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ABSTRACT 

Spoilage organisms and pathogens are commonly associated with fresh broiler meat.  A 

nonthermal dielectric barrier discharge (DBD) plasma system was developed as an antimicrobial 

treatment for fresh broiler breast fillets (BBF).  Experiments were designed and conducted to 

determine the ability of the DBD plasma system to reduce spoilage organisms and 

Campylobacter jejuni.  After log cycle reductions were achieved, a test was run to determine the 

effect of the log cycle reduction on the shelf life of the BBF. 

A treatment voltage of 75 kV was administered for 3 or 5 min depending on the particular 

experiment.  The DBD plasma system was able to produce a log cycle reduction of ~2.00 cfu/ml 

for both spoilage organisms and C. jejuni.  Treatment with the DBD plasma system was able to 

maintain the microbial quality of the fresh BBF for 14 d (4°C) which is ~7 d longer than typical 

shelf life.  This system proves that it has the ability to improve safety and quality of fresh BBF.  
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CHAPTER 1 

INTRODUCTION 

Food safety and food quality are of key importance in the food industry.  Every 

year approximately 9 billion chickens are processed in the United States, and of these, 

80% are marketed as fresh product.  Of these 7.2 billion fresh chickens, 2% to 4% are 

estimated to be lost as a result of spoilage (Russell, 2009).  The spoilage of fresh poultry 

products is associated with the growth of certain psychrotrophic bacteria when the 

product is stored aerobically under chill conditions.  Most commonly theses bacteria are 

predominantly pigmented and non-pigmented strains of Pseudomonas spp. and produce 

the characteristic putrid or ‘off’ odors when the organisms reach population levels of 10
8
 

cfu/ml (Pooni and Mead, 1984); some literature states that poultry is considered 

microbiologically spoiled at levels of 10
6
 or 10

7
 cfu/ml (Hinton Jr et al., 2004; Owens, 

2010).  Shelf life under chill conditions depends on the temperature at which the poultry 

is held (Ikeme et al., 1982).   

The most common foodborne organisms associated with poultry meat are 

Salmonella Enteritidis, Staphylococcus arueus, Campylobacter jejuni, and Listeria 

monocytogenes according to the USDA chicken fact sheet (Food Safety and Inspection 

Service, 2011a) and Cunningham (1987).  Salmonella Enteritidis may be found in the 

intestinal tract of poultry as well as other warm blooded animals.  The above mentioned 

strain is only one of about 2,000 associated with poultry and egg shells.  One of the most 

common microorganisms on poultry meat is C. jejuni which is a usual cause of diarrheal 
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illness in humans; this microorganism is mostly spread through cross contamination.  

Poultry is commonly known to be contaminated with Campylobacter at a rate of 71 to 

91% and Salmonella at a rate of 88 to 89% (Dufrenne et al., 2001; Parveen et al., 2007).  

The occurrence of disease caused by Salmonella and Campylobacter is 15.19 and 13.02 

per 100,000 population, respectively based on the Center for Disease Control and 

Prevention FoodNet estimates (Vugia et al., 2009).  

There are a number of treatment procedures used to treat poultry meat, but many 

of the methods have disadvantages.  Systems that require high pressure degrade the 

sensory quality of chicken meat (Kruk et al., 2011).  Irradiation is mistrusted by 

consumers and the product must carry the ‘Radura’ symbol (Food Safety and Inspection 

Service, 2011b) which makes this an unappealing processing technique for producers.  

Ultraviolet light treatment is ineffective because of the irregular nature of poultry 

surfaces and shadows that can be created on the meat (Bolder, 1997).  High intensity 

pulsed electric fields have shown limited success in the broiler industry because the meat 

would require direct contact of electrodes to the food (Dincer and Baysal, 2004).  

Treatments that occur before packaging, such as chlorine rinses, leave the chicken meat 

susceptible to cross contamination from workers, contact surfaces, or aerosolized 

pathogens during the remainder of the processing procedure (Hecer et al., 2007).  Finally, 

processes that require heat in order to eliminate microbial hazards can alter the 

characteristics consumers expect in a raw, fresh chicken.  In addition to the processing 

obstacles mentioned above, none of the treatments allow for post-packaging disinfection.  

Technology that can treat a food product after packaging would greatly improve the 

safety and reduce the chances of cross contamination.   
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Work with plasma has grown in popularity in the past decade as producers and 

consumers desire ways to process and sanitize foods with economical and convenient 

techniques and without using chemical additives.  Simply stated, plasma is generated 

when enough energy is supplied to a neutral gas to cause charge production.  The 

phenomenon is achieved by ionization or photoionization when the electrons or photons 

with sufficient energy collide with the neutral gas atoms or other molecules (Gaunt et al., 

2006).  A major component of plasma, ozone, has been used in the treatment and 

disinfection of water, a popular practice for over 150 years (Jindal et al., 1995).  Ozone is 

a strong antimicrobial due to its high reactivity, penetrability, and spontaneous 

decomposition to a non-toxic product (O2).  In 2001, ozone received the status of 

generally recognized as safe (GRAS) for food usage in the United States (Department of 

Health and Human Services, 2001).  In 2002 the USDA issued FSIS directive 7120.1 

which named ozone as a Safe and Suitable Ingredient Used in the Production of Meat and 

Poultry Products. 

Plasma, specifically nonthermal dielectric barrier plasma, is an appealing 

nonthermal treatment for poultry because of the simple operation, lack of chemical 

additives, and ability to treat the sample after packaging.  The basic principle of 

nonthermal DBD plasma generation involves the administration of high voltages of 

electricity between two electrodes (at least one electrode insulated by a dielectric barrier) 

in order to ionize the atmosphere between them (Gaunt et al., 2006).  The radical gas 

particles generated will react with and kill the microorganisms on the surface of the food 

product.  During 24 h storage the radical particles will dissociate and return to the 
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ambient gas particles that existed after packaging/before treatment (Klockow and Keener, 

2009).   

Plasma work has been applied more widely in the field non-animal tissue foods, 

Petri plates, and spore strips with success.  Niemira and others (2012) reduced 

Salmonella Stanley by 2.9 to 3.7 log cfu/ml and E. coli O157:H7 by 3.4 to 3.6 log cfu/ml 

on golden delicious apples with a 40 l/min flow rate of cold plasma.  Gas plasma has 

been used to reduce Salmonella Enteritidis on the surface of egg shells by up to 2.5 log 

cfu/eggshell and 4.5 log cfu/eggshell (Ragni et al., 2010).  Dirks and others (2012) stated 

that reducing the background microflora of raw poultry has the potential to extend the 

shelf life of the product as well as make it safer, potentially making plasmas an appealing 

intervention for poultry processing.   

There are numerous ways to produce gas plasmas depending on the product or 

surface being treated and the intended use of plasma treatment (Critzer et al., 2007; Jung 

and Moon, 2008; Rowan et al., 2007).  Keener and Klockow (2009) developed a novel 

DBD plasma system that was first used on spinach leaves.  The effectiveness of this PK-1 

system showed the potential for this set-up to antimicrobially treat other food products.  

Keener and others (2012) later used this system and a modified version (PK-2) to treat 

Bacillus subtilis spore strips.  During these tests, it was determined that measuring ozone 

concentrations was a good indicator of the plasma strength; therefore this measurement 

along with others, were recorded to monitor the performance of the PK-1 and PK-2 

systems.  Depending on the experiment, various voltages, electrode separations, samples 

placements, and fill gases were used optimize the antimicrobial potential of the plasma 



5 

 

system.  Based on these experiments and settings, the following research built upon the 

observations and successes of these previously used systems.   

Because nonthermal plasma treatment of packaged food has not been widely 

tested, especially with meat tissue, research must be conducted in this area.  The 

objectives of this project are 1) to establish system parameters for effective treatment of 

poultry with a high voltage DBD plasma device so that further research can be continued 

in this novel field 2) and reduce microorganisms on the surface of packaged broiler breast 

meat with the nonthermal DBD plasma system.  It is hypothesized that treatment with 

nonthermal plasma will reduce microorganisms on the surface of the meat and extend the 

shelf life of packaged broiler breast fillets.
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CHAPTER 2 

LITERATURE REVIEW 

Spoilage of poultry 

 The safety and quality of poultry products is crucial to the success of the poultry 

industry.  Assessing spoilage of poultry meat and working to extend the shelf life of 

broiler meat and other poultry products is of key importance.  Primary causes of spoilage 

in poultry products include prolonged distribution or storage time, inappropriate storage 

temperature, high initial bacterial counts, and high post-rigor meat pH (43). 

It is well established that the spoilage of raw poultry products is associated with 

the growth of certain psychrotrophic bacteria when the product is stored aerobically 

under chill conditions; notably theses bacteria are mainly pigmented and non-pigmented 

strains of Pseudomonas spp. and produce the characteristic putrid odors when the 

organisms reach population levels of 10
8
 log10 cfu/ml (40).  Research has shown the 

levels are bacteria that are present on chicken carcasses immediately after slaughter are 

not the organisms which spoil poultry under refrigeration conditions.  The bacteria that 

are found on a spoiled carcass are challenging to find at the time of processing (43). The 

spoilage bacteria are initially very low after processing, but they rapidly multiply to cause 

spoilage odor and slime (43).  

Spoilage bacteria on chicken can come from a number of different sources such as 

feathers and feet of live birds, the water supply in the processing plant, the chill tanks, 

and the processing equipment; these sources are linked to spoilage bacteria on the carcass 
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immediately after processing (16, 43).  Spoilage defects are caused when bacteria utilize 

nutrients on the surface of the meat tissue which leads to an accumulation of metabolic 

by-products. The action of extracellular enzymes produced by psychrotrophic spoilage 

organisms that multiply on poultry surfaces at refrigeration temperatures is also a cause 

of defects (18, 43).  As spoilage progresses, slime develops and exudes an unpleasing, 

ester-like smell.  This odor is soon followed by slime formation which come in the form 

of small, translucent, moist colonies; these colonies will later increase in size and 

coalesce to form a slime coating on the meat (43).  

Poultry and pathogens 

 The most common foodborne organisms associated with poultry meat are 

Salmonella Enteritidis, Staphylococcus arueus, Campylobacter jejuni, and Listeria 

momocytogenes according to the USDA chicken fact sheet (9) and Cunningham (3).  

Salmonella Enteritidis may be found in the intestinal tract of poultry as well as other 

warm blooded animals.  The above mentioned strain is only one of about 2,000 

associated with poultry and egg shells.  Staphylococcus arueus is carried by humans and 

is most commonly a concern on improperly refrigerated foods.  One of the most common 

microorganisms on poultry meat is C. jejuni which is a usual cause of diarrheal illness in 

humans; this microorganism is mostly spread through cross contamination.  Listeria 

momocytogenes is killed by cooking but can be re-introduced by poor hygiene or abusive 

temperature treatment (9, 47).   Reducing or eliminating the above mentioned pathogens 

from poultry is crucial to maintaining a safe food supply, especially before these 

organisms have the opportunity to form biofilms. 
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 Formation of biofilms on the surface of food tissue is a concern because these 

three dimensional networks of polysaccharides that attach microorganisms to surfaces 

and protect them from external stressors (32).  Microorganisms can attach to the surface 

of a food where they extract nutrients from the food and proliferate on the surface to form 

a biofilm (48).   In work done with bell peppers, atmospheric pressure glow discharges 

(He-O2) was an effective bacterial inactivation agent that did not cause unacceptable 

discoloration of the peppers; this process was shown to be more successful than the use 

of low-pressure ultraviolet sources (48).  Although there has been effective work with 

regards to biofilms, it has not been proven if atmospheric pressure plasmas can penetrate 

and kill microorganisms imbedded in animal tissue biofilms.   

Nonthermal inactivation of food borne pathogens 

Numerous nonthermal techniques exist to inactivate microorganisms on food 

including chlorine, high pressure processing, irradiation, pulsed electric fields, ultraviolet 

radiation and ozone/plasmas.  The following section covers the techniques and the 

effectiveness of the methods and highlights the advantages associated with nonthermal 

plasmas. 

Chlorine 

Use of chlorine is becoming more scrutinized because of toxicity issues and 

disinfection by-products (42).  Chlorine washes inhibit glucose oxidation in bacteria and 

show a bactericidal effect, but the use of excess chlorine forms toxic and carcinogenic 

compounds called tri-halo methane by reacting with the meat (14, 20).  The process of 

decontamination with chlorine requires large consumption of water.  Chlorine washed 
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chicken must also come into contact with other processing surfaces before packaging 

which could be a source for secondary contamination (14).   

High Pressure Processing   

The capacity of high pressure processing (HPP) to eradicate microorganisms 

made this technology appealing as safe and consumer friendly because it is effective 

regardless of geometry of the product and without the formation of detrimental heat 

damage changes or use of preservatives/additives (31).  The primary antimicrobial action 

of HPP is related to the effect on the cell envelope.  Cellular morphology is altered by 

pressure, and cell division slows with increased pressure application (17).  Research done 

on various meats concluded that more investigation was needed because of the different 

responses of microorganisms on different meat products; factors such as pressure, 

temperature, and time of exposure can all effect the effectiveness of this process (8).  In a 

study conducted by Kruk, chicken breast fillets were treated with three different 

pathogens: Salmonella Typhimurium, Escherichia coli, and Listeria monocytogenes (31).  

The samples were treated at pressures of 300, 450, and 600MPa for 5 min.  Increases in 

hydrostatic pressure had an effect on all three pathogens that were inoculated.  The most 

prominent effects were observed with 450 and 600 MPa which completely inactivated E. 

Coli and L. monocytogenes.  Pressure of 600 MPa reduced bacterial count by 6-8 log10 

(cfu/g) which improved the shelf life for 7-14 days.  Increased pressure did negatively 

affect sensory characteristics of chicken breast fillets.  Flavor, aroma, strength and 

juiciness were the major characteristics affected (31).  Increases in meat hardness, 

cohesiveness, gumminess, and chewiness were also seen.  Although this antimicrobial 

processing treatment does improve the safety and freshness of the meat, the sensory 
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qualities are sacrificed.  HPP is also limited by the factors of enzymatic and oxidative 

spoilage which requires HPP to be used with other processing techniques (46). 

Irradiation  

 Irradiation denotes any process which involves the application of ionizing 

radiation (22).  Ionizing radiation utilizes either gamma rays from radionuclides such as 

cobalt 60 or cesium 137 or high energy electron produced by machine sources (5).  

Decontamination of poultry carcasses by ionizing radiation has been approved in the US, 

but its commercial use is currently limited.  Pathogens are affected by irradiation mainly 

by hydrogen peroxide production that results from the generation of free radicals during 

irradiation.  The hydrogen peroxide produced acts as a potent antimicrobial and can 

eventually result in the production of long-lived hypochlorite which is very toxic to 

pathogens (34).  Application of irradiation technology has been very limited because of 

consumer distrust of any process based on the nuclear industry.  Because irradiated 

chicken must carry the international ‘Radura’ symbol along with “treated with 

irradiation”, it is easy for consumers to identify these products (9).  Also, consumers lack 

sufficient knowledge of foodborne illnesses and the advantageous ability of irradiation to 

penetrate whole poultry or large pieces of meat. 

Pulsed electric field 

High intensity pulsed electric field (PEF) processing involves the application of 

pulses of high voltage (typically 20-80kV/cm) to foods placed between two electrodes 

(5).   Like other non-thermal treatments for food, PEF greatly reduces detrimental effects 

to the sensory and physical properties of the food.  Some studies have proven that PEF 

preserves the nutritional components of food, but there is not enough knowledge of PEF’s 
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effects on the chemical and nutritional aspects of food to declare its efficacy. As with 

other novel processing and sanitation techniques, it is not completely understood how 

PEF causes microbial inactivation.  Several theories have been proposed and the general 

consensus focuses on electrical breakdown and electroporation or disruption of cell 

membranes (5).   Research has shown that PEF treatment causes reduction in bacterial 

counts and extends the lag phase of bacterial growth.  Hermawan and others (15) were 

able to produce a 4.3 log10 cfu/mL in liquid eggs, but only 1 log10 cfu/mL was in response 

to the PEF; the addition log reductions came from a mild heat treatment.  Citrus juices 

have been successfully treated with PEF to pasteurize the product (19), but this treatment 

method has showed little promise outside of liquid food products.  Applications of 

electrical stimulation have shown limited success in the broiler industry for 

pathogen/spoilage reductions and treatment of meat would require direct contact of 

electrodes to the food (5).     

Ultraviolet radiation  

UV light treatment has limited use in the area of meat and poultry processing. 

Continuous UV light exposure has the ability to reduce bacterial load in processing areas, 

but this bacterial reduction is only seen in the atmosphere (1).  Sumner and others (44)  

had limited success with complete elimination of Salmonella typhimurium on the surface 

of poultry skin with UV radiation.  Because of the irregular nature of poultry skin 

surfaces, shadows are created and UV light is an ineffective decontamination method (1). 

Ozone 

 The use of ozone in the treatment and disinfection of water has been a popular 

practice for over 150 years (20).  Use of ozonated water for chilling poultry has 
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demonstrated there were no visual or sensory off-flavors produced by the water.  

However, there were minimal bacterial reductions (<1 log) for both total counts and 

psychrotrophs (1).  It has been found that ozone is more effective and efficient at lower 

concentrations and treatment times than standard sanitizers including chlorine (25, 27).  

Gomella reported that ozone showed stronger and more rapid antimicrobial action against 

spores, fecal and pathogenic microorganisms, and viruses when compared to chlorine 

(12, 25).   The study of gas discharge as a disinfection technology is gaining more 

recognition as scientists strive to improve safety processing practices.  The main 

emphasis in the resurgence of ozone technology is using non-thermal plasma at 

atmospheric pressure (10).  During the production of the non-thermal plasma, bactericidal 

agents are generated in the form of reactive oxygen species (ROS), ultraviolet (UV) 

radiation, energetic ions, and charged particles. Ozone, atomic oxygen, superoxide, 

peroxide, and hydroxyl radicals are included in the reactive oxygen species reported in 

the air (10). 

Nonthermal plasma 

  Research has been conducted on common food borne pathogens on various non-

food media to determine plasma’s effectiveness on these microorganisms.  This technique 

has allowed researchers to verify plasma’s effect on specific organisms without having 

the interference of food products.  Ziuzina and others have proven that atmospheric cold 

plasma has the ability to inactivate E. coli in liquid media in a sealed package (50).  This 

work successfully inactivated E. coli in two different liquid media while also testing the 

efficacy of other processing variables such as exposure time, sample placement, and 

storage time after treatment.  Nonthermal plasma was able to decontaminate spore strips 
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containing Bacillus subtilis spores in a sealed package (23).  The higher ionization 

voltages in this work allowed for shorter treatment times to achieve complete elimination 

of the spores.  When nonthermal plasma has been used to treat food products, it has 

occurred before packaging (24, 37, 38).  As shown by the above research, work with 

nonthermal plasma either focuses on elimination of microorganisms in an isolated 

environment on media or on food before it has been packaged, leaving it susceptible to 

cross contamination.  There is a lack of research that explores the benefits of nonthermal 

plasma treatment on a packaged food product to improve the microbial quality.   

Mechanisms of bacterial destruction 

The mode of bacterial destruction by ozone and reactive species is a topic that 

scientists cannot agree upon (20).  There are a number of different mechanisms that can 

cause the death of bacterial cells, but no single mechanism has been recognized as the 

primary cause.  Oxidative damage can cause great damage to bio-macromolecules by 

oxygen radicals, but the damage that leads to cell death is unclear.  Consequences of 

oxidative damage include the following: [1] Cell adaptation by up-regulation of defense 

systems, [2] injury to cell involving damage to molecular targets such as lipids, DNA, 

protein, and carbohydrates, and [3] cell death that arises through excessive unrepaired 

damages which triggers cell death (10).  Bacterial destruction can also vary among Gram 

negative, Gram positive, and spore forming organisms. 

 The cell wall structure plays an integral role in the differences between Gram-

positive and Gram-negative bacteria when discussing plasma destruction of the cells.  

The cell wall of Gram-positive cells has a thick peptidoglycan layer that is 20 to 80 nm 

thick (45).  The peptidoglycan layer contains acidic polysaccharides which include 
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techoic and lipotechoic acids that are tightly bound together.  These acidic 

polysaccharides are responsible for the characteristic positive charge on the surface of the 

cell.  The periplasmic space between the cell membrane and the peptidoglycan layer 

varies with bacteria (45). 

 Gram-negative cell walls are slightly more complicated because they contains 

multiple layers which include and outer membrane, a thin peptidoglycan layer, and 

periplasmic space between the peptidoglycan and cell membrane (45).  The outer 

membrane is similar to the cell wall structure in that it is composed of a bilayer which 

contains a unique composition of polysaccharides and proteins.  The outermost layer 

contains lipopolysaccharides (LPS); these are fragments of polysaccharides which are 

integrated into membrane lipids. The innermost layer is comprised of a lipid layer which 

is attached to the thin peptidoglycan layer below by proteins.  The outermost membrane 

acts as a protective barrier by only allowing relatively small particles to penetrate.  Porin 

proteins create special membrane channels which allow molecules to transverse the entire 

width of the outer membrane.  The peptidoglycan layer gives some rigidity to the cell, but 

it is only 1 to 3 nm thick.  This thin peptidoglycan layer allows for more flexibility and 

makes the Gram-negative bacteria more sensitive to lysis as compared to Gram positive 

(21).  In work done with ozonated wash water for poultry, Gram negative test bacteria 

were more susceptible to the lethal action of pulsed plasma gas discharge which may be 

due to the complex nature of Gram negative cell envelopes (42).   

 Despite many years of research, the mechanism of ozone disinfection is still not 

completely understood.  It is known that ozone is a powerful oxidizing agent which 

readily forms reactive OH and HOO radicals in aqueous solution (10).  Among the most 
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likely targets for gaseous ozone are cell wall targets such as fatty acids and peptides.  

Also, oxidation by ozone can stimulate lipid peroxidation which results in the reduction 

of membrane fluidity (10). 

Production of plasma 

Producing and maintaining plasma constitutes one of the greatest challenges in 

the area of plasma technology.  Simply stated, plasma is generated when enough energy 

is supplied to a neutral gas to cause charge production.  The phenomenon is achieved by 

ionization or photoionization when the electron or photons with sufficient energy collide 

with the neutral gas atoms or other molecules (10).  The design and transmission rates of 

plasma producing systems are based on the items, surfaces, or spaces being treated.  The 

most commonly used method for plasma generation utilizes the electrical breakdown of a 

neutral gas in the presence of an electric field (2).  In the case of electrical breakdown, 

electrons and other charged particles accelerate under the externally applied electric field.  

This in turn transfers energy through inelastic collisions to other particles and atoms.   

In addition to the method of plasma generation, the feed gas is a determining 

factor in the types of reactions that the plasma can initiate because some chemical species 

are more reactive than others (36).  Because gas particles have different ionization 

energies and properties, the gas used for plasma production can influence the 

antimicrobial properties of the plasma generated. 

In the past, non-thermal plasma discharges have been operated at low pressures, 

but recent research is developing technology that operates these systems at atmospheric 

pressure and temperatures (33).  This new method would allow for elimination or 

replacement of expensive vacuum systems with simpler ones.  There are a number of 
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operating systems and discharge modes that can be constructed to produce non-thermal 

plasma discharges depending on space or item that needs to be treated.  The gas mixture, 

dielectric surface properties, and operating conditions influence the different modes 

which range from filamentary to completely diffuse barrier discharges (28). 

A DBD is the gas discharge between two electrodes which are separated by one or 

more dielectric layer and a gas-filled gap (10, 28).  The dielectric barrier discharges 

operates at ambient temperatures and atmospheric pressure driven by pulsed or sinusoidal 

voltages at frequencies from 50 Hz up to several tens of kHz and at least one of the 

electrodes has an insulating layer (26).  The plasma will remain cold because of the 

presence of a dielectric barrier helps to ensure that the current is limited so that the 

discharge does not transit to a spark or arc (11, 29). 

Dielectric barrier discharges operating at atmospheric pressure typically produce 

miniature filamentary discharges known as microdischarges (28).  When using controlled 

operating conditions, stable, uniform, non-filamentary, or glow discharges are produced, 

and these are more effective for surface modification compared to filamentary discharges 

(7).  Several mixes of gas can be treated to create the so-called atmospheric pressure glow 

(APG) discharge which is a uniform mode of barrier discharge; the diffuse and uniform 

discharge has temporal features that are reproducible and stable.  Although differences 

exist, filamentary and diffuse discharges have common characteristics which include the 

generation of cold nonequilibrium plasmas at atmospheric pressure and the strong 

influence of local field distortions caused by space-charge accumulation (10).  

Literature has established that relative humidity plays an important role in species 

generated during ionization and these effects can influence the bactericidal efficacy of 
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plasma treatments (23).  Air humidity has a strong influence on the reduction rate of 

bacteria.  Higher killing rates of microorganisms are seen when there are higher 

concentrations of water vapor in the processing gas (13) and increased moisture content 

of the feed gas improves the efficacy of remote cold plasma treatment systems (41).  

Based on a study done with Bacillus spores, no reduction was found when dry air was 

used, but 70% relative humidity deactivated all spores in 2.5 and 7.5 minute treatments 

(13).  Researchers believe that OH is the most important species in humid environments 

because OH is formed directly from water by electron impact (7, 13).              

Plasma is composed of numerous different ionized species that exist for varying 

lengths of time depending on their individual properties.  Many of the species are 

immeasurable because of their reactive nature and brief half-life.  Ozone is one 

component of plasma that is highly reactive but exists long enough to be measured and 

quantified.  For this reason, experiments involving plasma treatments of food often record 

ozone concentrations to indicate the strength of the plasma (27).  Dielectric barrier 

discharge (DBD) which produces atmospheric plasma was first developed as a large-

scale means of producing ozone for industrial purposes (30) indicating that the two have 

been closely related for sanitizing and antimicrobial applications. 

Plasma treatment of food 

Plasma work has been applied more widely in the field non-animal tissue foods 

with success.  But very little research has been conducted on the effectiveness of plasma 

treatment of poultry meat.  One study carried out by researchers at Drexel University 

used DBD plasma in a limited way to disinfect a small segment of chicken breasts and 

chicken skin surfaces.  A 2.5-cm diameter electrode probe was attached to a power 
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supply, and the probe was manually operated by hand and held at a distance of 1 to 2 mm 

from the chicken surface for treatment (6).   

Chicken breasts and chicken thigh skin were both inoculated with Salmonella 

enteric and Campylobacter jejuni and treated for this experiment.  S. enteric and C. jejuni 

were unable to be detected after 5 s of plasma treatment on chicken breast samples.  On 

all chicken breast samples, reduction of pathogens compared to controls were found to be 

statistically significant (P < 0.05) at all time-points and all three inoculum levels (10
2
, 

10
3
, and 10

4
 cfu/ml) (6).  Smaller log reductions were seen on the chicken thigh skin due 

to the fatty nature of the skin which would promote adherence of the pathogens.  Also the 

pores and feather follicles of the skin made it less easily treated by DBD plasma (6). 

Less successful results were seen for log reductions of the natural micro flora of 

chicken samples.  Background microflora of chicken breasts were only reduced by 0.84 

and 0.85 log10 cfu/ml after 15 and 30 s of DBD plasma exposure.  Log reductions of 

chicken thigh skin was even less at 0.33 and 0.21 log10 cfu/ml following 15 and 30 s of 

exposure.  It was hypothesized that the greater resistance of the background microflora 

could be due to the fact that it was a mixed population of Gram negative and Gram 

positive microorganisms including Pseudomonas, lactic acid bacteria, 

Enterobacteriaceae, and bacilli (6).  S. enteric and C. jejuni may be more susceptible to 

plasma treatment because they were introduced in higher concentrations than the natural 

microflora and they are not in their ideal environment for survival.  

Ozone gas for treatment of food 

 Ozone is one of the major components of gas plasmas, and it has a relatively long 

half compared to the other reactive oxygen species (approximately 7 h at 24°C and 87% 
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RH (35))  The half-life of ozone can vary depending on air temperature, air movement, 

relative humidity, and other factors.  Ozone concentrations are often measured as an 

indicator of the strength of a plasma because of the relative ease with which is can be 

tested (27).  Ozone itself has been studied independently and in conjunction with plasma, 

and the following information covers the uses and effectiveness of ozone treatments for 

food. 

 Ozone is a strong antimicrobial due to its high reactivity, penetrability, and 

spontaneous decomposition to a non-toxic product (O2).  In 2001, ozone received the 

status of generally recognized as safe (GRAS) for food usage in the United States (4) .  

And in 2002 the USDA issued FSIS directive 7120.1 which names ozone as a Safe and 

Suitable Ingredient Used in the Production of Meat and Poultry Products (FSIS 2002).    

Because relatively low concentrations of ozone and short contact times are sufficient to 

inactivate bacteria, molds, yeasts, parasites, and viruses, ozone is an excellent candidate 

for the treatment of foods.  The effects of ozone on particular microorganisms will vary 

with the physiological state of the culture, pH of the medium, temperature, humidity, and 

presence of additives (e.g., acids, surfactants, and sugars).  Some precautions must be 

taken when using this reactive gas because excessive use of ozone may cause oxidation 

of some ingredients on food surfaces (25).    

When comparing aqueous versus gaseous ozone, there have been several studies 

that prove the gaseous form of ozone is more effective in reducing the microbial 

populations on food samples.  One of these reasons is the longer half-life of gaseous 

ozone; gaseous ozone has a half-life of approximately 12 hours while aqueous ozone is 

reduced to 20-30 minutes (39).  Microbial cultures associated with poultry have been 
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tested by the spread plate method on open Petri plates that were exposed to an ozone gas 

treatment.  The said treatment decreased microbial populations by >4 to 7 logs for 

bacteria and >4 logs in the case of fungi (25). Another experiment conducted by Yang 

and Chen treated broiler parts and chicken necks with gaseous ozone for 5 to 9 minutes 

respectively, and again the microbial counts for broiler and microbial suspensions 

decreased 1.0 (broiler parts), 0.6 (fresh chicken necks), and 3.0 (spoiled chicken necks) 

logs (49). 

Keener acknowledges the potential benefit of reactive oxygen species, other than 

ozone, in his work on the decontamination of Bacillus subtilis spores in an in-package, 

nonthermal plasma system.  In this work Keener not only measures ozone, but also 

carbon monoxide and nitrous oxide compounds (23).  Because work with food and 

nonthermal plasma is in its infancy, the mode of decontamination is not completely 

understood. It has been shown that ozone production reaches a plateau at a certain time of 

treatment, and longer exposure to nonthermal plasma can have positive benefits past 

maximum ozone generation (23).  Niemira also states that the mode of action for the 

reduction of pathogens may rely on chemistries resulting from the recombination of some 

of the species produced during ionization rather than the short lived plasma products (37).       

Conclusions 

 Spoilage of fresh broiler meat as well as food borne illness associated this product 

are common problems that affect the industry and consumers who purchase this product.  

With a demand for safe, chemical-free antimicrobial processes, there is a great need to 

reduce microorganisms on the surface of broiler meat without affecting the quality and 

without introducing harmful by-products.  Nonthermal plasma has shown promise in 
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regards to its decontamination method through the reactions of radical oxygen species.  

Because the initial and final components of nonthermal plasma treatment are ambient gas 

(mainly O2), this processing technique has great potential in the area of food 

antimicrobials.   

The existing literature on nonthermal plasma outlines many varying systems used 

for plasma generation, but each of these technologies is specific to the medium being 

treated. This research must be adapted to effectively reduce microorganisms on broiler 

meat.  The limited work done with in-package, nonthermal plasma generation systems 

must also be combined with general nonthermal plasma generation technology to 

optimize post-packaging applications.      
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CHAPTER 3 

NONTHERMAL PLASMA SYSTEM FOR EXTENDING SHELF LIFE OF RAW 

BROILER BREAST FILLETS 
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ABSTRACT. 
A nonthermal dielectric barrier discharge (DBD) plasma system was developed 

and enhanced to treat broiler breast fillets (BBF) in order to improve the microbial quality 

of the meat.  The system consisted of a high-voltage source and two parallel, round-

aluminum electrodes separated by three semi-rigid polypropylene barriers extending well 

beyond the electrodes.  The broiler sample was packaged in sealed polyolefin plastic bags 

to allow for adequate gas volume in the package.  A modified atmosphere (MA) blend of 

gas (65% O2, 30% CO2, 5% N2) was used to enhance the generation of reactive oxygen 

species during treatment.  Since numerous variables affect consistent and reproducible 

ionization within the plastic bag, the dielectric barrier and electrode assembly were 

designed such that the electrodes were parallel, the separation was fixed, and the plastic 

bag maintained uniform contact with the dielectric barriers throughout the ionization 

field.  Voltage, current, and power were monitored throughout treatment to maintain 

consistent settings.  This research investigates the ability of this plasma system to extend 

shelf life of BBF by reducing the number of spoilage bacteria.  The system was tested on 

BBF and compared to triplicate untreated controls. Samples were treated outside the 

plasma generation field at ambient air temperature and pressure for 3 min at 75 kV then 

stored at 4°C.  Surviving microbes were recovered on days 1, 3, 7, 10, and 14 via rinsing 

and plating on nutrient agar.  There was a mean log reduction of 1.53 log10 cfu/ml after 

24 hours.  After 14 days of storage, the treated samples had a mean log of 5.56 log10 

cfu/ml which was 2.43 cfu/ml lower than the control packaged in air and 1.52 log10 

cfu/ml lower than the control packaged in MA.  A level of 5.56 log10 cfu/ml falls below 

the generally accepted spoilage limit of 10
7
.  Results demonstrate the ability of 



34 

 

nonthermal DBD system to reduce natural microflora on the surface of BBF and its 

applications in food safety and shelf-life extension.  

Keywords. 

Antimicrobial treatment, broiler fillets, modified atmosphere, nonthermal plasma, ozone, 

packaging 
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Food safety and food quality are of key importance in the food industry.  Every 

year approximately 9 billion chickens are processed in the United States, and of these, 

80% are marketed as fresh product.  Of these 7.2 billion fresh chickens, 2% to 4% are 

estimated to be lost as a result of spoilage (Russell, 2009).  In addition to spoilage, 

poultry is commonly known to be contaminated with Campylobacter at a rate of 71 to 

91% and Salmonella at a rate of 88 to 89% (Dufrenne et al., 2001) (Parveen et al., 2007).  

The occurrence of human disease caused by Salmonella and Campylobacter is 15.19 and 

13.02 per 100,000 population, respectively based on the Center for Disease Control and 

Prevention FoodNet estimates (Vugia et al., 2009).  

There are a number of antimicrobial procedures used to treat broiler meat, but 

many of the methods have disadvantages.  Systems that require high pressure degrade the 

sensory quality of poultry meat (Kruk et al., 2011).  Irradiation is mistrusted by 

consumers and the product must carry the ‘Radura’ symbol (Food Safety and Inspection 

Service, 2011) which makes this an unappealing processing technique for producers.  

Ultraviolet-light treatment is ineffective because of the irregular nature of poultry 

surfaces and shadows that can be created on the meat (Bolder, 1997).  High-intensity 

pulsed-electric fields have shown limited success in the broiler industry because the meat 

would require direct contact with the electrodes (Dincer and Baysal, 2004).  Treatments 

that occur before packaging are effective, such as chlorine rinses, but leave the poultry 

meat susceptible to cross contamination from workers or contact surfaces during the 

remainder of the processing procedure (Hecer et al., 2007).  Finally, processes that 

require heat in order to eliminate microbial hazards can alter the characteristics 

consumers expect in a raw, fresh chicken.  In addition to processing obstacles with the 



36 

 

above mentioned techniques, none of these methods sanitize the food product after it has 

been packaged.  A method that occurred post-packaging would eliminate the risk of cross 

contamination and ensure the product was safe upon exiting the processing facility.   

Work with plasma has grown in popularity in the past decade as producers and 

consumers desire ways to process and sanitize foods with economical and convenient 

techniques and without using chemical additives.  A major component of plasma, ozone, 

has been used in the treatment and disinfection of water, a popular practice for over 150 

years (Jindal et al., 1995).  Ozone is a strong antimicrobial due to its high reactivity, 

penetrability, and spontaneous decomposition to a non-toxic product (O2).  In 2001, 

ozone received the status of generally recognized as safe (GRAS) for food usage in the 

United States (Department of Health and Human Services, 2001).  In 2002 the USDA 

issued FSIS directive 7120.1 which named ozone as a Safe and Suitable Ingredient Used 

in the Production of Meat and Poultry Products (FSIS 2002).       

Plasma work has been applied more widely and successfully in the field of non-

animal tissue foods.  Niemira et al. (2012) reduced Salmonella Stanley by 2.9 to 3.7 log 

colony forming units (cfu) per ml and E. coli O157:H7 by 3.4 to 3.6 log10 cfu/ml on 

golden delicious apples with a 40 liter/min flow rate of cold plasma.  Gas plasma has 

been used to reduce Salmonella Enteritidis on the surface of egg shells by up to 2.5 log10 

cfu/eggshell and 4.5 log10 cfu/eggshell (Ragni et al., 2010).  Dirks et al. (2012) stated that 

reducing the background microflora of raw poultry has the potential to extend the shelf 

life of the product as well as make it safer, potentially making plasma an appealing 

intervention for poultry processing.  For these reasons, this article explores the methods 

used to develop a nonthermal plasma treatment system for animal tissue, specifically 
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broiler breast fillets, to make a safer product for producers and consumers without 

degrading the quality.  Also, this research explores the feasibility of applying a plasma 

treatment that occurs after the broiler meat has been packaged.  

System Design 

A nonthermal dielectric barrier discharge (DBD) plasma system was developed 

based on previous work and designs used to treat spinach leaves and Bacillus subtilis 

spore strips (Keener et al., 2012; Klockow and Keener, 2009).  Their two systems, PK-1 

and PK-2, served as the basis for the plasma system used in this research.  The plasma 

generation system consisted of an AC Dielectric Test Set (BK 130, Phenix Technologies, 

Accident, MD), high voltage wires, aluminum electrodes, and dielectric barriers as shown 

in figure 3.1.  Poultry samples were packaged in sealed bags before treatment and filled 

with a modified atmosphere gas to enhance ionization in the package.  Ozone levels were 

measured after treatment to monitor the concentration of O3 to ensure that the system was 

producing consistent plasma levels.  The advantages of this system for treatment of 

broiler meat include the ease of operation, absence of chemical additives, lack of 

byproducts, and post-packaging applications. 

Electrodes and high-voltage transformer 

 The BK-130 AC Dielectric Test Set consisted of a high-voltage transformer, 

power supply, and control system.  Two 15.24-cm (6-in.) diameter spun-aluminum 

electrodes (Phenix Technologies, Accident, MD) were connected to the high-voltage 

transformer.  The two electrodes were arranged parallel to one another on the top and 

bottom of the sample.  The electrodes were isolated from the sample package by 
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dielectric barriers (described below) and insulated from the bench with a yellow high-

voltage electrical blanket (Salisbury Standard Rubber Insulating Blanket with Velcro, 36 

X 36 Class 0 Type 1, Lab Safety Supply, Chicago, IL).  The top electrode was connected 

to the 130 kV tap of the high-voltage transformer with a 1.09 m (3.58 ft) high-voltage 

spark plug wire (MSD 8.5 mm Super Conductor Spark Plug Wire, MSD, El Paso, TX). 

For additional insulation, the high-voltage wire was fed through a length of 1.09 m (3.58 

ft) Tygon tubing (1.27 cm/0.5 in. diameter).  The bottom electrode was connected to the 

return terminal of transformer with the supplied ground wire and a jumper connected the 

ground and guard terminals.  Exact parallel alignment of the electrodes was crucial to 

creating a uniform and repeatable plasma-generation field.  To accomplish this, 

placement locations for the electrodes and spacers were traced on the dielectric barriers to 

accomplish consistent assembly of the system.  Figure 3.2 shows the method used to 

accurately place the electrodes. 

 The control box was positioned approximately 2.44 m (8 ft) from the transformer 

which was just outside the fume hood.  This particular test set had an adjustable voltage 

range from 0 to 130 kV with a maximum current of 46 mA.  A maximum of 75 kV was 

used for this experiment because this was sufficient to create complete ionization in the 

sample bag.  All experiments were conducted in a fume hood to reduce the potential for 

any dangerous ionized gases, namely ozone, from entering the lab atmosphere. 

The total system power was measured with a power meter (Kill-a-watt, Intertek, 

Hong Kong).  A safe zone of 3.05 m (10 ft) was maintained around the non-thermal 

plasma system at all times during operation.  An SM-70 ozone monitor (Ozone Solutions, 
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Hull, IA) was placed in the middle of the lab to ensure that ozone levels did not exceed 

0.5 ppm for worker safety. 

Dielectric barriers 

Numerous preliminary experiments were conducted to determine the ideal 

materials and specifications for the dielectric barriers.  Figure 3.3 shows the configuration 

of the electrodes, dielectric barriers and polyolefin sample bag.  The top electrode was 

surrounded by a 30.48 x 30.48 x 3.18-cm (12 x 12 x 1.25-in.) ultra-high molecular weight 

(UHMW) Poly-E plate (U.S. Plastics Corp., Lima, Ohio) plastic block.  This plastic block 

insulated the electrode and concentrated the electrical charge toward the packaged BBF 

while also weighting the system to eliminate air gaps between dielectric layers.  Directly 

underneath the upper electrode, there was a 35.56 x 27.94 x 0.24-cm (14 x 11 x 0.095-in.) 

polypropylene cutting mat (Cuisinart, East Windsor, NJ) and then a 40.64 x 40.64 x 

0.158-cm (16 x 16 x 1/16-in.) polypropylene (PP) sheet (U.S. Plastics Corp., Lima, 

Ohio).  The PP sheet was in contact with the polyolefin bag containing the sample.  

Likewise, underneath the plastic sample bag, a 60.96 x 60.96 x 0.318-cm (24 x 24 x 1/8-

in.) PP sheet isolated the bottom electrode.   

Since it is well known that the applied voltage and electrode separation play key 

roles in ionization of gas particles, great lengths were taken to ensure that the electrodes 

remained parallel and at a fixed distance while positioned around the flexible polyolefin 

sample bag containing the poultry breast fillet.  Preliminary experiments determined that 

a sample-bag height of 3.81 cm (1.5 in.) was adequate to accommodate thick breast fillets 

while still minimizing the electrode separation.  Therefore, polypropylene rods (3.81-cm 

tall and 3.81-cm diameter), the same thickness as the filled sample bag, were used as 
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spacers to support the corners of the top barrier to help keep the dielectric barriers 

parallel.  The corners of the bottom dielectric barrier were also supported by spacers 

(2.54-cm tall and 3.81-cm diameter) to prevent the lower barrier from sagging which 

could cause an air-gap over the bottom electrode.  The overall electrode gap, including 

the plastic bag and three dielectric barriers was 4.32 cm (1.7 in.) while the polyolefin 

sample bag gap was 3.81 cm (1.5 in.).   

For the electrode configuration described above, a voltage of 75 kV was needed to 

maintain constant plasma generation.  Refer to figure 3.3 for a detailed diagram of the 

treatment system.  The DBD plasma sample holder sat on top of a Teflon base to further 

insulate the system from the hood.  Additional insulation was added by draping the hood 

with a rubber high-voltage insulating blanket.  A small section of PVC was used to 

elevate the high-voltage wire away from potential grounds.  

Depending on system use, the dielectric barriers had to be changed every few 

weeks once the plastic begins to warp.  When the area between the electrodes became 

‘sticky’ and produced a residue, the plastic was cleaned with 70% EtOH.  After several 

cleanings, the PP sheet was retired.  Based on the shape and the texture of the barrier, 

sound judgment was used to determine time of replacement for the PP sheets.  

Sample packaging 

Although the ultimate goal of this method is to treat BBF in commercial tray 

packs, these measurements were carried out with polyolefin bags to better control the 

ionization response within the contained atmosphere of the package and assess the 

potential of the system while minimizing variables associated with various tray packs. 

Before packaging, the fillets were placed in a weigh boat (140 x 140 x 22 mm) (Standard 
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boat LG white, Heathrow Scientific, Vernon Hills, IL), skin side up.  A Cryovac 

polyolefin bag (22.86 x 35.56 x 3.81 cm) (L3340, Cryovac Sealed Air Corp., Duncan, 

SC) was sealed and used to package the broiler samples.  Care was taken to keep the bag 

from touching the fillet surface to prevent removing microorganisms.  The plastic bag 

was then sealed with an Uline Tabletop Poly Bag Sealer - Impulse (Uline, Pleasant 

Prairie, WI).  A modified atmosphere (MA) gas blend (65% O2, 30% CO2, 5% N2) 

(Praxair, Danbury, CT) was used to fill the bags with a needle through a rubber septa.  To 

ensure pure MA gas in the bag, the system was flushed with a tube and needle attached to 

the bench-top vacuum.  The inlet MA gas and the vacuum were run simultaneously for 

~20 s to flush the bag.  During the filling process the bag was placed in a structure fixed 

at 3.81 cm (1.50 in.) to ensure that all bags were filled to the same height.  Figure 3.4 

shows the bag-filling station and fill method used.  Ensuring equal height of all samples 

and maintaining a parallel plasma system was crucial to obtain consistent treatments.    

Treatment of samples 

After the BBF was packaged according to the previously described specifications, 

the bag was placed in the nonthermal plasma system.  For direct treatments, the package 

and sample were placed directly over the electrode.  For indirect treatments, the BBF in 

the weigh boat was placed to the side of the bag so that only the gas space in the bag was 

between the electrodes.  Figure 3.5 shows the locations of direct and indirect sample 

placement.  Once the bag was placed, the top dielectric barriers were positioned over the 

bag, and finally the electrode and electrode insulator were placed on top of the barriers.   

 When stacking elements of the plasma system, parallel placement of all layers 

was necessary.  If there were any air gaps between elements, this would cause a loss of 
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ionization in the plastic bag; the electrical charge would ionize gas in the gap spaces and 

not inside the bag containing the sample.  Preliminary experiments showed lower ozone 

levels when close contact was not maintained between all levels of the system.  

To treat the BBF, the dial on the control box was quickly advanced from 0 to 75 

kV.  Power and current were monitored during the process and the beginning and end 

values (W and mA) were recorded in ensure consistent treatments. To stop the system, 

the dial was turned down rapidly and the kill switch was used before removal of the 

sample.  Samples were treated for a specified time at 75 kV because this voltage was 

sufficient to achieve complete ionization in the package.  Temperature and humidity of 

the lab were recorded during every replicate of the experiment because these factors, 

especially humidity, can effect gas ionization (Keener et al., 2012), (Hähnel et al., 2010).   

Sampling of ozone gas 

Ozone measurements were taken from inside the sample bag after every treatment 

with Draeger Short Term Detector Tubes (Draeger Safety AG & Co., Lubeck, Germany).  

These tubes were selected for ease of use and upon the recommendation of researchers 

conducting similar projects (Keener et al., 2012).  In order to determine ozone values 

when measuring very high concentrations, smaller gas sample volumes of 3 mL were 

collected with a 3 ml syringe. The syringe was connected to the detection tube via a small 

length (2 cm, .787 in) of flexible tubing; the detection tube was inserted into the Drager 

Accuro Detector Pump (Draeger Safety AG & Co., Lubeck, Germany).  The syringe 

volume was expelled into the detection tube and then removed allowing total flow 

volume of 100 ml to occur (volume required based on manufacturer’s instructions).  The 
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observed gas concentration was then multiplied by the volume ratio of the detection tube 

volume over the syringe volume (Keener et al., 2012). 

Shelf life experiment 

 Broiler breast fillet meat for this experiment was collected from a local processing 

facility in Athens, GA.  The samples were collected in a large bag and immediately 

transported on ice back to the laboratory.  Triplicate samples were packaged with the 

methods listed above.  All samples were treated for 3 min. at 75 kV with a 4.32-cm (1.7-

in.) electrode gap outside the plasma generation field (indirect treatment).  Controls were 

packaged in the same way and remained on the counter for 3 min.  Ozone measurements 

were collected for all treated samples since ozone is a reactive oxygen species that has a 

long enough half life to be measured after treatment.  This step allowed for verification of 

consistent system performance.  After treatments, samples were stored at 4°C until the 

specified sampling days.   

 The BBF were sampled on days 1, 3, 7, 10, and 14.  For microbiological recovery, 

the fillets were removed from the bags and the top surface of the fillet was cut off to 

isolate the treated portion of the meat.  The microbes were recovered via rinsing with 

phosphate buffered saline (PBS) (Gibco by Life Technologies, Grand Island, NY)  and 

plating on nutrient agar (Becton Dickinson, Franklin Lakes, NJ) (Beuchat et al., 1998).  

The plates were incubated for 24 h at 37°C.  This experiment was replicated three times. 

Results and Discussion 

Development and modifications to the system required great attention to detail in 

order to produce consistent results.  Since numerous variables affect consistent and 
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reproducible ionization within the polyolefin bag, the dielectric barrier and electrode 

assembly were designed such that the electrodes were parallel, the separation was fixed, 

and the plastic bag maintained uniform contact with the dielectric barriers throughout the 

ionization field.  Air gaps between layers of the dielectric barriers had to be eliminated to 

minimize energy loss to the surrounding atmosphere.  Energy loss was also addressed by 

insulating the high-voltage wire that led to the top electrode and insulating the top 

electrode with the UHMW Poly-E plate block of plastic.  Polypropylene was found to be 

the best plastic for the dielectric barriers, and by minimizing the thickness of the PP 

sheets, the aluminum electrodes could be positioned closer together.   

Initially, atmospheric air was used as the fill gas for the packages because of 

availability and ease of use.  After producing relatively low concentrations of ozone (~ 

1600 ppm), compared to other plasma experiments (~ 6000 ppm), the fill gas was 

changed to a mixed modified atmosphere.  Based on success with a 65% O2, 30% CO2, 

5% N2 blend (Keener et al., 2012), this gas was used for future experiments.  The higher 

concentration of oxygen in the MA allows for the generation of more reactive oxygen 

species (ROS) which interact with and presumably play a key role in killing the 

microorganisms on the surface of the broiler meat.  A set of controls packaged with air 

was used to separate the effect of MA and plasma treatment with MA compared to the 

typical spoilage rate of packaged broiler fillets.  

Treatment times were explored by starting at 5 min (75 kV), the longest time in 

similar studies (Keener et al., 2012).  From this point, time was reduced to see if the same 

ozone concentrations could be achieved during a 3 min (75 kV) treatment.  The plasma 

system was able to produce equally high ozone levels (~6000 ppm) at 3 min with the MA 
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gas.  Experiments were conducted to ensure that all ozone within the polyolefin bag had 

dissociated after 24 h.  Samples were treated for 3 min at 75 kV then placed in storage at 

4 °C.  The ozone measurement process was used after 24 h.  No ozone was detected with 

the low concentration (0.05 – 1.4 ppm) Draeger tubes.  

Direct and indirect placement of the samples was tested to determine if a certain 

placement was more beneficial than the other.  The difference between the two methods 

was not significant, and future experiments used indirect positioning.  This set-up was 

chosen because the thickness and shape of the poultry sample may be a variable if the 

BBF is placed between the two electrodes; using indirect placement allows for only gas 

to be in the ionization field.  Also, arcing on and around the BBF sample may cause 

harmful reactions on the surface of the sample.  Because indirect placement allows for 

more consistent control of the system, this method was used for later experiments. 

Broiler breast fillet samples treated by the nonthermal DBD plasma system had a 

mean log reduction of 1.53 log10 cfu/ml after 24 h of storage.  After 14 days of storage 

following treatment with the nonthermal plasma system, the treated samples had a mean 

population of 5.56 log10 cfu/ml which was 1.52 log10 cfu/ml lower than the control sealed 

with MA.  Results of the studies are shown in table 3.1.  The microbial reduction 

differences between the treatment and control groups were statistically significant, and a 

microbial population of 5.56 log10 cfu/ml falls below the generally accepted spoilage 

limit of 10
7
 cfu/ml (Ikeme et al., 1982; Owens, 2010) therefore; this processing method 

has the ability to initially reduce the microorganisms on the surface of the BBF in a 

sealed package and retain the microbial quality of broiler fillets for 14 days of storage.  
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Figure 3.6 shows the changes in the microbial population of the fillets over the 14 day 

storage period. 

To verify the rate of spoilage of fresh broiler fillets, a preliminary experiment was 

conducted with the specific BBF and packaging used in this research.  Results from this 

experiment supported the findings cited in literature stating that accepted spoilage levels 

fall between 10
6
 and 10

8
 cfu/ml (Hinton Jr et al., 2004; Owens, 2010; Russell, 2009; 

Wimpfheimer et al., 1990). 

Summary 

A nonthermal DBD plasma system was developed and modified to treat BBF 

packaged in polyolefin plastic bags with a modified atmosphere.  System specifications 

and equipment selections were enhanced based on previous work with spinach leaves and 

Bacillus subtilis spores (Klockow and Keener, 2009) (Keener et al., 2012).  The system 

utilized high voltage alternating current to ionize the atmosphere in a sealed package 

containing a BBF.  Sheets of polypropylene plastic were used as the dielectric barriers 

and a polyolefin plastic bag was used to package the sample.  Distance of electrode 

separation and voltage settings were strictly monitored to optimize ionization in the 

sample package.  Ozone concentrations were measured to record system performance and 

consistency.  Microbial recovery was used to measure the effectiveness of the system and 

record the microbial quality after a specified storage time.  

 The system was tested on fresh BBF to see if the antimicrobial treatment could 

reduce the natural flora of the broiler meat and improve the shelf life at 4°C.  Analysis of 

triplicate experiments resulted in mean log of 5.56 log10 cfu/ml after 14 days of storage 

which was 1.52 log10 cfu/ml lower than MA control; the plasma treatment produced a 
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significant log reduction compared to the control groups.  A level of 5.56 log10 cfu/ml 

falls below the generally accepted spoilage limit of 10
7 

cfu/ml (Owens, 2010) (Ikeme et 

al., 1982).  Therefore this system is capable of reducing the initial, native microflora of 

BBF and in turn, extending the shelf life of the product.  These results are significant 

because the treatment occurs after packaging which eliminates chance of cross 

contamination. 

 As apparent in Figure 3.6, solely packaging the poultry fillets in MA might help 

to lengthen the shelf life, and DBD plasma treatment with MA further improved the shelf 

life.  The BBF spoiled most quickly when packed with atmospheric air.  Although no 

analytical tests were conducted, it was readily apparent that the samples packaged in air 

were spoiled after 7 days of storage because of the putrid smell that was emitted when the 

package was opened.  As the sampling days increased, translucent colonies became 

visible and the odor given off by the samples became stronger as the experiment reached 

14 days. 

Overall, the ARS - nonthermal plasma treatment system was able to produce 

consistent results under the specified packaging and treatment conditions established in 

the system design. The system developed was successful in reducing background 

microorganisms on the surface of BBF and in turn, extending the shelf life of the product.    

Operation of the system of the system is relatively simple, and the set-up allows for a 

post-packaging antimicrobial treatment that prevents the BBF from being cross 

contaminated after plasma exposure.  This research provides a foundation for expansion 

and improvement in the realm of nonthermal plasma treatment of foods susceptible to 

rapid spoilage and food borne pathogens.  There is great opportunity for further research 
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related to this system and other food products that have the potential to respond to plasma 

treatment.  A more rigid and structured food package would help to improve the 

uniformity and stability of the system.  Different MA blends could be explored for 

ionization potential as well as quality retention in the meat.  Also, experiments 

investigating the meat quality after treatment need to quantify color, pH, and texture 

changes that may occur during plasma treatment or storage. 
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Figure 3.1: Entire plasma generation system with control box, high-voltage transformer, 

electrodes, and dielectric barriers.
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Figure 3.2: Outlines on dielectric barriers used to accomplish parallel placement of 

electrodes.
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Figure 3.3: Diagram of plasma treatment station.
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Figure 3.4: Filling station with inlet MA gas and outlet vacuum for flushing sample.
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Figure 3.5: (Top) Direct sample placement. (Bottom) Indirect sample placement.
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Figure 3.6.  Microbial growth of natural background microflora over 14 day storage 

period at 4°C packaged in modified atmosphere (MA) after treatment with ARS-plasma 

generation system.  Values and standard deviation based on triplicate experiments. Area 

inside dashed lines indicates minimum growth range to declare product spoiled. 
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Table 3.1: Combined data for triplicate samples, plasma treated BBF with natural 

background microflora. 

 
 Rep 1 Rep 2 Rep 3 

 Control Treatment Control Treatment Control  Treatment 

Day 0 2.86±0.23a
 2.86±0.23 2.39±0.05 2.39±0.05 2.87±0.26 2.87±0.26 

Day 1 2.54±0.05 1.43±0.23 2.11±0.16 1.26±0.24 2.23±0.05 0.83±0.75 

Day 3 2.60±0.40 1.36±0.39 2.40±0.25 1.40±0.46 3.07±0.18 0.77±0.68 

Day 7 4.50±0.18 3.71±0.16 4.51±0.29 2.42±0.46 5.35±0.23 3.47±0.96 

Day 10 5.79±0.10 5.88±0.58 5.92±0.05 4.38±0.37 6.56±0.31 4.85±0.28 

Day 14 6.93±0.18 5.80±0.47 6.73±0.20 5.25±0.18 7.57±0.04 5.65±0.46 
a Mean and standard deviation 
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CHAPTER 4 

NONTHERMAL PLASMA TREATMENT OF PACKAGED BROILER BREAST 

FILLETS TO REDUCE NATURAL MICROFLORA AND CAMPYLOBACTER JEJUNI 
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ABSTRACT 

Poultry meat is susceptible to rapid spoilage and food-borne pathogens which can lead to 

losses in profits for producers; therefore research was conducted to examine the effectiveness of 

nonthermal plasma on the microbial safety and shelf life of broiler breast fillets (BBF).  A novel 

plasma generation system was used as an antimicrobial treatment targeting spoilage organisms 

and pathogens on raw BBF.  The system was tested on uninoculated BBF that were treated for 3 

min at 75 kV outside of the plasma generation field and then stored at 4°C for 14 days 

(experiment 1).  Fillets were inoculated with a growth of enriched broiler microflora (10
6 
cfu/ml) 

collected from a composite of fresh fillets and treated for 5 min at 75 kV (experiment 2).  Also, 

fillets were inoculated with Campylobacter jejuni (10
6 
cfu/ml) and treated for 3 min at 75 kV. All 

samples were placed in weigh boats and packaged in polyolefin bags for treatment with modified 

atmosphere 65% O2, 30% CO2, and 5% N2 (experiment 1, 2, 3) or atmospheric air (experiment 3). 

Samples were treated at ambient air temperature and pressure.  The BBF were stored at 4°C and 

surviving microbes were recovered via rinsing and plating after 24 h for experiments 2 and 3 and 

on specified sampling days for experiment 1.   

Treatment of uninoculated fillets (experiment 1) resulted in a mean of 5.53 log10 cfu/ml at 

14 d (2.00 log10 lower than control).  This level falls below the generally accepted spoilage limit 

of 10
7
 cfu/ml.  For experiment 2 there was a mean log reduction of 2.02 log10 cfu/ml and 1.84 

log10 cfu/ml for direct and indirect treatments, respectively.  Fillets inoculated with C. jejuni 

(experiment 3) experienced a mean log reduction of 1.30 log10 cfu/ml (air) and 1.57 log10 cfu/ml 

(MA) compared to untreated controls.   Results demonstrate the ability of nonthermal DBD 

system to reduce microorganisms on the surface of BBF and its applications in food safety and 

shelf life extension.  
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Food safety and food quality are of key importance in the food industry.  Every year 

approximately 9 billion chickens are processed in the United States, and of these, 80% are 

marketed as fresh product.  Of these 7.2 billion fresh chickens, 2% to 4% are estimated to be lost 

as a result of spoilage (21).  Spoilage bacteria on chicken can come from a number of different 

sources such as feathers and feet of live birds, the water supply in the processing plant, the chill 

tanks, and the processing equipment; these sources are linked to spoilage bacteria on the carcass 

immediately after processing (10, 21).  The spoilage of fresh poultry products is associated with 

the growth of certain psychrotrophic bacteria when the product is stored aerobically under 

refrigerated conditions.  Most commonly theses bacteria are predominantly pigmented and non-

pigmented strains of Pseudomonas spp. and produce the characteristic putrid or ‘off’ odors when 

the organisms reach population levels of 10
8
 cfu/ml (19); some literature states that poultry is 

considered microbiologically spoiled at levels of 10
6
 or 10

7
 cfu/ml (10, 18).  Shelf life under chill 

conditions depends on the temperature at which the poultry is held (11).   

While Salmonella Enteritidis, Staphylococcus aureus, and Listeria monocytogenes are 

some of the more common foodborne microorganisms associated with poultry meat (3, 8).  

Campylobacter jejuni represents one of the most common poultry meat-associated 

microorganisms with a 71% - 91% poultry meat contamination rate, (6).  C. jejuni is the leading 

bacterial causative agent of gastroenteritis worldwide; this microorganism is mostly spread to the 

human population through consumption of undercooked chicken or through cross contamination 

from improper handling of poultry by the consumer (23). Antimicrobial treatments that reduce or 

eliminate Campylobacter before consumers have a chance to cross contaminate surfaces would 

aid in lowering the instance of campylobacteriosis.   Post-packaging applications would be 

advantageous in reducing cases of cross contamination from raw poultry products.        

Work with plasma has grown in popularity in the past decade as producers and 

consumers desire ways to process and sanitize foods with economical and convenient techniques 
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and without using chemical additives.  Plasma is generated when enough energy is supplied to a 

neutral gas to cause charge production.  The phenomenon is achieved by ionization or 

photoionization when the electrons or photons with sufficient energy collide with the neutral gas 

atoms or other molecules (8).  A major component of plasma, ozone, has been used in the 

treatment and disinfection of water, a popular practice for over 150 years (12).  Ozone is a strong 

antimicrobial due to its high reactivity, penetrability, and spontaneous decomposition to a non-

toxic product (O2).  In 2001, ozone received the status of generally recognized as safe (GRAS) for 

food usage in the United States (3).  In 2002, the USDA issued FSIS directive 7120.1 which 

named ozone as a Safe and Suitable Ingredient Used in the Production of Meat and Poultry 

Products (7). 

Specifically dielectric barrier discharge (DBD) plasma, which is used in this work, has 

advantages over other nonthermal processing techniques such as irradiation and high pressure 

processing which are expensive and require highly specialized equipment (5, 16).  Plasma work 

has been applied more widely in the field of  non-animal tissue foods with success.  The basis of 

the following plasma research centers around the system design (PK-1 and PK-2) developed by 

Klockow and Keener for the treatment of spinach leaves and Bacillus subtilis spores strips (13, 

15).  This design was modified and optimized for the treatment of broiler breast fillets.  The goal 

of this work is to develop and optimize a nonthermal plasma generation system for use on broiler 

meat.  After creating a consistent system, experiments with spoilage organisms and a common 

foodborne pathogen (C. jejuni) were conducted to test its ability to reduce microorganisms on the 

surface of BBF to make a safer product of higher quality for producers and consumers.  This 

research will expand upon existing work in the field and clearly define the procedures necessary 

to reduce microorganisms on the surface of broiler meat after it has been packaged.   

MATERIAL AND METHODS 

Dielectric barrier discharge plasma and treatment station.  Broiler breast fillet 

samples were treated in a nonthermal plasma, dielectric barrier discharge system (ARS-plasma 
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generation system) in order to disinfect the sample surface. Preliminary experiments were 

conducted to determine the most effective set-up of the plasma system for BBF treatment (data 

not shown).  The plasma generation system (Fig. 4.1) consisted of an AC Dielectric Test Set (BK 

130, Phenix Technologies, Accident, MD), high-voltage wires, aluminum electrodes, and 

dielectric barriers.  All nonthermal plasma treatments were done inside of a fume hood to prevent 

ionized gases from entering the lab atmosphere.  Pure polypropylene (PP) was used for the 

dielectric barriers.  Two 15.24-cm (6 in.) spun aluminum electrodes (Phenix Technologies) were 

used on the top and bottom of the nonthermal plasma treatment system.  The top electrode was 

surrounded by a 30.48 x 30.48 x 3.180 cm (12.0 x 12.0 x 1.25 in.) ultra high molecular weight 

(UHMW) Poly-E plate (U.S. Plastics Corp., Lima, Ohio) block of plastic used to insulate the 

electrode and concentrate the electrical charge toward the packaged poultry. Polypropylene 

spacers (3.81 cm tall and 3.81 cm in diameter) were used to support the top barrier and keep the 

dielectric barriers level.  Spacers were also used under the bottom electrode to prevent the bottom 

barrier from sagging over the electrode. 

The high voltage-transformer was positioned just outside of the fume hood.  A 1.09 m 

(3.58 ft) high-voltage spark plug wire (MSD 8.50 mm Super Conductor Spark Plug Wire, MSD, 

El Paso, TX) connected the top electrode to the transformer.  The control box (Phenix 

Technologies) for the nonthermal plasma system was positioned approximately 2.44 m (8.00 ft) 

from the transformer.  The power cord for the system was plugged into a power meter (Kill-a-

watt, Intertek, Hong Kong) in order to monitor power throughout the experiment.  A SM-70 

ozone monitor (Ozone Solutions, Hull, IA) was placed in the middle of the lab to ensure that 

ozone levels did not exceed 0.50 ppm for worker safety. 

Experiments to test system efficacy.  Three experiments were conducted to test the 

microbial log reduction capabilities of the ARS-plasma generation system on BBF.  Table 4.1 

includes all treatment, storage, and recovery information related to each individual experiment.  

First (experiment 1) a shelf life study was conducted to determine if the log reduction capabilities 



65 

 

of the plasma system could extend the shelf life of refrigerated (4°C) uninoculated BBF.  The 

fillet samples used in this experiment were not inoculated.  Microbiological recovery occurred on 

specified sampling days during the 14 day period.  

Next, a 24 h experiment (experiment 2) was conducted to evaluate the ability of DBD 

plasma to reduce the microbial population on BBF that were inoculated with an enriched (10
6 

cfu/ml) growth of natural flora isolated from fresh BBF.  The samples were treated, stored over 

night at 4°C, and recovered after 24 h to determine the log reduction achieved by the plasma 

system.  Twenty-four hour storage was chosen because all of the ozone and radical particles in 

the package have dissociated within 24 h and returned to ambient gas.  Experiments were 

conducted to ensure that all ozone within the polyolefin bag had dissociated after 24 h.  Samples 

were treated for 3 min at 75 kV then placed in storage at 4°C.  The ozone measurement process 

was used after 24 h.  No ozone was detected with the low concentration (0.05 – 1.4 ppm) Draeger 

tubes.  

 The same inoculation and treatment procedures were used to determine the system’s 

effect on BBF inoculated with C. jejuni (10
6 
cfu/ml) (experiment 3).  Samples were inoculated in 

the same way as the previous experiment and microbiological recovery was conducted after a 24 

h storage period at 4°C.   

Preparation of microbial inocula.  For the shelf life experiment (experiment 1), only 

the natural microflora of the BBF were analyzed, and no inoculum was required.   

For the enriched microflora experiment (experiment 2), natural broiler breast flora was 

used to inoculate fillet samples.  Broiler breast fillets fresh from the processing plant were rinsed 

in 25 ml of the 1X PBS solution by shaking for 1 min.  The broiler rinsate was then diluted 1:10 

four times in 1X PBS,  100µl of each dilution was spread plated onto Nutrient Agar (Becton 

Dickinson, Franklin Lakes, NJ), and the plates were incubated at 37
o
C for 24 h.  Growth from one 

of the dilutions producing well isolated colonies (~10) was added to 5ml 1X PBS and mixed to 

reach a level equivalent to a 2.0 McFarland standard.  Four ml of this mixture was added to 200 
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ml Nutrient Broth (Becton Dickinson) in 1 L flasks stopped with cotton gauze and incubated in a 

shaking incubator at 37°C for 18-24 h.  The growth of broiler flora was then diluted in 1X PBS to 

a final inoculum concentration of 10
6 
cfu/ml (determined by culture). 

 In the final experiment (experiment 3), the bacterial foodborne pathogen C. jejuni was 

used as the inoculum.  To prepare this inoculum, a frozen stock of C. jejuni previously isolated 

from a commercial processing plant broiler carcass rinse was used.  The isolate was grown using 

Campylobacter Cefex agar (22). In short, the isolate was streaked onto Brucella agar (Accumedia, 

Lansing, MI) supplemented with 5% blood and incubated at 42°C for 18 - 24 h in a 

microaerobic/blood gas atmosphere (85% N2, 10% CO2, 5% O2).  Approximately 10 colonies 

from the plate were removed and mixed with 5 ml of 1X PBS solution.  To grow the C. jejuni 

inoculum to the desired cell density (10
6
 cfu/ml), tissue culture plates (Sigma-Aldrich Corp., St. 

Louis, MO) were prepared with a biphasic growth media containing a combination of 30 ml of 

Mueller-Hinton broth (Oxoid Limited, Basingstoke, Hampshire, United Kingdom) (top layer) and 

45 ml of Mueller-Hinton agar (Oxoid Limited) (bottom layer).  One ml of the recovered C. 

jejuni/1X PBS solution was added to the broth (top) layer of the biphasic growth media, and the 

flasks were incubated under the cultural conditions described above for C. jejuni. After 

incubation, 5 ml of the C. jejuni growth was added to 495 ml of 1X PBS to create the 10
6 
cfu/ml 

inoculum.  Concentration of this C. jejuni inoculum were verified spectrophotometrically (OD600) 

and culturally via serial dilutions of the cell culture broth using the C. jejuni cultural conditions 

described above.  

Broiler breast fillet preparation and inoculation.  Fresh, boneless, skinless BBF (95-

112 g) were collected from a local commercial processing facility.  The breast fillets were pre-cut 

and sorted by weight in the processing facility.  The broiler breast samples were kept on ice 

during the transportation and preparation steps. Minor trimming was done back in the lab to 

remove any excess fat. For all three experiments, all BBF were collected at the same time and 
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transported back to the laboratory in one bag.  It was therefore assumed that all breast fillets for 

an experiment contained the same initial microflora. 

No additional preparation was needed for experiments 1; the natural microflora present 

on the BBF was left, and no inoculum was added.  For experiments 2 and 3, the inoculation 

process began by pipetting 75 ml of inoculum into a plastic food tray (CS979, Cryovac, Duncan, 

SC).  Each individual trimmed BBF was placed skin side down in each tray so that the just the 

surface was immersed in the liquid; the inoculum did not come over the sides of the fillet. The 

broiler fillets were left to soak for 30 min to allow the microorganisms to attach to the surface.  

After soaking, the breast was removed and excess liquid was allowed to drip off of the surface.     

Sample packaging.  Although the ultimate goal of this method is to treat BBF in 

commercial tray packs, these measurements were carried out with polyolefin bags to better 

control the ionization response within the contained atmosphere of the package and assess the 

potential of the system while minimizing variables associated with various tray packs. Before 

packaging, the fillets were placed in a weigh boat (140 x 140 x 22.0 mm) (Standard boat LG 

white, Heathrow Scientific, Vernon Hills, IL), skin side up.  A Cryovac polyolefin bag (22.86 x 

35.56 x 3.810 cm) (L3340, Cryovac Sealed Air Corp., Duncan, SC) was sealed and used to 

package the broiler samples.  Care was taken to keep the bag from touching the fillet surface to 

prevent removing microorganisms.  The plastic bag was then sealed with an Uline Tabletop Poly 

Bag Sealer - Impulse (Uline, Pleasant Prairie, WI).  A modified atmosphere (MA) gas blend (65% 

O2, 30% CO2, 5% N2) (Praxair, Danbury, CT) was used to fill the bags with a needle through a 

rubber septa.  To ensure pure MA gas in the bag, the system was flushed with a tube and needle 

attached to the bench-top vacuum.  The inlet MA gas and the vacuum were run simultaneously 

for ~20 sec. to flush the bag.  The same process was used to fill bags with atmospheric air.  

During the filling process the bag was placed in a structure fixed at 3.81 cm (1.50 in.) to ensure 

that all bags were filled to the same height and fit the exact height of the treatment station.  
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Treatment of broiler breast fillets.  After broiler fillets were packaged according to the 

previously described specifications, the bag was placed in the ARS-plasma generation plasma 

system.  The enriched natural flora experiment compared two sample placement scenarios 

(experiment 2).  For direct treatments, the package and fillet were placed directly over the 

electrode.  For indirect treatments, the broiler meat in the weigh boat was placed to the side of the 

bag so that only the gas space in the bag was between the electrodes.  The C. jejuni and the 

background microflora-shelf life experiments (experiments 3 and 1) used indirect sample 

placement only because it was determined experimentally that there was no difference between 

direct and indirect placement.  Once the bag was placed, the top dielectric barriers were placed 

over the bag, and finally the electrode and electrode insulator were placed on top of the barriers.   

A voltage of 75 kV was used to treat all broiler fillet samples for the three experiments.  

Power and current were monitored during the process, and the beginning and end values (W and 

mA) were recorded in ensure consistent treatments.  Samples were treated for the time specified 

in Table 1 at 75 kV because this voltage was sufficient to achieve complete ionization of the 

atmosphere in the package.  Temperature and humidity of the lab were recorded during every 

replicate of the experiment because these factors, especially humidity, can effect gas ionization 

(9, 13).   

 For all experiments, three samples were used for all treatment and control groups.  All 

three of the experiments discussed were run in triplicate as well, resulting in nine data points for 

each measurement.  The control samples were packaged in the same manner as the experimental 

samples and left on the bench top an equivalent amount of time.  Because there was no way to 

replicate direct and indirect placement of the controls, one set of controls was used to compare to 

the two treatment groups for the enriched microflora experiment (experiment 2).    

Sampling of ozone gas.  Ozone measurements were taken after every treatment with 

Draeger® Short Term Detector Tubes (Draeger Safety AG & Co., Lubeck, Germany).  These 

tubes were selected for ease of use and upon the recommendation of researchers conducting 
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similar projects (13).  In order to determine ozone values when measuring very high 

concentrations, smaller gas sample volumes of 3 ml were collected with a 3 ml syringe. The 

syringe was connected to the detection tube via a small length (2 cm) of flexible tubing; the 

detection tube was inserted into the Drager Accuro Detector Pump (Draeger Safety AG & Co).  

The syringe volume was expelled into the detection tube and then removed allowing total flow 

volume of 100 mL to occur.  The observed gas concentration was then multiplied by the volume 

ratio of the detection tube volume to the syringe volume (13).  

Sample storage and recovery.  The BBF in polyolefin bags were stored at 4°C and 

removed at the specified sampling time.  For microbiological recovery, the bottom of the BBF 

was removed by cutting to ensure that any surviving microbes on the bottom of the fillet did not 

interfere with the recovery of the top, treated portion of the sample.  Once removed, the broiler 

breast portion was placed in a plastic bag with 25 ml of 1X PBS and massaged by hand for 1 min.  

The rinse was then serially diluted to a final dilution of 10
-3

 for experiments 2 and 3 and 10
-6

 for 

experiment 1 and plated on nutrient agar for experiments 1 and 2 (2) and Campy-Cefex agar for 

experiment 3.  The plates were incubated at the temperatures listed in Table 1. 

Data Analysis.  R statistical software version 2.15.2 (The R Foundation for Statistical 

Computing) was used for all data analysis.  One-way ANOVA tests were used to determine 

statistical significance and P value of <0.05 was considered statistically significant.  A Tukey test 

was used to determine statistical significance between means (P<0.05). 

RESULTS AND DISCUSSION 

Log reduction and shelf life extension of uninoculated fillets.  To verify the rate of 

spoilage of fresh broiler fillets, an experiment was conducted with the specific BBF and 

packaging used for all experiments. The fresh BBF reached 10
6
 cfu/ml after 7 d of storage (4ºC) 

which is supported by the findings cited in literature stating that accepted spoilage levels fall 

between 10
6
 - 10

8
 cfu/ml (10, 18, 21, 24). 
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The system was tested on fresh BBF to see if plasma treatment could reduce the natural 

microflora of the BBF and in turn improve the shelf life at 4°C over a 14 d time period (Fig. 4.2).  

Broiler samples treated by the nonthermal DBD plasma system had a mean log reduction of 1.53 

log10 cfu/ml after 24 h of storage compared to the untreated controls.  Analysis of triplicate 

experiments resulted in a total microbial population of 5.56±0.29 log10 cfu/ml after 14 days of 

storage which was 1.52 log10 cfu/ml lower than the untreated control packaged in MA.  A 

microbial population of 5.56 log10 cfu/ml falls below the generally accepted spoilage limit of 10
6
 

- 10
8 
cfu/ml (11, 18). Dirks and others (4) achieved background microflora log reductions of 0.84 

and 0.85 log10 cfu/ml following 15 and 30 s of exposure to DBD plasma with a handheld device 

which only covered a 2.50 cm diameter portion of the meat.  These lower log reduction numbers 

could be due to the shorter treatment time or the lack of complete plasma exposure on the broiler 

surface.  The handheld device also could cause inconsistencies in treatment due to fluctuations in 

electrode-sample separation due to human error.  Therefore the ARS-plasma generation system 

represents an improvement in plasma DFD technology due to its ability to treat the entire sample 

surface after packaging, allowing for the extension of shelf life by the reduction of BBF native 

microflora.  

Susceptibility of enriched microflora to plasma.  In order to control the microflora on 

the surface of the BBF, a sample of natural broiler microflora was obtained by rinsing fresh BBFs 

and enriching the collected organisms. This process helped to control the cell density on the 

samples.  The natural microflora was found to be susceptible to plasma treatment of 5 min at 75 

kV for both direct and indirect treatment; the log reduction differences between the two sample 

placement locations were not statistically significant (Table 4.2).  The ozone concentration for the 

treated samples was ~5500 ppm while there was not ozone present in the control samples.  The 

direct treatment yielded a mean log reduction of 2.02±0.31 log10 cfu/ml and the indirect treatment 

yielded a mean log reduction of 1.84±0.14 log10 cfu/ml. The slightly higher log reduction in the 

direct treatment may be due to the increased electrical activity on the surface of the broiler fillet 
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(Keener, personal communication).  Although the microbial reduction is slightly lowers, indirect 

treatment may be safer and more consistent because the sample is outside of the plasma 

generation field (Keener, personal conversation), therefore this method of placement was used for 

all experiments following this determination.  Preliminary experiments (data not shown) showed 

that ionization interactions on the surface of the poultry meat could slightly affect the color of the 

meat; further quality analysis (pH, texture, sensory) should be conducted to determine the 

plasma’s effect on the meat.   

Five minute treatments were originally chosen because this was the longest time in 

similar experiments (13) and it was proven that this amount of time would produce microbial 

kills.  Experiments were conducted to determine if the treatment time could be shortened from 5 

min to 3 min in order to improve efficiency.  It was determined that there were no changes in 

ozone concentration (~ 6000 ppm) or microbial reduction when the treatment time was reduced to 

3 min.  Three minutes was adequate to achieve complete ionization of the atmosphere inside of 

the package at 75 kV and was therefore used for future experiments (experiments 1 and 3). 

In experiment 2, the higher microbial log reductions seen in the inoculated poultry meat 

compared to the uninoculated meat could be a result of several factors.  The higher initial cell 

density makes more microorganisms susceptible to the reactive plasma species. Also, the meat 

that was inoculated was moister when treated because it has just been removed from the liquid 

inoculum.  The moisture from the surface of the inoculated fillet could increase the air humidity, 

and in turn increase the plasma’s effectiveness since relative humidity plays an important role in 

species generated during ionization (13).  Air humidity has a strong influence on the reduction 

rate of bacteria.  Higher mean log reductions have been observed when higher concentrations of 

water vapor are present in the processing gas (9) and increased moisture content of the feed gas 

improves the efficacy of remote nonthermal plasma treatment systems (20).   

Susceptibility of C. jejuni to plasma.  The cell density of C. jejuni was controlled in the 

same manner as listed above by using a diluted liquid inoculum of 10
6
 cfu/ml.  Both air and MA 
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gas were used to package the BBF to determine if the higher concentration of O2 in the MA blend 

was responsible for reducing the microaerophillic C. jejuni population on the surface of the meat.  

By using both gases, it could be determined whether the oxygen concentration or the nonthermal 

plasma treatment was responsible for the C. jejuni reductions.  The C. jejuni log reductions 

produced by the plasma treatment system using either air or MA were statistically higher than the 

untreated control samples (Table 4.3).  After a 3 min treatment at 75 kV and a 24 h storage 

period, the samples packaged in air were 1.30 log10 cfu/ml lower than the untreated controls; the 

samples packaged in MA were 1.57 log10  cfu/ml lower than untreated controls.  Similar log 

reductions of pathogens have been achieved in non-animal tissue foods that were treated with 

nonthermal plasma; Niemira and others (17) reduced Salmonella Stanley by 2.9 to 3.7 log10 

cfu/ml and E. coli O157:H7 by 3.4 to 3.6 log10 cfu/ml on golden delicious apples using a 40 l/min 

flow rate of nonthermal gas plasma.  Nonthermal plasma has been used to reduce Salmonella 

Enteritidis on the surface of egg shells by up to 2.5 log10 cfu/eggshell and 4.5 log10 cfu/eggshell 

(20).     

The control fillets (air and MA) experienced a log reduction of ~2.10 log10 cfu/ml during 

the 24 h storage period due to C. jejuni’s susceptibility to oxygen rich environments (1).  The 

overall reduction from 10
6
 cfu/ml to approximately 10

3 
cfu/ml for the treated BBFs is partially 

due to the inhospitable storage conditions the fillets were held at overnight; the plasma treatment 

did aid in decreasing the number of microorganisms on the breast fillet surface. There was no 

statistical difference between the samples (control or treatment) that were packaged with air and 

those that were packaged with MA indicating that the packaging gas does not influence the 

antimicrobial potential of the nonthermal plasma system when treating C. jejuni.  The lack of 

significant differences between C. jejuni-inoculated samples packaged with air and those 

packaged with MA proves that a special gas blend is not needed to reduce C. jejuni populations.   
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The higher ozone levels generated in the MA package (~5800 ppm) as compared 

to the air package (~2000 ppm) may account for the slightly higher C. jejuni log 

reduction in MA treatment; ozone levels for controls samples were always 0 ppm.  

Microbial cultures associated with poultry have been tested by the spread plate method 

on open petri plates that were exposed to an ozone gas treatment.  The said treatment 

decreased microbial populations by >10
4
 to 10

7
 logs for bacteria and >10

4
 logs in the case 

of fungi (14). Another experiment conducted by Yang and Chen treated broiler parts and 

chicken necks with gaseous ozone for 5 to 9 minutes respectively, and again the 

microbial counts for broiler and microbial suspensions decreased 1.0 (broiler parts), 0.6 

(fresh chicken necks), and 3.0 (spoiled chicken necks) logs (25).  

Conclusions.  Overall, the ARS - nonthermal plasma treatment system developed was 

successful in reducing microorganisms (spoilage and pathogenic) on the surface of BBF and in 

turn, extending the shelf life of the product in the case of spoilage organisms.  The system was 

able to produce consistent results under the specified packaging and treatment conditions of BBF.  

Operation of the system is relatively simple, and the set-up allows for a post-packaging 

antimicrobial treatment that prevents the BBF from being cross contaminated after plasma 

exposure.  There is great opportunity for further research related to this system and other food 

products that have the potential to respond to plasma treatment.  A more rigid and structured food 

package would help to improve the uniformity and stability of the system.  Different MA blends 

could be explored for ionization potential as well as quality retention in the meat.  Also, 

experiments investigating the meat quality after treatment need to quantify color, pH, texture, and 

sensory changes that may occur during plasma treatment or storage. 

This research provides a foundation for expansion and improvement in the realm of 

nonthermal plasma treatment of foods susceptible to rapid spoilage and foodborne pathogens.  
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FIGURE 4.1: Diagram of plasma treatment station.
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FIGURE 4.2.  Microbial growth of natural background microflora over 14 day storage 

period at 4°C packaged in modified atmosphere (MA) after treatment with ARS-plasma 

generation system.  Values and standard deviation based on triplicate experiments. Area 

inside dashed lines indicates minimum growth range to declare product spoiled. 
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TABLE 4.1.  Experimental details from three studies to test efficacy of nonthermal 

plasma generation system. 

  
 Natural background 

flora 
(shelf life, experiment 

1) 

Enriched microflora 
(experiment 2) 

Campylobacter jejuni 
(experiment 3) 

Treatment voltage 75 kV 75 kV 75 kV 
    
Treatment time (min) 3 min 5 min 3 min 
    
Storage Temperature 
(°C) 

4°C 4°C 4°C 

    
Packaging gas MA* MA* MA* and air 
 
Sampling day(s) 

 
1, 3,7, 10, and 14 

 
1 

 
1 

    
Agar Nutrient Agar Nutrient Agar Campy-Cefex agar 
 
Incubation Temperature 
(°C) 

37°C 37°C 42°C 

*Modified atmosphere (MA) – 65% O2, 30% CO2, 5% N2 
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TABLE 4.2.  Recovery of 
 
total cfu/ml of enriched BBF microflora on the surface of BBF. 

Enriched BBF microflora
a
 

Sample 
placement 

Pre-
treament 
(Direct) 

Control 
(Direct) 

Post-
treatment 
(Direct) 

Pre-
treatment 
(Indirect) 

Control 
(Indirect) 

Post-
treatment 
(Indirect) 

Rep 1 5.94±0.00 5.24±0.10 3.00±.0.40
b 

7.64±0.00 6.25±0.23 4.57±0.45
b 

Rep 2 7.64±0.00 6.25±0.23 4.58±0.36
b 6.50±0.00 5.25±0.22 3.40±0.45

b 

Rep 3 6.58±0.00 5.16±0.08 3.02±0.02
b  6.58±0.00 5.16±0.08 3.19±0.28

b 

a 
Values are total cfu/ml recovered ± standard deviation 

b 
Value shows significant reduction (P<0.05) from zero time 
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TABLE 4.3. Recovery of total cfu/ml of C. jejuni inoculated on the surface of BBF. 

  C. jejuni
 a
 

Packaging gas  Air Modified Atmosphere 

 Pre-treatment Control Treatment Control Treatment 
Rep 1 6.73±0.00 4.73±0.09 3.38±.0.19

b 
4.53±0.32 2.52±0.25

b 

Rep 2 5.83±0.00 3.75±0.13 2.62±0.09
b 3.73±0.11 2.20±0.44

b 

Rep 3 7.16±0.00 5.05±0.13 3.65±0.17
b 5.06±0.14 3.90±0.56

b 

a 
Values are total cfu/ml recovered ± standard deviation 

b 
Value shows significant reduction (P<0.05) from zero time 
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CHAPTER 5 

SUMMARY AND CONCLUSIONS 

 The objectives of these studies were 1) to develop and modify a nonthermal 

plasma system, based on previous work done with other food products, that could be used 

to treat poultry products and 2) to test the plasma system on broiler breast fillets to 

determine the microbial log reduction capacity of the system and its ability to extend the 

shelf life of the product. 

 For the first objective, numerous preliminary experiments were conducted to 

determine ideal materials and settings for the nonthermal plasma system.  The AC 

Dielectric Test Set - BK 130 (Phenix Technologies, Accident, MD) was used as the high 

voltage source, and this was attached to two spun aluminum electrodes (Phenix 

Technologies, Accident, MD) 15.24 cm (6 in.) in diameter.  Multiple polypropylene 

sheets were used as dielectric barriers, and insulation layers were used around the top 

electrode and high voltage spark plug wire.  Atmospheric air and a modified atmosphere 

(MA) blend (65% O2, 30% CO2, 5% N2) were used as fill gases for the packages.  

Polyolefin plastic bags were used to package the poultry samples, and a fixed-filling 

structure was used to fill the bags to the same height.  A voltage of 75 kV was used for all 

experiments in this research, and time varied depending on the treatment scenario.  An 

electrode gap of 4.32 cm (1.7 in.) was consistently used and polypropylene spacers were 

used to keep the system parallel and stable.  Ozone measurements were recorded for all 

treated samples to monitor the O3 concentrations and used as an indicator of plasma 
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strength.  Parameters such as voltage, power, current, humidity, and room temperature 

were recorded during all experiments to ensure consistent treatment.  Once all of these 

parameters were established and the system produced consistent results, experiments 

were designed to test the antimicrobial efficacy of the plasma generation system. 

 For the second objective, three different experiments were conducted to determine 

the microbial log reduction potential of the nonthermal plasma system; inoculated and 

uninoculated broiler breast fillet samples were used to determine system performance.  

All samples were packaged the same way for the experiments and filled with either MA 

or atmospheric air.  First, triplicate samples were inoculated with a 10
6
 cfu/ml enrichment 

of natural chicken micro flora.  After a 5 min treatment at 75 kV, there was a 2.02 log10 

cfu/ml mean log reduction for direct treatment and a 1.84 log10 cfu/ml mean log reduction 

for indirect treatment.  Second, uninoculated samples were treated for 3 min at 75 kV on 

the first day of the experiment.  Ozone concentrations were recorded and the samples 

were stored at 4°C until the specified sampling day.  Microbiological recovery was 

conducted on days 1, 3, 7, 10, and 14 via rinsing and plating on Nutrient Agar to record 

the total plate counts.  Initial log reductions of 1.54 log10 cfu/ml were seen after 24 h of 

storage and a mean of 5.56 log10 cfu/ml was recorded at day 14.  The final log count at 

day 14 falls below the generally recognized spoilage level of 10
7
 cfu/ml.  Finally, breast 

fillets were inoculated with Campylobacter jejuni to a level of 10
6
 cfu/ml and treated for 

3 min at 75 kV.  This resulted in a mean log reduction of 1.30 log10 cfu/ml for fillets 

packaged in air and 1.57 log10 cfu/ml for fillets packaged in MA. 

 In conclusion, the nonthermal plasma system was able to function in a stable 

manner and produce consistent ozone concentrations, indicating the plasma strength was 
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consistent as well.  Through preliminary experiments, small details were observed that 

helped to better understand intricacies of plasma generation and how small alterations 

could result in significant changes in the operation of the system.  The ease of system 

operation at atmospheric pressure and lack of chemical additives makes this antimicrobial 

treatment appealing to both producers and consumers.  It was first demonstrated that the 

plasma system had the ability to reduce the microbial population on the surface of broiler 

breast fillets; secondly it was demonstrated that these reductions led to an extension of 

shelf life for the broiler meat product.  These results prove that the nonthermal plasma 

system could have significant impacts in the fields of food safety and food quality. 

There is great potential to expand research in this field in relation to poultry 

products as well as other food products that are susceptible to rapid spoilage and food 

borne pathogens.  More advanced food packaging could be used to improve the stability 

of the plasma system, and thinner, smaller packaging would allow the electrodes to be 

placed closer together which would require a lower treatment voltage.  The electrode-

barrier configuration as well as the barrier materials and thickness could be altered to 

improve system performance.  All experiments in this research removed the top portion 

of the breast meat, and work must be done to determine the effectiveness of this treatment 

on the whole surface of a food product.  Different MA blends could be explored for 

ionization potential as well as quality retention in the meat.  Also, quality characteristics 

such as color, pH, texture, and sensory attributes should be investigated to determine the 

plasma system’s effect on the quality of the poultry product. 

 


