detected

after 5 min treatment.

Surviving bacteria (Log CFU/ml)

ACP Treatment time (min)

(A) Dairy wastewater

Surviving bacteria (Log CFU/ml)

1 ¥ 1 ¢ 1

0 1 2 3 4 5

ACP Treatment time (min)

(B) Meat wastewater
Figure 7.2: Effect of ACP treatment time on stationary phase (A) E. coli (W) E. faecalis
and (®) C. perfringens in model (A) dairy (B) meat wastewater treated at 80 kV with
post treatment retention time of 10 min. Dotted line indicates limit of detection (1 Log1o

CFU/ml). Vertical bars represent standard deviation. Column with different letters
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indicate a significant difference between three bacterial samples, their controls and
ACP treated samples (p<0.05).

ACP treatment generates several reactive species which are an excellent source of ROS and
RNS. These reactive species are mediated in secondary stable forms in liquids and penetrate
into bacterial cells and membranes causing damage to membranes or intracellular functions
(Han et al., 2016a). Erosion of cell components affects the cell membrane causing oxidation
of free fatty acids, lipids and protein components. This etching activity leads to irreversible
damage to DNA, RNA and enzymes eventually causing cell lysis or cell death (Das et al.,
2006; Dobrynin et al., 2009c). The highest applied voltage and the longest treatment time
yielded the highest rate of inactivation. The high voltage levels in addition to longer
treatment times in a contained environment may also contribute to increased concentration of
active species amplifying the adverse effect on nucleic acids, affecting DNA with the loss of
cell culturability. This is in agreement with earlier studies (Han et al., 2014; Janex et al.,
2000; Liu et al., 2013) which demonstrated the relationship between the reactive species and
higher voltage and treatment time that influence the bacterial inactivation rate by reducing

bacterial metabolism or by changing the permeability of the cell membrane.

7.3 Effect of the milk fat content on bacterial inactivation with ACP treatment

The relative amounts of the fats and proteins in wastewaters from the dairy or meat industry
can vary considerably and may not be of routine concentration or composition, even within a
sector. A rich organic environment can impact on the antimicrobial efficacy of ACP (Han et
al., 2016b). The active species generated not only react with the target contaminant but also
with degraded products of organic components within the wastewater. The bacterial
inactivation efficiency of ACP was further challenged with two synthetic wastewater samples
containing additional fat content, at 4 g/L and 2 g/L by comparison with the initial dairy

wastewater composition (0.2 g/L milk fat) (Figure 7.3).
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Figure 7.3: Inactivation of E. coli in stationary phase suspended in model dairy
wastewater at different fat content (M) 0.2 g/L (A) 2 g/L and (®) 4 g/L.

Dotted line indicates limit of detection (1 Logio CFU/mI). Vertical bars represent
standard deviation. Column with different letters indicate a significant difference

between milk fat content and treatment time (p<0.05).

The bacterial inactivation efficiency by ACP in fat rich wastewater was slower than in the
lower fat content wastewater. The protective effect of organic matter upon the bacterial cells
during ACP treatment and the variability in levels that may challenge a process must be
considered. The organic matter present in the dairy wastewater can scavenge reactive species
preventing their interaction with the bacterial cells present. The reactive species react and
oxidise the organic content present in the dairy wastewater, in particular double bonds of
unsaturated compounds to low molecular compounds (El-Sayed et al., 2015) thus making
them unavailable to interact with the bacteria. However, as the treatment time increased to 5
minutes the ACP can effectively inactivate the target microorganisms in dairy wastewater;
the fat content induced shoulder on inactivation can be overcome by extending the treatment
time. Similar results were obtained by Ziuzina et al. (2015) and Han et al. (2016b), distinct

differences in bacterial inactivation efficiencies were observed across different ACP treated
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media, with lower levels of ROS observed in beef extract and lettuce broth by comparison
with PBS, although the same ACP treatment parameters were used for all the suspensions.
The low ROS concentration detected may reflect a scavenging effect of the media, allowing
bacterial cells to recover and grow.

Further chemical characterisation of plasma treated dairy and beef lipids performed by
Sarangapani et al. (2017) gives insights on cold plasma-food interactions in terms of quality
effects, particularly for oils and fats present in food industry wastewater. The plasma process
was found to oxidise the fat content into simpler fatty acids study along with formation of
oxidation products 2-nonenal, azelaic acid, 9-oxononanoic acid, nonanoic acid and octanoic
acid. However, these oxidation products were identified only after extended treatment time of
30 min. Findings from the current study illustrate the efficacy of ACP depends on water
matrix/organic content as well as treatment time. Food industrial wastewaters vary in
nutrient/organic content and concentrations. The final inactivation efficacy may therefore be
influenced by further factors such as product parameters including potential to scavenge
reactive species as well as significant dependency on the ACP system prototype geometry

and treatment conditions.

7.4 Inactivation of mixed culture bacteria from the wastewater effluents

In order, to evaluate the performance of ACP treatment for poly microbial challenges a
bacterial cocktail was prepared in model wastewater effluents. A mixed culture prepared
using E. coli, E. faecalis and C. perfringens was treated with ACP at 80 kV for different
treatment time periods (Figure 7.4). Significant reduction (p<0.05) in the mixed culture was
observed after 5 min of ACP treatment, showing rapid reduction of E. coli and E. faecalis to
levels of 3.0 to 3.4 Logio CFU/mI. C. perfringens appeared to be significantly more resistant
to ACP treatment (p<0.05), showing reduction of 1.7 Logio CFU/ml after 5 min of ACP

treatment. Complete elimination of mixed culture bacteria required a doubling of treatment
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time to 10 min. However, prolonging the treatment time to 10 min reduced all bacterial
population below detection limits.

While in case of mixed culture bacteria suspended in model meat wastewater were
significantly sensitive to ACP treatment as compared to mixed culture bacteria in model dairy
wastewater (p < 0.05). A marked decrease of 1-2 Logio CFU/ml was observed in C.
perfringens, E. faecalis and E. coli cell population suspended in model meat wastewater after
2 min of treatment duration. For longer treatment time of 5 min, the total bacterial population

concentrations were more rapidly inactivated to undetectable levels.
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Figure 7.4: Inactivation of mixed culture bacterial strains of (M) C. perfringens (®) E.
coli (A) E. faecalis in stationary phase suspended in model dairy and meat wastewater
treated with ACP treatment at 80 kV.
Dotted line indicates limit of detection (1 Logio CFU/mI). Vertical bars represent
standard deviation. Column with different letters indicate a significant difference

between bacterial culture and treatment time (p<0.05).
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The inactivation rate of the mixed culture cocktail was slower by comparison to the
respective mono culture preparations, which may be due to the overall higher bacterial load
and the greater potential for organic based quenching of the reactive species generated by
ACP treatment which are ultimately responsible for bacterial cell death. Different membrane
structures could lead to different relative resistance between the bacterial strains (Han et al.,
2015), however, further fundamental insights are required into how poly-microbial

communities behave in response to the stresses imposed by ACP.

7.5 Generation of reactive species

The atmospheric plasma discharge is an effective source of reactive oxygen and nitrogen
species (RONS). Hydrogen peroxide (H202), nitrates (NOs) and nitrites (NO2), are
biologically active species known to induce cell proliferation and cause substantial degrees of
damage to bacterial cells. In the current study, concentrations of H202, NO2 and NO3 for
different fat content dairy wastewater after ACP exposure was quantitatively measured.
Hydrogen peroxide levels in treated dairy effluent was in the range of 38-500 uM H>O:
depending on treatment duration and milk fat content present in the dairy wastewater. Within
5 min of plasma treatment, significantly higher concentration of 500 uM of H.O, was
detected in 0.2 g/L milk fat content dairy wastewater samples (Figure 7.5A). These finding
correlated to the bacterial inactivation studies, where increasing plasma exposure resulted in
increased bacterial inactivation and showed linear correlation to the concentration of H>O:
generated in the solution. Very low concentrations of H,O> were available in 2 g/L and 4 g/L
milk fat dairy wastewater for contact with the bacterial cells, reflecting the ability of this

complex lipid rich solution to scavenge large amounts of H20,.
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Figure 7.5. Generation of (A) Hydrogen peroxide and (B) Nitrate in model dairy

wastewater after ACP treatment. (z) 0.2 g/L (&) 2 g/L (W) 4 g/L

Vertical bars represent standard deviation. Column with different letters indicate a

significant difference between milk fat content and treatment time (p<0.05).

The concentration of nitrate is presented in Figure 7.5B, which was higher in 4 g/L and 2 g/L
milk fat content dairy wastewater samples and increased after ACP exposure: for treatment

time of 3 min the concentration of NOs reached values of 715 pM and 627 puM. The
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complexity of initial dairy wastewater samples, consisting of high proteins, fats, lipids
contributes to overall nitrogen content leading to higher nitrate concentration after plasma
treatment.

Reactive species in this study were recorded immediately after ACP treatment (including post
treatment retention time). Both plasma reactive species generated; hydrogen peroxide and
nitrates are long lived species which showed treatment time dependence, which could
improve the microbicidal effect. Previous studies from this DBD-ACP system, demonstrated
stable concentration of H>O; in PBS for several weeks (Boehm et al., 2016). Further work
from Juldk et al. (2012b) showed persistent microbicidal effect in water exposed to the
corona discharge during 4 weeks of storage. Although ozone (O3) completely and H>O>
almost disappears, the plasma treated water remains antimicrobial for one week or more
following its initial exposure to plasma. This study showed increasing concentration of
generation of hydrogen peroxide and nitrates however, further studies are required to
determine long term stability of ACP in nutrient rich treatment samples like food industry

wastewaters.

7.6 Inactivation of B. megaterium spores in model dairy and meat wastewater

Bacterial spores are highly resistant to environmental stress including heat, UV radiation,
desiccation, pH change or strong oxidisers. The structure of complexity and chemical
composition of spores render the bacterial spores resistance against many disinfection agents
(Granger et al., 2011; Setlow, 2001). B. megaterium spores were used as a working
alternative and challenge model in lieu of Cryptosporidium oocysts (Garvey et al., 2013).
The spores were suspended in wastewaters and subjected to continuous ACP treatment. The
influence of bacterial physiological state of B. megaterium on decontamination efficacy of
ACP treatment was evident in the case of treatment of inoculated in wastewater. Significant

difference (p<0.05) in sensitivity was observed between B. megaterium vegetative cells and
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its spores to ACP treatment. Plasma exposure of 1 min resulted in + 2.50 Logio CFU/mlI
reduction in vegetative population while no significant reduction was observed in spore
population (p>0.05). Further exposure for 5 min led to complete inactivation of vegetative

cells whereas spore population was reduced by +1.9 Logio CFU/mI (Figure 7.6).

Survingl bacteria (Log CFU/m)
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ACP Treatment Time (min)

Figure 7.6: Time depended inactivation of stationary phase B. megaterium (@)
vegetative cells and (M) spores by ACP treatment at 80 kV.

Dotted line indicates limit of detection (1 Logio CFU/mI). Vertical bars represent
standard deviation. Column with different letters indicate a significant difference

between bacterial cells and treatment time (p<0.05).

A strong influence of plasma exposure on bacterial spore inactivation efficiency was noted in
three different media: PBS, model dairy and meat wastewater. The order of bacterial spore’s
sensitivity to ACP treatment was as follows: PBS > meat wastewater > dairy wastewater.
Based on the finding of this study, ACP treatment for 20 min at 80 kV was required for
complete inactivation of bacterial spores suspended in PBS while in case of model meat and
dairy wastewater, despite 2 + 0.2 Logio CFU/mI of bacterial spore reduction, a considerable

proportion of spores remained viable even after ACP exposure of 20 min (Figure 7.7).
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However, extending plasma treatment time to 30 min yielded comparable results for all
media with total inactivation of bacterial spores. The complexity of high organic environment
of dairy and meat media provides a protective effect against the action of plasma generated
reactive species. Similarly, the effect of bacterial substrate on ACP inactivation efficacy was

recorded by Boxhammer et al., (2012) and Ziuzina et al., (2015).

5
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Figure 7.7: ACP inactivation of B. megaterium spores suspended in (A) PBS (M) model
meat wastewater (®) model dairy wastewater.

Dotted line indicates limit of detection (1 Logio CFU/mI). Vertical bars represent
standard deviation. Column with different letters indicate a significant difference

between media and treatment time (p<0.05).

Several chemical reactions and reactive species generated by ACP treatment play a role in
plasma interaction with spores. Plasma exposure can cause several morphological and
functional damage of the macromolecules including enzymes and membranes by reactive
species that diffuse into the spore cells and causes inactivation which hinders the spore
germination process. Research have indicated the treatment of B. subtilis spores with
oxidising agents lead to the damage of inner membrane and spore proteins, which are

essential for spore viability making them sensitive to subsequent stress (Cortezzo et al.,
165



2004). Van Bokhorst-van de Veen et al. (2015) reported distinct morphological changes
including etching effects and the appearance of rough B. cereus spore surfaces observed by

SEM after 20 min of treatment with nitrogen plasma.

7.7 Safety profile of ACP treated wastewater

The eco-toxicity tests employed in this study include some widely standardised short-term
methods used to estimate the acute or chronic toxicity of chemical toxicants to aquatic
ecology. A difference in sensitivity was observed to ACP treated model meat or dairy
wastewater with different organisms as follows: PLHC-1 > RTG-2 > Daphnia magna. The
cytotoxicity results expressed as ECso values in Table 7.2, showed higher dose and exposure
time dependent responses, with greater effect at higher concentrations (10-20%).

Table 7.2: ECso values of ACP treated water wastewater for cytotoxicity test

Treatment  ACP treatment Cell line Endpoint ECso
sample time (min) (% viv)
PLHEC-1 AB 35(22-4.7)
NR 2.1 (0.0- 10.3)
5 min RTG-1 AB 6.9 (3.9-11.6)
Meat NR 8.7(7.2-9.9)
wastewater PLHEC-1 AB 3.3(2.0-4.0)
NR -
10 min RTG-1 AB 6.2 (4.2 -8.6)
NR 6.4 (4.3 -8.6)
PLHEC-1 AB 5.2 (4.7-5)
NR 6.9 (4.8-8.9)
5 min RTG-1 AB 7.0(6.1-7.7)
Dairy NR 7.3(25-19)
wastewater PLHEC-1 AB 3.6(23-4.4)
NR 55(3.8-7.0)
10 min RTG-1 AB 2.4 (0.3 -6.6)
NR 7.8(7.8-8.0)

ECso values and corresponding 95 % confidence intervals in parentheses; AB: Alamar

Blue; NR: Neutral Red
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The untreated dairy and meat wastewater showed toxic effect on both fish cell lines and D.
magna (except D. magna in model dairy wastewater) with 24 h of exposure. Model meat and
dairy wastewater were plasma treated at 80 kV for 5 and 10 min with 10 min PTRT.
Concentration and treatment time dependent cytotoxicity of plasma treated wastewater was
observed in both cell lines where higher toxicity (i.e. >50%) was observed for concentrations

above 10% (Figures 7.8 and 7.9).
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Figure 7.8: Percentage cytotoxicity of RTG-2 cells after 24 h exposure to model dairy and meat wastewater treated with plasma at 80 kV
for 5 and 10 min. 2z Alamar blue m Neutral red. Vertical bars represent standard deviation. Column with different letters indicate a

significant difference between controls and ACP treated samples (p<0.05).
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Figure 7.9: Percentage cytotoxicity of PLHC-1 cells exposed to different concentrations of model dairy and meat wastewater treated with
plasma at 80 kV for 5 and 10 min. & Alamar blue m Neutral red. Column with different letters indicate a significant difference between

controls and ACP treated samples (p<0.05).
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The Daphnia magna 24 h and 48 h mortality test with ACP wastewater samples is shown in
Figure 7.10. A 10% effect in Daphnia test (ECso) indicates toxic activity. The ECso values of
D. magna acute toxicity test after 24 and 48 h exposure to model wastewater are shown in
Table 7.3.

Table 7.3: ECso values of ACP treated model wastewater for acute daphnia toxicity test

Treatment ACP treatment Period of exposure ECso
sample time (min) (h) (% viv)

24 9.78

5
48 7.58

Meat

24 6.06

wastewater 10
48 5.10
c 24 9.81
Dairy 48 9.50
wastewater 10 24 5.26
48 5.26

Following ACP treatment for either 5 or 10 min, the toxicity was reduced by 100% and 73%
for a 5% concentration of treated wastewater after 24 h D. magna exposure. Effects ranged
from slight (26%) to high (100%) dependent on the concentration of ACP treated wastewater
included. However, significant toxicity for all concentrations <10% of ACP treated
wastewater was observed after 48 h exposure. Release parameters to yield appropriate
dilution of treated wastewaters may be manipulated to exploit the ability of ACP to
decontaminate wastewater streams, whilst maintaining a safe eco-toxicity profile for aquatic

species.
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Figure 7.10: Percentage mortality or immobilisation after 48 h exposure to model
wastewater plasma treated using DBD-120 system at 80 kV for (¢) 5 min (m) 10 min

with 10 min of PTRT.

Research by da Costa et al. (2014) demonstrated chlorine can exhibit acute high toxicity for
aquatic organisms; disinfection of the wastewater with 2.5 mg/L Cl> resulted in toxicity to
cladocerans and fish. According to Watson et al. (2012), the combined activity of residual
chlorine and variety of disinfection by products left in the solution further contribute to
toxicity in an aquatic system. Petala et al. (2008) evaluated the efficiency of ozone in

wastewater treatment at different end-points and physiological properties. The ozonation of
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pre-concentrated samples increased the toxic potential of secondary wastewater up to 100%
after ozonation with 8.0 mg/L Os for 5 min. The mutagenic activity of the treated wastewater
was also increased after ozonation with low ozone doses and contact time less than 5 min,
indicating that the ozone conditions strongly affect the formation of ozone-by-products.
Despite the increased interest in the development of the non-thermal oxidative processes
(corona plasma discharge, UV combined H20;) for decontamination purposes there is very
little research done on potential toxicological issues associated with the use of these new
technologies. In particular, ACP is considered as an efficient method for degradation of a
wide variety of organic pollutants, pesticides and for microbial control. The presence of nitric
and nitrous acids drastically reduces the pH of the test sample which plays an important role
in bacteria inactivation but may also play a role in toxicity (Ikawa et al., 2010). Additionally,
the intracellular pH in bacteria plays a major role in cell function which affects its enzyme
activity, reaction rates, protein stability as well as structure of nucleic acids (Bourke et al.,
2017). Studies by Hayes et al. (2013) demonstrated considerable cyto- eco- toxic end points
that varied widely depending on treatment parameters and gas used for the plasma treatment.
The hydrogen peroxide generated from plasma exposure plays pivotal role in cytotoxicity in
combination other plasma-generated species such as peroxynitrite, peroxynitrate (Boehm et
al., 2017). Several reactive species and biological relevant factors are generated in plasma
discharge, which differ in response to plasma device and treatment conditions. In the current
study, plasma treatment of the model meat and the dairy wastewater was a function of
controllable parameters and was efficient in inactivating the key bacterial populations.
However, slight toxicity to biological species tested was found. Manipulation of release rate

and patterns could present a means to exploit the advantages of ACP for food sector
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wastewater treatment for microbiological safety and reduction of eco-toxicity of wastewater,
whilst preventing longer term eco-toxic effects. Mecha et al. (2016) showed the toxicity of
the treated wastewater highly depended at which the treatment of wastewater was applied i.e.
raw wastewater, primary or after secondary treatment and species tested. Removal of organic
and inorganic substances from the wastewater significantly reduced the toxicity level and

enhanced biodegradability.

7.8 Conclusion

In conclusion, the study showed proof-of-principle on safe treatment of food sector
wastewaters using ACP for decontamination, with useful efficacy within short periods of
both treatment and retention times. The efficiency of ACP varies with experimental
parameters, target wastewater composition and the physiological state of the microorganism.
ACP treatment was shown as a promising technology for reduction and complete inactivation
of key indicator microorganisms in model dairy and meat wastewater. Depending on the
microorganism target, 5 min of ACP treatment at 80 kV with 10 min of PTRT was sufficient
for effective elimination of monoculture bacteria in both model wastewaters while mixed
culture challenges posed greater resistance to ACP treatment. This was overcome by simply
prolonging the treatment time which effectively eliminated all bacterial strains from model
dairy wastewater. Based on the results and process parameters obtained from this study using
a lab scale DBD system, ACP shows potential for scale up to larger industrial installations.
Retention time and treatment time emerged as critical parameters in bacterial inactivation
efficiency by ACP, which is important for design and development of efficient wastewater

treatment solutions.
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Whilst ACP treatment reduced the toxicity of the food sector wastewaters up to 24 hours
exposure, a prolonged contact of up to 48 hours was toxic to Daphnia. The test species
selected as eco-toxicity biomarkers are considered sensitive organisms and may not mimic
environmental conditions closely enough to accurately predict anthropogenic contamination.
Therefore, it is recommended to employ a wider variety of biological test species for
conclusive results in addition to variable ratios of treated wastewater concentrations and

times to progress how this technology can be safely deployed.

The following paper has been published from this study:

Patange, A., Boehm, D., Giltrap, M., Lu, P., Cullen, P. and Bourke, P. (2018). Assessment of
the disinfection capacity and eco-toxicological impact of atmospheric cold plasma for
treatment of food industry effluents. Science of The Total Environment, 631-632, pp.298-

307. https://doi.org/10.1016/j.scitotenv.2018.02.269.
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Chapter 8 Overall Discussion, Conclusions and Future recommendations

Food spoilage is a serious problem for the food industry as it renders products unacceptable
for human consumption with the accompanying economic loss. Consumer demand for
healthy minimally processed preservative free foods is high and on the rise. Thus, the key
goal for the food industry is to seek ways to improve processing technology and find
innovative solutions to address the combined requirements of guaranteed food safety,
minimising microbial and chemical spoilage, whilst maintaining the quality of the product.
Atmospheric cold plasmas have rapidly evolved as a technology for microbial
decontamination with potential applications in Agri-Food industries. The overall objective of
the research was to study microbial responses to Atmospheric Cold Plasma using DBD
systems in food processing, with regards to understanding mechanism of inactivation. For
this purpose, this work integrates ‘dry’ gaseous atmospheric cold plasma dielectric cold
plasma system and ‘wet’ submerged dielectric barrier system based upon cold plasma
discharge which could be potentially implicated into the food processing industries. Several
experimental treatments were carried out in model and real food products to evaluate the
decontamination potential of the plasma systems in general. For better understanding of the
inactivation mechanism, role of the plasma reactive species and the influence of food
substrate, storage temperature conditions and microbial stress conditions were investigated.
The antimicrobial efficacy of ACP technology was investigated using DBD-ACP systems;
range of critical control parameters were analysed to find best processing conditions to
achieve high inactivation. Preliminary studies with planktonic bacterial population of
spoilage and pathogenic bacteria demonstrate that the antimicrobial efficacy of cold plasma

treatment was greatly affected by the applied voltage level, treatment time and post treatment
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storage time. Higher inactivation efficiency of ACP against planktonic cells was observed
with increase in applied voltage levels or extended plasma treatment time. The reactive
species generated by ACP play an important role in bacterial inactivation efficacy of plasma.
Concentration of different reactive species (ROS, RNS, ozone) increased with plasma
treatment time and demonstrated significant co-relation between bacteria inactivation by ACP
and reactive species was observed. Further the in-package treatment and post treatment
storage time (PTST) played a critical role in bacterial inactivation efficacy. A range of PTST
was evaluated, where 24 h PTST was found to be most compatible for further experiments as
it allowed longer interaction between the bacteria and the reactive species inside the sealed
pack thus retaining efficacy against the target. Although the bacterial inactivation was higher
with longer post treatment storage, the effect of short-lived species and charged particles
were apparent in conjunction with other parameters, such as voltage and treatment time
demonstrating significant microbial reduction within short post treatment time.

Microbial inactivation not only depended on the system and treatment parameters but also on
the characteristics of the treatment product. To simulate real fresh produce processing
conditions, a model broth was used to analyse the influence of substrate components on
antimicrobial efficacy of treatment. The media employed had a strong influence over the
ACP bacterial inactivation, showing significant difference in rate of bacterial inactivation
when treated in PBS, model meat and lettuce media. The product characteristics greatly
influenced the bacterial inactivation effects of ACP. Components of the nutrient rich model
meat and lettuce medium may scavenge the plasma generated reactive species and pose a

protective effect against the antimicrobial action of the reactive species.
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Most bacterial population can attach and produce biofilms on a wide variety of different
surfaces in the food-processing environment. Biofilms are persistent form of bacteria which
are more resistant to several environmental conditions and the actions of antimicrobial
treatments. Rapid inactivation of challenge mono species biofilms of pathogenic and spoilage
bacteria formed in model lettuce broth was achieved with 1 min of ACP treatment.
Furthermore, the dual-species biofilm is known to represent more challenging environment
than single species biofilm. Both L. monocytogenes and P. fluorescens as dual species biofilm
formed in lettuce broth showed significant reduction in viable as well as metabolic activity of
the bacterial population after ACP treatment of 60 s and 24 h PTST. The results obtained
demonstrate that ACP treatment obstruct the association capacity between the mixed
biofilms, giving rise to mixed biofilm that is significantly (p<0.05) less resistant to ACP.
However, when challenge dual-species microorganisms were inoculated on lettuce, an
extended treatment time (300 s) was necessary in order to achieve significant reductions of
the bacterial populations. Interspecies interaction along with complex substrate surface seems
to have effect on antimicrobial resistance of biofilm of each individual species. In most cases,
due to the rough surface structure or deep cuts of fresh produce, microorganism may strongly
adhere or internalise into the tissue, shielding the bacteria from plasma generated reactive
species, which are responsible for the inactivation of microorganisms.

These studies also demonstrated that produce matrix and storage conditions such as
refrigeration temperatures and pH had interactive effects on bacterial proliferation, stress
response and susceptibility to the ACP treatment. ACP treatment was effective to inactivate
L. monocytogenes and P. fluorescens populations exposed to prior acid/cold stress conditions

that are commonly encountered in food processing environment. L. monocytogenes exposed

176



to cold stress (4 °C) demonstrated higher resistance than non-stressed control cells and P.
fluorescens. This study demonstrated that despite low temperature of 4°C, resistance of L.
monocytogenes to ACP treatment increased with increased incubation time which could be
attributed to the microbial stress responses during leaf inoculation and storage conditions.
During this study the contributions of the putative components of the stress-some to the ¢®
mediated stress response were tested and unique physiological, cellular and genomic
responses were obtained after sub-lethal ACP conditions. Nine knock-out mutants were
chosen in this study to investigate those modified genes effects during the post-treatment
storage procedure after ACP treatment. ACP treatment effectively reduced L. monocytogenes
and its mutant within 3-5 min of treatment under stressed/non-stressed/biofilm conditions.
Pre-adaptation to mild acid or cold stress did not enhance survival of any strain following
exposure to plasma treatment. Moreover, gene expression analysis of L. monocytogenes
EGD-e indicated sigB, prfA, rsbR, Imo0799, gadD genes, which are notably involved in
multiple stress conditions and virulence, were up-regulated following exposure to sub-lethal
ACP treatment. This study provides a baseline in evaluating how stress associated genes in L.
monocytogenes respond to gas plasma treatments and the provided information can contribute
to the optimisation of plasma processing conditions also in view of preventing the cross-
protection towards other stresses that microorganism may encounter during food processing.
This study also evaluated water-based decontamination approach for inactivation of bacterial
population from fresh produce and in the wash-water used for fresh produce processing using
submerged Dielectric Barrier plasma (DBD)-ACP system. These findings demonstrate
aqueous plasma treatment can effectively reduce viable counts of pathogenic and spoilage

microorganisms attached on lettuce. ACP functionalised water was efficient to control L.

177



innocua while reducing P. fluorescens population below detection limit from lettuce, as well
as from the wash water used for the treatment. In addition, micro-bubble along with high
speed agitation helped distribution of the active agents and enhanced microbial: reactive
species interactions. The treatment with plasma functionalised water for 1 and 3 min
decreased the bacterial population without any visible damaging effect on the lettuce surface.
Considering the potential impacts of industrial wastewater effluents on the environment,
atmospheric cold plasma (ACP) was evaluated for control of key microbial indicators
encountered in food industry effluent. The study demonstrated inactivation of principle
indicator microorganisms suspended in food processing wastewaters using ACP system.
Results show that initial bacterial indicators, physiological type of bacteria, treatment
duration, applied voltage, structure of the supporting medium play an important role in
antimicrobial efficacy of ACP treatment. Greater inactivation efficiency was achieved with
increased treatment time and voltage level along with the PTRT for all the microorganisms
(mono/mixed). Findings show that ACP could be adapted to disinfect wastewater at varying
process parameters. Besides the reduction of microbial contamination, care must be taken to
evaluate eco-toxicity of the treated product before released into the environment. The
wastewater effluents from the food processing industries even after treatment are a complex
matrix that not only interacts with each other but also reacts with the receiving water when
released into the aquatic water source. Therefore, eco-toxicity testing of the treated
wastewater was designed specifically to measure environmental sustainability and safety
measures of the ACP treated wastewaters using aquatic biomarkers such as PLHC-1, RTG-2,
Daphnia magna. Based on toxicity tests, the untreated wastewater was found to be highly

toxic to the aquatic ecology, ACP treatment for 5 min help reduce the toxicity of the effluents
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up to 24 h. Concentration and treatment time dependent cytotoxicity of plasma treated

effluent was observed in both the fish cells and D. magna.

Conclusions:

Overall a number of conclusions regarding the use of ACP as a microbicidal process and its

application for food products can be made from this study:

Atmospheric cold plasma treatment was highly effective in eliminating key planktonic
pathogens and spoilage causing bacteria associated with food industry. The extrinsic
control parameters played an important role in ACP inactivation efficacy by
producing different concentration of reactive species. Overall, a higher voltage in
combination with post treatment storage time enhanced bacterial inactivation efficacy,
reducing microbial population within short treatment time.

The optimum treatment time was dependent on type of bacteria and the microbial
challenge presented. Inactivation was affected by interspecies interaction between
pathogenic and spoilage bacteria in biofilm, biofilm setup conditions, temperature and
substrate surface. ACP effectively inactivated mono and dual culture biofilms,
however, an extended treatment was required to attain substantial reduction of cells
present in the dual biofilms developed at 4 °C attached to lettuce surface as an
example of complex organic surface and environmental stress conditions.

ACP treatment effectively reduced L. monocytogenes and its mutants associated with
stress by 3-5 min of treatment under stressed/non-stressed/biofilm conditions. The
sub-lethal ACP treatment increases the gene expression of stress associated while
longer treatment significantly reduced and downregulated stressosome and virulence

genes. Treatment time plays an important role in gene expression of stress genes in
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microorganisms, the influence of ACP exposure time needs to be taken into account
when optimising ACP treatment parameters.

Aqueous plasma functionalised water was effective to reduce viable microorganisms
attached on lettuce. Micro-bubbles and agitation enhanced microbial: reactive species
interactions. Microbial load in process wash water was continuously decreased.
Minimal or no effect of pH on ACP bacterial inactivation efficacy. Pre-washing the
lettuce in plasma functionalized water could be efficient replacement for commercial
processing line

Effective to inactivate key mono/mixed indicator bacteria and reduce bacterial spores
from model dairy and meat wastewater. Plasma treatment time and post treatment
retention time played a critical role in bacterial inactivation efficacy.

The media employed also had a strong influence on efficacy and interacts with
treatment times for all challenge microorganisms selected in model meat and dairy
wastewater. Assessment of reactive species showed that low concentrations of
hydrogen peroxide and nitrates were generated in high milk fat content dairy
wastewater than initial dairy wastewater. The high nutrient and fat content are likely
to scavenge many of the plasma generated reactive species and thus pose a protective
effect against antimicrobial action of the reactive species generated in the plasma.
ACP Treated samples displayed limited effect on aquatic test species exposed for 24 h
exposure compared to untreated control samples. ACP has shown a promising
alternative for the wastewater treatment. Rapid decontamination times could be useful

for rapid mode of treatment in industries.
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Future recommendations:

ACP treatment is a promising tool for decontamination of biological targets. Overall, the
results show potential of high voltage in-package atmospheric cold plasma treatment in
reducing bacteria on food products or food processing environments. The results indicate the
importance of product and surface characteristics, nutrient content, food surface geometry,
bacterial population involved, and the strength of the bacterial attachment needs to be
considered when designing future optimisation procedures. Although significant reduction of
reproducibility and metabolic activity of cells in bacterial biofilms were obtained, the
inactivation efficacy patterns and interspecies interaction of ACP on morphological and
overall framework of mono/multi bacterial biofilm still needs to be explored.

The present study investigated the role of several sub-lethal and lethal ACP stress on stress
associated genes of L. monocytogenes. The results show that plasma exposure to sub-lethal
conditions can have significant effect on gene expression of stress and virulence associated
genes. However, the role of prfA as well as the identification of genes from the sigB regulon
which play a role during stress conditions and cold plasma treatment requires further
investigation. Additional research is needed to better understand the functional genomics
and/or proteomics induced in microorganisms upon exposure to ACP that can attribute to a
specific change in function, virulence or phenotype.

The findings with short term eco-toxicity tests showed concentration and treatment time
dependent cytotoxicity of plasma treated effluent to aquatic biomarkers such as PLHC-1,
RTG-2, Daphnia magna. The study suggests the need to employ wider variety of in vitro test
battery such as AlgalTox test, Zebrafish embryos test and Microtox test for better

understanding of toxicity properties and complete evaluation of long-term effects of plasma
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treated water. The effects of chronic exposure of plasma functionalised water on
reproduction, growth, survival and other parameters over one or more generations of
population of test organisms could provide holistic approach in establishing long term safe

environmental concentrations of plasma treated water before release into the environment.
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