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Dedication
To my two little scientists, because they always ask “why?”
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Embrapa Agroindústria Tropical, Fortaleza, Brazil

Grace L. Douglas

Human Health and Performance Directorate, NASA Johnson Space Center, Houston, TX,

United States

Liangliang Fan

Center for Biorefining, and Department of Bioproducts and Biosystems Engineering,

University of Minnesota Twin Cities, St. Paul, MN, United States
xi



xii Contributors
Raymond Hatzenbeller

Center for Biorefining, and Department of Bioproducts and Biosystems Engineering,

University of Minnesota Twin Cities, St. Paul, MN, United States

Paul E. Hintze

Exploration Research and Technology, NASA John F. Kennedy Space Center, Kennedy

Space Center, FL, United States

Zi Hua

School of Food Science, Washington State University, Pullman, WA, United States

Mary E. Hummerick

Chemical and Biological Sciences Labs, AECOM Management Services, Kennedy Space

Center, FL, United States

Yuhuan Liu

MOE Biomass Engineering Research Center, Nanchang University, Nanchang, China

Anne Mai-Prochnow

The University of Sydney, Faculty of Engineering and Information Technologies, School of

Chemical and Biomolecular Engineering, Sydney, NSW, Australia

Gioia D. Massa

Exploration Research and Technology, NASA John F. Kennedy Space Center, Kennedy

Space Center, FL, United States

Tatsuya Misawa

Department of Electrical and Electronic Engineering, Faculty of Science and Engineering,

Saga University, Saga, Japan

Chulkyoon Mok

Department of Food Science and Biotechnology, Gachon University, Seongnam, Republic

of Korea

Brendan A. Niemira

Food Safety and Intervention Technologies Research Unit, U.S. Department of Agriculture,

Agricultural Research Service, Eastern Regional Research Center, Wyndmoor, PA, United

States

Patrick Pedrow

School of Electrical Engineering and Computer Science, Washington State University,

Pullman, WA, United States

Peng Peng

Center for Biorefining, and Department of Bioproducts and Biosystems Engineering,

University of Minnesota Twin Cities, St. Paul, MN, United States

Pradeep Puligundla

Department of Food Science and Biotechnology, Gachon University, Seongnam, Republic

of Korea

Sueli Rodrigues

Universidade Federal do Ceará, Departamento de Engenharia de Alimentos, Fortaleza, Brazil



xiiiContributors
Roger Ruan

Center for Biorefining, and Department of Bioproducts and Biosystems Engineering,

University of Minnesota Twin Cities, St. Paul, MN, United States

Philipp Rudolf von Rohr

ETH Zurich, Institute of Process Engineering, Zurich, Switzerland

Akikazu Sakudo

Faculty of Veterinary Medicine, Okayama University of Science, Imabari, Japan

Charles Schiappacasse

Center for Biorefining, and Department of Bioproducts and Biosystems Engineering,

University of Minnesota Twin Cities, St. Paul, MN, United States

Rohit Thirumdas

Department of Food Engineering & Technology, Institute of Chemical Technology,

Mumbai, India

Alexandra Waskow

EPFL, Swiss Plasma Center, Lausanne, Switzerland

Shuzheng Xie

School of Electrical Engineering and Computer Science, Washington State University,

Pullman, WA, United States

Yoshihito Yagyu

Department of Electrical and Electronic Engineering, National Institute of Technology,

Sasebo College, Nagasaki, Japan

Yaning Zhang

Center for Biorefining, and Department of Bioproducts and Biosystems Engineering,

University of Minnesota Twin Cities, St. Paul, MN, United States; The Harbin Institute

of Technology, Haerbin Shi, China

Nan Zhou

Center for Biorefining, and Department of Bioproducts and Biosystems Engineering,

University of Minnesota Twin Cities, St. Paul, MN, United States

Mei-Jun Zhu

School of Food Science, Washington State University, Pullman, WA, United States



Preface
In the last 20 years, there has been a continuous and quick development of

emerging technologies in the food science and food engineering area. One

of the main goals is to find alternatives to conventional food processing and

preservation technologies to improve the nutritional and sensory quality of

food but also to ensure the microbial safety of the products. Several technol-

ogies that are known as nonthermal, because the main preservation factor is

different from heat, have been in the spotlight during their development,

such as pulsed electric fields, ultrasound, and ultraviolet. Some of these non-

thermal technologies, such as high hydrostatic pressure, have been officially

recognized and approved as a novel food processing technology, and it is

currently used in food industry for specific applications. However, one of

the newest technologies that is currently under research in food science

and technology is cold plasma.

Cold plasma is based on a basic principle, a partly or wholly ionized gas

because of the use of an electrical energy source. This gas is break down in

free radicals, positive and negative ions, electrons, and charged species

besides the production of UV light. All these compounds act on cell mem-

branes to promote microbial inactivation, and it is the base of cold plasma for

microbial disinfection of food products. However, the plasma has been used

before with specific applications in many commodities such as textiles, pack-

aging materials, medical instruments, and electronics, among others. Some

of the former experiments in food science related to microbial inactivation

were carried out with plasma devices designed for other uses different from

food or unique devices built in lab environment. It was common to read

manuscripts in the early years of cold plasma technology in which a medical

plasma device was used as part of materials and methods for microbial

inactivation in food. Currently, plasma is also tested for other uses besides

microbial inactivation in food science applications; for example, in the area

of agriculture, it is under research to speed up the germination of seeds. In

the area of food processing, plasma is currently tested to change the func-

tionality of food ingredients; cold plasma is also under research to remove

pesticides from crops or to remove allergens from specific foods, to mention

few of them. Although these applications are very important, these are not

fully discussed in this book. The removal of pesticides and allergens is part of

food safety, but the research on both areas is just starting and there is no
xv



xvi Preface
enough material to complete a comprehensive and detailed chapter; though

some of these aspects are briefly discussed on some chapters. However, it is

important to mention about these uses, so the reader can be aware of this

information that will have important updates in the next coming years.

This book presents an update on the latest results about cold plasma in

food safety and preservation applications. About 10 years ago, cold plasma

started to be investigated as a possible option to inactivate pathogens in food,

mainly fresh produce. Currently, cold plasma continues to be tested in path-

ogens, but has been also used to control biofilms and inactivate spores, yeasts

and molds, viruses, and even insects. A lot of research is focused now in the

improvement of cold plasma treatment, changing variables during proces-

sing and designing novel plasma devices focused on food. Research is also

conducted on the study of the food components after plasma processing,

enzyme inactivation, changes during storage, packed food, high moisture

food and dried products, packaging materials, and other applications.

The current publication is divided into four sections: section 1 presents

the fundamentals of cold plasma, section 2 is focused on the use of the tech-

nology for food preservation applications, section 3 deals with the design of

cold plasma devices, and finally, section 4 is related to the use of cold plasma

for special applications and the regulatory process that needs to be followed

to transfer cold plasma from lab to industry settings.

The first section of the book presents an introduction to nonthermal

technologies and discusses why there is a need to find alternatives for food

processing and preservation. A brief overview about cold plasma and how

the technology works are included, besides some examples of potential

applications. A detailed manuscript about the engineering principles behind

cold plasma is presented in Chapter 1, besides different reactor configura-

tions. Although several equations are presented, and some previous knowl-

edge is required mainly from Physics and Calculus, this information can be

very valuable for those working on Food Safety Engineering and interested

in the design of plasma equipment. For readers without an engineering

background, some basic physics and electricity courses are recommended.

However, the reader can find interesting the other chapters as basic descrip-

tions on cold plasma phenomenon and plasma device working principles are

included. Chapter 2 presents the up-to-date results in microbial inactivation

besides research done in spore, viral, and fungal inactivation. Some of the

previous theories about the mechanism of microbial inactivation are now

expanded, and very valuable and new knowledge have emerged during

these last years. A critical research need is also highlighted in the area of food
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safety related to parasitic inactivation, since several foodborne outbreaks

have been linked to parasites, but unfortunately this area has not been

explored yet. Similar to other emerging technologies, microbial inactivation

patterns in samples treated with cold plasma do not follow a log-linear order

kinetics. Chapter 3 discusses the potential nonlinear models that can be used

to accurately describe microbial inactivation by cold plasma. It also addresses

the difficulty to propose a mechanistic model for microbial inactivation

using cold plasma due to contribution of several lethal factors, and their cor-

responding inactivation mechanisms, acting at the same time. Chapter 4

shows an update in the use of cold plasma to disrupt biofilms. Although

the technology has been successful in microbial inactivation, the treatment

of biofilms requires longer processing times and have found some limitations

when the biofilm is composed of several types of microorganisms. However,

the chapter also includes an interesting discussion about how the use of cold

plasma can modify or add coatings to surfaces and reduce the formation of

biofilms.

The second part of the book is related to applications of cold plasma for

food preservation. Chapter 5 presents a recompilation of recent work done

in microbial disinfection of high moisture food such as fresh produce, meat

and poultry products, liquids, and the novel application of plasma-activated

water (PAW) to disinfect some products during washing. Chapter 6 presents

a comprehensive discussion about disinfection of dried food through cold

plasma, such as seeds, grains, and nuts, in which the microorganisms are

easily shielded because of the complex and rough surface on these products.

However, the use of low-pressure plasma seems to be effective on microbial

inactivation on dried products without damaging the food. The study of

enzyme inactivation through cold plasma is discussed in Chapter 7, and

the deterioration of food quality during storage because of enzymatic reac-

tions can be reduced drastically using cold plasma. The chemical interaction

between the plasma active species and the protein structure is discussed in

detail, and several examples about enzyme inactivation in model systems

and food items are presented. Chapter 8 presents an update on the study

of plasma active species on food components. Some of the free radicals gen-

erated in the plasma glow and acting on microbial inactivation have an effect

also in the food components, generating carbohydrate depolymerization,

lipid oxidation, or vitamin release from the vegetable tissue. The chapter

presents the importance of understanding the plasma chemistry behind

the processing of fruits and vegetables, grains and cereals, and meat and dairy

products. Finally, Chapter 9 shows some work on the decontamination of
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packaged foods and food packaging materials. First, the use of cold plasma to

disinfect packaged food reduces greatly the microbial risk linked to cross-

contamination, but also allows to remove the pesticides from the product

once it is inside the container and is ready to send to the supermarket. Several

examples of packaged food treated with cold plasma are presented. Second,

the use of cold plasma to treat packaging materials is covered, and several

examples in common materials such as polyethylene terephthalate better

known just as PET, polyethylene, nylon, polystyrene, and polypropylene

are discussed besides the opportunity to investigate the use of plasma on

novel biodegradable polymers.

The third part of the book is dedicated to the study of cold plasma equip-

ment, as it was previously mentioned and a lot of early research was done

using non-food plasma devices. There are many critical points to consider

when designing a plasma equipment to process food, such as ensuring an

homogeneous treatment to reach all the points in the food (similar to the

cold spot in thermal processing), a deep penetration while processing liquids,

a continuous operating mode (if possible), a food-grade system compatible

with several food products, a low-cost process, and a green technology,

among others. Chapter 10 presents a detailed discussion about different

pieces of cold plasma equipment that have been used for food-related appli-

cations. Some of the basic and common configurations such as corona

discharge and dielectric barrier discharge (DBD) plasma equipment are pre-

sented besides other variations. The chapter shows the basic components in

each plasma device and presents a very basic cost analysis of a plasma device

(lab scale) operating to disinfect fruits in Japan. Although there are many var-

iables involved in a full cost analysis, and it also depends on the country in

which the device operates, it is interesting to see a preliminary analysis in

terms of money about the use of cold plasma. Chapter 11 is focused only

on the use of microwave and radiofrequency-powered cold plasma devices

that have been useful for spore inactivation. The chapter presents several uses

of both equipment in food products, inactivating pathogens and preserving

the quality of the food. Low-pressure microwave powered plasma can also

be used for the deposition of coating materials.

Last but not least, the fourth part of the book is related to some specific

uses of cold plasma and the regulatory process that the technology needs to

follow to be approved and used in industry settings. Chapter 12 presents the

use of cold plasma in the fascinating world of space food; this technology is

under research as a possible option to be used in future space missions such as

Mars mission, when astronauts will need to grow their own vegetables and
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disinfect them to eliminate any microbial risk while they live millions of

miles away from Earth. The first results show that cold plasma has the poten-

tial to be used in the disinfection of the space veggies, especially because of

the characteristics of the technology: waterless, free-chemical and free-

residue, very important facts for “flight compatible” technologies for NASA.

However, research needs are focused on the enhancement of microbial

inactivation using only atmospheric (cabin) air. The last chapter of the book,

Chapter 13, shows to the reader the pathway that any new technology must

follow to be validated by regulatory agencies and approved to be used in

food industry. Although cold plasma is still on the development stage, a

lot of research has been generated so far, and more results are expected to

emerge in the next coming years that will finally show the advantages of

using the technology and will provide enough evidence to the regulatory

agencies in order to approve its use in the food industry.

This book can be used as reference not only for undergraduate and grad-

uate students in the area of Food Science and Food Engineering, but also for

those students working on Electrical Engineering. The content of this

volume can be also of help for young and experienced researchers working

on emerging food technologies, in academia, government, research centers,

or even industry. The book might be of interest not only for those working

on microbiology, physics, or chemistry but also for any reader interested to

learn about cold plasma for food safety and preservation.

I am very thankful to each of my colleagues who enthusiastically partic-

ipated in this new project and provided their expertise on each chapter with

excellent manuscripts. I would like to acknowledge also for the outstanding

and professional work from Elsevier team behind this book, Nina Bandeira,

Carly Demetre, Kelsey Connors, and all the editorial staff who worked dur-

ing the different stages of book production.

The book is dedicated to all those researchers, young and experienced,

working on cold plasma allowing us to understand better the technology and

showing us the pathway to follow in the next coming years.

Daniela Bermudez-Aguirre

Editor
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Daniela Bermudez-Aguirre
Independent Food Engineering Consultant, Richland, WA, United States

In the last 10 years, there has been an important increase in cold plasma

research. In the very first years, cold plasma was focused only on microbial

inactivation and just few publications were out each year. However, as

the technology has demonstrated its potential not only for microbial

inactivation but also for several and very diverse applications, it is now

common to see hundreds of publications dealing with cold plasma in food

science and technology. Novel applications of cold plasma, such as pesti-

cide degradation, seed germination, food functionality, and plasma-

activated water (PAW), are currently under research. Very different

plasma devices have been built or adapted from other uses in labs around

the world, with the main objective to test food under the plasma glow and

see how specific food problems can be solved and novel applications can

be developed.

In the area of food safety and preservation, the need of alternative and

efficient disinfection technologies has found in cold plasma an option worth

to be explored. In the area of food processing, food scientists have found

several and interesting alternatives not only tomodify food components such

as proteins, sugars or starch through cold plasma processing, for specific pur-

poses, but also to maintain the fresh-like characteristics of many products or

even improve attributes such as the nutritional content.

This manuscript presents a brief introduction to cold plasma technol-

ogy in food processing and preservation. However, this book is focused

only in those applications related to food safety and preservation such as

microbial and enzyme inactivation, disinfection of foods and packaging

materials, the design of cold plasma equipment, specific applications,

and the current regulatory status of this novel technology. Nevertheless,

some of the current potential applications of cold plasma in food processing

and in agricultural applications are briefly mentioned here, with the inten-

tion to show the reader the vast and diverse use of cold plasma in the food

industry and the endless possibilities of using this technology in very dif-

ferent products.
xxi
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1 Food processing and preservation

There are several food products in the market that have been constantly

involved in recalls and foodborne outbreaks because of the lack of effective-

ness of current disinfection methods, problems related to cross-

contamination, or under-processing conditions using conventional processing

technologies. From the side of food safety and preservation, microorganisms

are becoming more resistant to conventional treatments and are able to resist

several stress factors, such as low temperature or low aw, resulting in a potential

health risk for humans. Consumers are looking for chemical-free and mini-

mally processed food and healthy products. Besides, a current global market

makes food an ideal vehicle for microorganisms, if adequate handling, storage,

and transportation practices are not kept until the food reaches the consumer.

Some products are not processed or decontaminated before they reach the

market such as some species, herbs, flour, or several kinds of nuts, using only

HACCP or Good Manufacturing Practices (GMP) in the food industries to

ensure their microbial quality. Most of these products contain high loads of

microorganisms such as mesophilic bacteria, but sometimes some pathogens

such as Salmonella spp., Escherichia coliO157:H7, or Listeria monocytogenes have

been detected. Although species are assumed to be consumed after they

are incorporated in a food that should be fully cooked, sometimes species

are used in raw products, for example, guacamole or salads, or added to food

that was previously cooked, representing a high safety risk. Salmonella spp.

have been linked to foodborne outbreaks related to black and red pepper

powders, for example ( Jeong and Kang, 2014; Gieraltowski et al., 2013).

In the case of the tree nuts industry, nuts are rich in many nutrients such

as vitamins, minerals, and antioxidants, and some of them contain an impor-

tant concentration of omega-3, such as walnuts. However, pathogens such as

Salmonella spp. have been detected several times in almonds that generated

foodborne outbreaks in the United States and Canada several years ago

(Isaacs et al., 2005; CDC, 2004). Since 2007 the US Department of Agricul-

ture (USDA) regulated and instructed the pasteurization of almonds (Gao

et al., 2011). However, other kinds of nuts different from almonds continue

until today without any obligatory treatment before their commercialization,

representing a health risk and reducing the possibility to use them when the

product is not receiving any further thermal treatment and/or needs to meet

some strict microbiological limits, such as space food. Other food products

that have often been involved in food recalls are eggs, fresh produce, meat,

and seafood.
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Conventional technologies such as pasteurization involve the use of heat

into the product for specific time at specific temperature. The heat is applied

from an external source; however, because of the required long time to

destroy microorganisms, some of the sensory and nutritional properties of

food are affected; thermolabile compounds such as vitamins are easily

degraded in few seconds. Meanwhile, during disinfection, some chemicals

such as chlorine are used to attack the cell membrane of microorganisms and

leave residues on the products that are linked to carcinogenic compounds.

Hence, food scientists have been explored several preservation factors that

can efficiently act on microorganisms but at the same time do not modify

the sensory or nutritional properties of the food or leave chemical residues.

During this search, scientists have explored thermal and nonthermal

approaches. In the case of novel thermal technologies, research has been

focused on the internal generation of heat in the food rather than the exter-

nal application of heat for microbial and enzyme inactivation. Microwave

and radiofrequency are some examples of these emerging thermal technol-

ogies, in which heat is generated fast enough inside the food to inactivate

microorganisms but to keep the quality attributes. On the other side, the

group of technologies known as nonthermal are characterized because of

the absence of heat during processing, using alternative preservation factors

to conduct microbial inactivation and achieve pasteurization standards. A list

of novel technologies is presented in Table I.1, and some of them are no

longer investigated because the lack of significant results such as oscillating

magnetic fields (OMFs) and others is still gathering information in order to

validate and apply for approval to be used in food applications.
Table I.1 Emerging novel technologies in food processing and preservation.

Nonthermal Thermal

High hydrostatic pressure (HHP)

Pulsed electric fields (PEFs)

Pulsed light

Ultraviolet (UV)

Ultrasound

Dense phase carbon dioxide (DPCD)

Oscillating magnetic fields (OMFs)

Cold plasma

Irradiation

Ozone

Membrane separation

Microwave (MW)

Radiofrequency (RF)

Ohmic heating

Induction heating
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2 Nonthermal technologies

About 30 years ago, food scientists started to reevaluate some technologies

that were left behind in early years because of the lack of technological

advances required to achieve successful results in microbial inactivation.

For example, in 1899 Hite evaluated for the first time the use of pressure

to inactivate microorganisms ( Jay et al., 2005). Later in 1960 Doevenspeck

developed one of the first pulsed electric field (PEF) patents for microbial

inactivation, and few years later, Sale and Hamilton analyzed in detail the

effect of PEFs on microbial cells (Grahl and M€arkl, 1996). However, some

preservation factors that started to be reevaluated about 30 years ago for

microbial inactivation in food were pressure, visible and UV light, electrical

currents, and sound waves, to mention few of them. Names such as high

hydrostatic pressure, pulsed light, ultraviolet, pulsed electric fields, and ultra-

sound started to be known in the food science arena as nonthermal technol-

ogies. Most of them showed promising results in microbial inactivation, and

then they were researched for enzyme inactivation. Food products showed

an important microbial and enzymatic reduction in most of the cases,

and also the availability of novel food ingredients emerged as part of these

novel technologies. Pressure or sound waves were able to modify the struc-

ture or properties of some products with a potential to be used in product

development. Results also showed an improved food quality in terms of

nutritional content and sensory characteristics after nonthermal processing.

Processing times were drastically reduced fromminutes or seconds to micro-

seconds, such as during the use of pulsed electric fields. So far, high hydro-

static pressure has been validated and approved by regulatory agencies to be

used in several products in many countries, and it is easy to find pressurized

products in the supermarket. Other technologies are still under evaluation or

improvement stages to address specific and particular drawbacks of each one

such as equipment design or scale-up to industry settings. In addition, other

novel and more recent technologies are being explored in food science such

as cold plasma.
2.1 Cold plasma
In 1850, Siemens used a dielectric barrier discharge device to produce

ozone and decontaminate water from biological pollutants (Laroussi,

2008). However, the term “plasma” was used in 1928 by Langmuir to

describe the oscillations in ionized gases containing equal number of ions

and electrons resulting in a region of balanced charges between both
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(Langmuir, 1928). The work done by Langmuir was based on early exper-

iments conducted by Penning in 1926; experiments were conducted at the

time with air and argon (Penning, 1926). Today, plasma is considered as

the fourth state of matter. The three conventional states of matter are liq-

uid, solid, and gas. The change from one physical state to another requires

the application of energy, for example, the change from solid to liquid,

then to gas, and finally to a state of ionized gas or plasma (Thirumdas

et al., 2015; Niemira, 2012a). Plasma can be classified into thermal (or

hot) and nonthermal (low-temperature) plasma; hot plasma is generated

when a gas is heated to a high temperature (20,000 K) to achieve ioniza-

tion, and all the particles are in thermodynamic equilibrium and because of

that, the temperature is high. Low-temperature plasma can be divided into

two categories, the quasi-equilibrium plasma with temperatures from 100

to 150 °C and the nonequilibrium plasma with temperature <60 °C
(Mandal et al., 2018). In the nonthermal plasma, energy is applied to pro-

mote elastic collisions between the gas particles, atoms, and electrons. Par-

ticles are not in equilibrium, electrons are in constant collisions with other

molecules, and the temperature between ions and electrons is different; the

temperature of electrons is about 1–10 eV; meanwhile, the temperature of

neutrons, ions, and radicals is low or close to ambient temperature

(Muhammad et al., 2018).

Cold plasma started to be tested in some biological materials several years

ago with the main objective of disinfection and sterilization. During the

1960–1990, there were several uses of cold plasma for biological sterilization,

but no further research was conducted trying to elucidate the action of

plasma on microorganisms (Laroussi, 2008). However, the first biological

application of cold plasma was the inactivation of bacteria in the 1990 using

a dielectric barrier discharge device worked with air and mixture of noble

gases and a comprehensive analysis of how plasma acts on microbial cells

was included (Laroussi, 2015). Although some of the experiments were fully

focused on medical applications including medicine-related microorganisms

and tools, some of the scientists were considering the use of cold plasma in

heat-sensitive materials such as food because of the short processing times

and the way cold plasma is applied (Laroussi, 1996; Kelly-Wintenberg

et al., 2000). Cold plasma seems to be an ideal technology to treat sensitive

materials because of the lack of using heat, pressure, or vacuum (Laroussi,

1996). The research done until today in food processing and food preserva-

tion has been conducted with cold plasma because of the unique character-

istics of the technology.
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2.1.1 Principles of cold plasma
Plasma can be generated when a gas (or gas mixture) is subjected under an

electrical discharge; the gas will be partly or fully ionized in free electrons,

ions, protons, excited atoms and molecules, and active free radicals with the

production of UV radiation, forming the called plasma glow. Although

other sources of energy different from electrical can be used to ionize the

gas, such as thermal, optical, or radioactive, the most used so far is electrical

energy (Pankaj et al., 2018a). When air is used as working gas, a powerful

cocktail of free radicals is generated containing ROS (reactive oxygen spe-

cies) such as atomic oxygen (O), superoxide anion (O2
�), singlet oxygen

(1O2), hydroxyl radicals (OH%), ozone (O3), and RNS (reactive nitrogen

species) such as excited nitrogen (N2), atomic nitrogen (N), nitric oxide

(NO), and nitric dioxide (NO2), besides UV photons, positive and negative

ions, and free electrons that together will promote strong oxidation pro-

cesses on lipids and proteins on the cell membrane (Muhammad et al.,

2018; Laroussi, 2015). However, the kind of gases that have been studied

under cold plasma treatment goes from noble gases such as argon and helium

to complex gas mixtures such as the ones used for modified atmosphere

packaging. Although Ar and He have been effective for some microbial

applications, from the economical point of view these gases would be

expensive when big volumes of food are treated with plasma. Besides, those

free radicals coming from oxygen and nitrogen mixtures, such as air, have a

more powerful antimicrobial activity and the cost is much less. It has been

also observed that some gases or free radicals generated during plasma can

have a further microbial inactivation when the product is previously packed,

treated with plasma, and stored (Sarangapani et al., 2018). Some free radicals

can act on the survivor cells or on those sublethally injured cells leading them

to the cell death, even after the treatment is finished.

There are very different cold plasma devices that have been used in food

science research. In Table I.2, there is a list of the equipment reported for

different applications, such as microbial inactivation, enzyme inactivation,

biofilm disruption, study of bioactive compounds, or sterilization of pack-

aging materials. By far, the dielectric barrier discharge (DBD) cold plasma

equipment is the most reported in the published literature for the above-

mentioned applications. The DBD plasma device consists of two metal elec-

trodes (Fig. I.1), one is grounded and one is connected to the high voltage

source. At least, one of the electrodes is covered with a dielectric barrier to

provide stabilization to the material, avoiding arcs. The food is placed

between the electrodes, and once the gas is supplied in the system, the plasma



Table I.2 Examples of different cold plasma devices used for research in different areas of food science and technology.

Plasma device Research aim Reference

Dielectric barrier discharge

(DBD)

Microbial inactivation Misra et al., 2014; Prasad et al., 2017; Min et al., 2017; Shah et al.,

2019; Trevisani et al., 2017; Noriega et al., 2011; Georgescu

et al., 2017; Kim et al., 2013; Albertos et al., 2019; Liao et al.,

2018; Kim et al., 2015a; Muhammad et al., 2019; Mehta et al.,

2019; Lee et al., 2012; Yong et al., 2015; Wan et al., 2019;

Kulawik et al., 2018; Lee et al., 2016; Dirks et al., 2012; Han

et al., 2016a; Kim and Min, 2018

Spore inactivation Butscher et al., 2016

Enzyme inactivation Khani et al., 2017; Tappi et al., 2014; Chen et al., 2015; Lackmann

et al., 2013; Segat et al., 2016; Zhang et al., 2015

Study of bioactive

compounds

Liao et al., 2018

Resistive barrier discharge

(RBD)

Biofilm inactivation Ragni et al., 2010

Cascaded dielectric barrier

discharge (CDBD)

Sterilization of packaging

materials

Muranyi et al., 2007, 2008, 2010

Plasma pen Microbial inactivation Perni et al., 2008

Plasma corona discharge Microbial inactivation Santos Jr et al., 2018; Gurol et al., 2012; Bermudez-Aguirre et al.,

2013

High-voltage atmospheric cold

plasma (HVACP)

Microbial inactivation Wan et al., 2017; Olatunde et al., 2019; Mahnot et al., 2019; Pankaj

et al., 2017; Xu et al., 2017

Spore inactivation Patil et al., 2014

Biofilm inactivation Han et al., 2016b; Ziuzina et al., 2015

Study of bioactive

compounds

Pankaj and Keener, 2017; Xu et al., 2017

Continued
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Table I.2 Examples of different cold plasma devices used for research in different areas of food science and technology.—cont’d

Plasma device Research aim Reference

Microwave-powered plasma Microbial inactivation Oh et al., 2017; Won et al., 2017; Lee et al., 2015; Fr€ohling et al.,

2012; Kim et al., 2014a

Spore inactivation Hertwig et al., 2015; Roth et al., 2010; Kim et al., 2014a

Enzyme inactivation Bußler et al., 2017

Study of bioactive

compounds

Yeon et al., 2017; Kim et al., 2017

Gliding arc cold plasma Microbial inactivation Niemira and Sites, 2008

Gas-phase surface discharge

plasma

Microbial inactivation Zhang et al., 2019; Wang et al., 2018; Wang et al., 2019

Study of bioactive

compounds

Herceg et al., 2016; Garofuli�c et al., 2015

Intermittent corona discharge

plasma jet (ICDPJ)

Microbial inactivation Lee et al., 2018

Cold plasma jet Microbial inactivation Ukuku et al., 2019; Rossow et al., 2018; Choi et al., 2016; Dasan

and Boyaci, 2018; Lacombe et al., 2015; Puligundla et al., 2017a

Enzyme inactivation Chauvin et al., 2017; Attri et al., 2012; Surowsky et al., 2013

Biofilm inactivation Helgadóttir et al., 2017; Mai-Prochow et al., 2016

Disinfection of

packaging materials

Lee et al., 2017

Atmospheric pressure plasma jet

(APPJ)

Microbial inactivation Niemira, 2012b; Hertwig et al., 2015; Kim et al., 2016; Puligundla

et al., 2017b

Enzyme inactivation Attri and Choi, 2013; Ali et al., 2016

Biofilm inactivation Kim et al., 2015b; Yong et al., 2014

Study of bioactive

compounds

Grzegorzewski et al., 2011

xxviii
Introduction



Low-frequency plasma jet Enzyme inactivation Takai et al., 2012

Pulsed discharge plasma Microbial inactivation Zhang et al., 2019

One atmosphere uniform glow

discharge plasma

(OAUGDP)

Microbial inactivation Critzer et al., 2007

Radiofrequency atmospheric

cold plasma

Microbial inactivation Kim et al., 2014b; Baier et al., 2015

Decontamination of

packaging materials

Yang et al., 2009

Study of bioactive

compounds

Grzegorzewski et al., 2010; Matan et al., 2015

Diffuse coplanar surface barrier

discharge plasma

Microbial inactivation Hertwig et al., 2017

Enzyme inactivation Henselová et al., 2012

Low-pressure cold plasma Microbial inactivation Segura-Ponce et al., 2018

Plasma flashlight Biofilm inactivation Pei et al., 2012
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Fig. I.1 Schematic diagram of a dielectric barrier discharge (DBD) plasma equipment to
process and preserve food.

xxx Introduction
glow acts on the product. The gap between the electrodes goes from 0.1 mm

to several cm. The system is able to produce microdischarges ensuring a

homogeneous treatment, and several kinds of gases have been used in this

type of device. This system presents good adaptability for different uses

because of the possibility to install electrodes with diverse geometries.

(Pankaj et al., 2018a; Coutinho et al., 2018). Most of the DBD equipment

work under atmospheric pressure conditions.
3 Applications in food processing

It is well known that many of the emerging technologies started to be

explored for microbial inactivation, and during this time, alternative uses

have been discovered, such as the improvement of some quality attributes

or the development of novel food ingredients. This book is focused only

on the aspects related to food safety and preservation as previously men-

tioned; however, during the cold plasma research, additional applications

in the area of food processing have been observed. A list of the current appli-

cations of cold plasma in different areas of food processing and preservation

and agricultural applications is presented in Table I.3, and some of them will

be briefly discussed in this chapter.



Table I.3 Different applications of cold plasma processing in food science and technology.

Food processing Food safety and preservation
Agricultural
applications Other applications

Changes in functionality of proteins and starch

Quality enhancement

Hydrogenation of oil

Increase of nutrients because of the release of

membrane-bounded compounds

Inactivation of pathogen and

spoilage microorganisms

Inactivation of spores

Inactivation of yeasts and molds

Inactivation of insects and

larvae

Inactivation of aflatoxins

Extension of shelf life

Enzyme inactivation

Degradation of biofilms

Removal of food allergens

Degradation of

pesticides

Pesticide effect

Seed germination

Wastewater

decontamination

Sterilization of

packaging

materials

Removal of odors

Decontamination of

air

xxxi
Introduction
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Cold plasma can lead to the surface modification of foods because of the

action of the active species on the surface, conferring the product with spe-

cific properties and functionalization. For example, the change in the surface

properties of cereal grains has been studied in several types of rice. After

plasma processing, rice required shorter cooking time, and there was an

important change in the texture and microstructure (Sarangapani et al.,

2018). Similar like in the case of microorganisms, cold plasma species can

have an etching effect on the surface of grains, allowing the internal layers

to be exposed to the external environmental conditions.

Another application in food processing is related to starch modification.

The functionalization of starch can be affected because of the chemical reac-

tions between the starch polymer and the active species generated during

plasma. It has been observed that plasma can act on specific groups of the

polymer converting hydrophobic surfaces to hydrophilic. Cold plasma

can modify starch by cross-linking, depolymerization, and functionalization.

Several starches have been evaluated under plasma such as wheat, potato,

corn, rice, and other waxy grains. The modifications observed in the granular

structure of the starch grains after plasma were responsible for those changes

related to gelatinization and thickening (Sarangapani et al., 2018). Cold plasma

has been able to decreasemolecular weight, viscosity, and temperature of gela-

tinization in starch (Cullen et al., 2018). Recently, cold plasma was evaluated

on noodles fortified with mango flour. The interaction between gluten and

fiber showed a smoother surface compared to untreated noodles, and also

the cold plasma treatment provided better quality and gluten strength to

the noodles (Abidin et al., 2018). The effect of cold plasma in other carbohy-

drates like reducing sugars (fructose, glucose) and oligosaccharides in fruit

juices has not been fully evaluated, but initial studies showed a degradation

of both during processing because of the ozonolysis (Pankaj et al., 2018a).

In the case of proteins, plasma has an important effect not only on

the structure but also on the composition of these macromolecules. For

example, during the oxidation of proteins, there are an important change

in the foaming and emulsifying properties and functionalization, and

changes in water-binding and improved oil-binding capacities (Sarangapani

et al., 2018). However, when plasma is used in food with high protein

content, the antimicrobial effect is reduced because of the scavenging of

plasma active species, allowing the microorganisms to recover and regrow

(Bourke et al., 2018). Plasma can unfold and modify the structure of pro-

teins, affecting their physicochemical properties and functionality. In a spe-

cific study, a DBD equipment was used in whey protein, and after 15 min,
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protein oxidation was observed and some changes were reported in the

structure of the protein with a possible unfolding. However, these structural

changes after plasma processing conferred the protein with a higher foaming

and emulsifying capacity (Coutinho et al., 2018).

Cold plasma has been also tested in juice processing, and some of the

products showed good retention or even higher concentration of nutrients

after the treatment, improved color, and sensory properties. The increase in

bioactive compounds after processing is attributed to the release of

membrane-bounded compounds (Fernandes et al., 2019). Fruit and vegeta-

ble juices processed with cold plasma include a list of traditional juices such as

orange, apple, and tomato juices (Dasan and Boyaci, 2018; Xu et al., 2017;

Surowsky et al., 2014), but also those juices processed with fruits and veg-

etables found in specific regions in the world such as acerola, tangerine,

cashew apple, and siriguela juices (Fernandes et al., 2019; Yannam et al.,

2018; Rodriguez et al., 2017; Paixão et al., 2019). Other beverages that have

been evaluated under cold plasma processing are a chocolate milk drink

(Coutinho et al., 2019), coconut water (Chutia et al., 2019), guava-flavored

whey beverage (Silveira et al., 2019), and tiger nut milk (Muhammad et al.,

2019). Inmost of them, bioactive compounds were analyzed after processing

with significant results. Many of these studies were focused only in the quan-

tification of bioactive compounds after cold plasma treatment. Some of the

works showed that the polyphenols were in higher concentration after pro-

cessing and some authors agreed that the active plasma species disrupted cell

membranes, having an etching effect on the surface membranes releasing the

intracellular compounds, such as bioactive compounds, and allowing a

higher quantification. Studies conducted to analyze anthocyanins, total fla-

vonols, and total phenols showed an increase after cold plasma, although it is

difficult to summarize the possible effect because of the great diversity of food

matrices. In several studies using cold plasma in very different food products

from fruit juices to fresh produce, a general trend was observed regarding the

vitamin content, and it was increased or had minor changes after certain pro-

cessing times. The effect of cold plasma in vitamin content of food stuffs can

be ranked as positive in most of the research done so far. It was observed that

changing drastically the processing conditions, mainly time, the effect of

plasma on nutrients, can be opposite (Muhammad et al., 2018).

Regarding the effect of cold plasma in food with high lipid content, there

are several reports available. The effect of ROS acting on these lipids can

reduce and drastically affect the quality of the product. Lipid oxidation is

favored when there is a presence of catalyzers such as light, heat, metals,
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and free radicals, and it has been observed that as higher the number of dou-

ble bonds in fatty acids, the susceptibility of lipids to oxidation by ROS is

higher. Experimental results have shown that 20 min is enough processing

time to promote alteration in the structure of fatty acids and the products that

have shown undesirable effects of ROS on the lipid composition are rice,

wheat flour, pork, beef, seafood, chicken, sushi, cheese, milk, and olive

oil. Most of these products were processed for several minutes, which con-

tributed to the development of oxidative reactions. This problem can be

minimized if shorter processing time is used together with antioxidants in

products with low fat content (Gavahian et al., 2018). However, in a recent

application, hydrogen cold plasmawas used to partially hydrogenate soybean

oil without the formation of trans-fatty acids (Cullen et al., 2018).

Summarizing, after all of these years of cold plasma research, many

changes in quality attributes of food have been detected. Some of these

modifications are positive such as the increase in the antioxidant components

of some foods; other changes were less noticeable like minor changes in

the texture of tomatoes or blueberries, and there are also undesirable changes

such as discoloration of some vegetables or meat, lipid oxidation in high-fat

content foods, pigment degradation, or unpleasant flavors (Sarangapani

et al., 2018; Misra and Jo, 2017). However, most of the research has been

done to study microbial inactivation and sometimes processing times have

been extended considerably to achieve significant reductions. The retention

of bioactive compounds has been observed to be time-dependent in most of

the published work. The optimization of processing times during cold plasma

treatment in the next coming years will allow not only to have a balance in

terms of microbial inactivation but also to protect and maintain quality attri-

butes related to nutritional and sensory characteristics.
4 Applications in food safety and preservation

The applications in this category will be briefly mentioned in this paragraph

because of the detailed chapters dealing with all of them in this book. Cold

plasma has been used for microbial inactivation of bacterial cells, spores,

molds, and yeasts, to eliminate the complex structure of biofilms, and also

it has been tested for viral inactivation with promising results. Emerging

pathogens such as Escherichia coli, Listeria monocytogenes, and Salmonella spp.

have been tested under cold plasma in different model systems and real foods

with positive results. A lot of research has been conducted to elucidate the
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mechanisms of microbial inactivation in cold plasma and how this technol-

ogy can damage Gram-positive and Gram-negative microorganisms. In lat-

est reports, the effect of cold plasma in Gram-negative microorganisms is

discussed as a strong attack of active species to the lipoproteins and peptido-

glycans of the cell envelope, promoting the cell leakage and the damage of

intracellular components such as DNA. On the other side, Gram-positive

microorganisms do not show any leakage of intracellular material but present

an important damage in the intracellular components such as DNA

(Sarangapani et al., 2018). Spore inactivation has been observed during pro-

cessing because of the etching effect of plasma on the spore coat, allowing

the free radicals to diffuse through the several layers of the spore until reach

the core. Cold plasma has also been tested for the elimination of aflatoxins in

some products, mainly nuts. Although results show a positive effect of cold

plasma on the inactivation of aflatoxins, there is a lot of research to do in this

area to have a better understanding of the mechanism of action, between the

plasma chemistry and the complex composition of food products (Pankaj

et al., 2018b).

One of the latest developments in cold plasma research is the use of

plasma activated water (PAW) that was tested several years ago for different

applications, but recently patented for use in food commodities. PAW is

generated when water (or other liquid) is treated with a plasma device gen-

erating an active water full of free radicals and antimicrobial compounds.

This PAW can be used to wash and disinfect food by immersion or added

as spray to decontaminate the product. The frozen PAW is basically an active

ice because of the concentration of active species coming from plasma

(Sarangapani et al., 2018). This active ice can be used, for example, in the

seafood industry to protect and extend the shelf life of fish and seafood.

In the area of food preservation, one of the main problems is related to

the stability of food products during storage because of enzymatic activity.

Several enzymes have been tested under plasma with positive results,

such as polyphenol oxidase, peroxidase, lipase, dehydrogenase, trypsin,

α-chymotrypsin, pectin methyl esterase, superoxide dismutase, lipoxy-

genase, α-amylase, and alkaline phosphatase, among others (Mandal

et al., 2018; Pankaj et al., 2018a; Misra et al., 2016; Thirumdas et al.,

2015). Work in enzyme inactivation has been carried out with DBD,

plasma jets, and microwave-powered cold plasma devices as shown in

Table I.2. Themainmechanism of enzyme inactivation is attributed to the loss

of secondary structure on the enzymes and the decomposition of products.
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Several of the emerging technologies in food processing and preserva-

tion are able to modify proteins, in structure or composition. This charac-

teristic has been used to remove allergens from those food considered as a

source of proteins related to specific allergic reactions, such as milk, eggs,

fish, crustacean shellfish, tree nuts, peanuts, wheat, and soybeans (Nayak

et al., 2017). Cold plasma has been slightly evaluated in this area, but so

far, the few works conducted in allergen removal have shown interesting

results. For example, during the treatment of soybean with cold plasma,

89% of the protein fraction immunoreactivity was reduced. During the

treatment of wheat, proteins lost their structure and were unfolded

(Bourke et al., 2018). Other allergens that have been tested are shrimp

tropomyosin that was reduced up to 76% after 5 min of treatment and

the wheat allergenicity has been reduced by 37% with cold plasma. The

interaction of ROS and RNS with the amino acids present in the proteins

seems to be responsible of the destruction of the binding sites for anti-

bodies. However, the formation of new proteins because the interaction

with plasma active species is also possible during the processing

(Sarangapani et al., 2018).
5 Agricultural applications

5.1 Pesticides
In the area of agricultural products, cold plasma has been used as pesticide by

itself, but also to degrade pesticides. There are reports on the mortality of

several species through cold plasma treatment: 100% mortality of Sitophilus

granarius (granary weevils), 87% mortality of Myzus persicae (green peach

aphides), 95% mortality of Pediculus humanus humanus L. (human body lice),

and Planococcus citri (citrus mealy bugs). Larvae of these species were killed

because of the strong oxidizing effect of plasma active species on the cell

membranes (Sarangapani et al., 2018). Furthermore, cold plasma can be used

to control pests in stored food like cereal crops. Insects are inactivated in

short time with an easy processing and residue-free operation. On the other

side, during the pesticide degradation, the free radicals coming from the cold

plasma treatment interact with the chemical components of pesticides trans-

forming them in something less toxic. Some of the pesticides that have been

tested and degraded during cold plasma treatment are 2,2-dichlorovinyl

dimethyl phosphate or dichlorvos, omethoate, diazinon, or paraoxon

(Sarangapani et al., 2018).
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5.2 Germination of seeds
Cold plasma has also been investigated on seeds to speed up the germination

process, and so far, results are positive. The active species generated during

cold plasma are able to penetrate the seed coat and make an influence on the

germination rate. The surface of the seeds is modified because of the plasma

components, and there is an increase in oxygen and moisture that reach the

embryo promoting an early germination. Several seeds have been tested

under cold plasma such as wheat, legumes, safflower, soy beans, peas, corn,

and spinach (Thirumdas et al., 2015). However, the use of cold plasma on

the germination of seeds needs to be carefully studied regarding the proces-

sing conditions, and longer processing time may lead to the inhibition of

seeds. It has been observed in general a benefit effect of shorter processing

time in seed germination, but also there are effects coming from the working

gas, the power level, and the type of seeds; some of them might have an

impact on the quality of the seeds (Bourke et al., 2018).
6 Other applications

Cold plasma can be used to disinfect packaging materials that will be in con-

tact with the food, such as plastic bottles, lids, and films. It is a great alter-

native when heat-sensitive materials need to be sterilized. Some of the

packaging materials that have been successfully sterilized by cold plasma

are PET, polystyrene films, multilayer packages (PET/polyvinylidene chlo-

ride (PVDC)/polyethylene (PE)), glass, polypropylene (PP), nylon, and

paper foil, among others. However, cold plasma is also an efficient way

to conduct deposition of specific compounds in packaging materials such

as the deposition of bioactive compounds or antimicrobials such as lyso-

zyme, nisin, and vanillin (Mandal et al., 2018; Thirumdas et al., 2015). Some

of the different piece of equipment used for disinfection and sterilization of

packaging materials are listed in Table I.2.

Food industries such as dairy, meat, poultry, and seafood generate efflu-

ents rich in carbohydrates, proteins, fats, and minerals, and these must be

decontaminated to reduce microbial growth. The use of cold plasma has

been tested to reduce the organic loads in food wastewater. Because of

the action of plasma active species, the oxidation of contaminants in dairy,

brewery, and slaughterhouse effluents has been conducted successfully,

resulting in a fast and effective removal of pollutants (Sarangapani et al.,

2018). In a recent study, cold plasma was evaluated to disinfect synthetic
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dairy and meat effluents. Processing times of about 300 s were enough to

inactivate all the microorganisms present in the effluents. Aquatic toxicity

was evaluated also after the plasma treatment and results showed that the

untreated effluents were very toxic; meanwhile, the plasma treatment lim-

ited the toxic effects on the effluents (Patange et al., 2018). Cold plasma has

also been used to control air pollution, being the removal of undesirable

odors from tobacco factories and pig houses some of the most important

applications related to food industry (Sarangapani et al., 2018).
7 Advantages of cold plasma processing

Cold plasma is an efficient technology that has exposed positive results in a

very wide range of applications. This novel technology presents a number of

advantages in the applications related to food science and technology

(Fig. I.2). Cold plasma requires less energy compared to traditional thermal

technologies for food processing and preservation, it has a low impact on

food quality, it does not require water, and it is chemical- and solvent-free

technology. Cold plasma also does not generate residues (Thirumdas et al.,

2015). Although there are several reports of cold plasma experiments using
Fig. I.2 Advantages of cold plasma processing technology for food applications.
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argon, helium ormixtures of themwith air, the current trend seems to be the

use of just atmospheric air because the strong oxidative free radicals gener-

ated during plasma processing (Sarangapani et al., 2018). Plasma does not

require to work under vacuum conditions and does not require heat or pres-

sure, making an inexpensive technology to treat and decontaminate larger

surface areas, and also an environmentally friendly technology. Processing

times are shorter compared to conventional technologies to achieve similar

microbial inactivation, and also cold plasma does not damage the material

that is being treated (Thiyagarajan et al., 2005; Laroussi, 1996).
8 Current challenges in cold plasma processing

Cold plasma is a fascinating technology with a broad range of applications in

food science and technology. Although plasma is still under research in many

areas and starting to be explored in novel approaches, there are several chal-

lenges that scientists might start addressing soon with the objective to com-

pile the information and show the advantages of cold plasma, validate the

technology, and submit the required paperwork for approval by the govern-

mental agencies in coming years.

One of the main challenges during cold plasma processing is the homog-

enization in terms of processing conditions because many plasma devices

have been built in lab settings from persons that do not have a food engineer-

ing background; most of the devices are not designed for food applications.

So, the big challenge is to work together food engineers and food scientists

with physicists and electrical engineers to find the best options and design

cold plasma devices for food industry. The scale-up of the technology is

something that needs to be considered confirming that the processing in a

big scale is covering all the product spots to ensure a uniform treatment.

Some authors mention the need to establish a dose in plasma applications

and be able to measure the applied dose to the product (Cullen et al.,

2018), which represents a big challenge because of the diversity of food

products.

Another challenge that needs to be fully researched before cold plasma

can be approved to be used in food industry is related to the toxicology

of the food after processing and during the storage. In fact, plasma active spe-

cies have an effect of microbial cells or are able to interact with proteins or

starch to modify the functionality, but these novel compounds need to be

toxicity-free and do not represent any health risk during consumption.

Some published work in cold plasma for food applications includes the
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emission spectra of the plasma glow, and there is a need of more studies

related to the chemistry of cold plasma during food processing and preser-

vation and evaluation and quantification of the new compounds generated

in food products after processing and during the storage.

Finally, and similar to other novel technologies, scientists need to start

using standard processing conditions in terms of voltage, frequency, and

time, among others, and reporting each parameter they are testing during

plasma treatment. The lack of uniformity on reporting processing conditions

or missing important details during experimentation will generate the dupli-

cation of experiments and will make difficult the comparison of results

between research groups.
9 Conclusions

Cold plasma is a novel technology that offers a very wide and diverse range

of applications. The uses of cold plasma in food science and technology go

from food processing through food preservation and some agricultural appli-

cations. After all the research that has been conducted in plasma so far, the

effect of the technology is positive not only in terms of sensory and nutri-

tional quality but also in terms of microbial inactivation. Novel applications

related to the interaction of active plasma species with macromolecules are

currently explored as a novel area of food functionality. Immediate research

needs of cold plasma are related to equipment design and scale-up as well as

toxicology of plasma-treated products and plasma chemistry. These research

areas should be prioritized to find the right answers to some of the current

questions.
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1 Introduction

In recent years, cold plasma has gained increasing attention for its potential

use in food preservation. Cold plasma as an emergent technology can be an

effective approach for inactivating pathogenic and spoilage microorganisms

without significantly impacting food quality. The antimicrobial efficacy of

cold plasma processing can be enhanced when combined with a sanitizer

or essential oil. Cold plasma processing of food is a complex topic and sub-

stantial additional multidisciplinary research is still required.

There are a broad array of cold plasma reactors, each of which is capable

of generating ionized chemical species mixed randomly with free electrons

and activated neutral chemical radicals, all coexisting in the plasma phase.
3
Advances in Cold Plasma Applications for Food Safety and Preservation © 2020 Elsevier Inc.
https://doi.org/10.1016/B978-0-12-814921-8.00001-3 All rights reserved.

https://doi.org/10.1016/B978-0-12-814921-8.00001-3


4 Advances in cold plasma applications for food safety and preservation
As charged chemical species disappear via recombination and via transport,

the plasma phase reverts to the gas phase. Electron avalanches and streamers

result in ionization of neutral species. When molecules are present there are

many collisions that result in bond scissions, generating chemically active neu-

tral species. Inmany cold plasma systems, these activated neutral chemical spe-

cies are transported to and are incident upon the processed food. Depending

upon the precursor gas admixture, cold plasma reactors generate a wide vari-

ety of reactive chemical species. For example, cold plasma generated in

admixtures containing dry air will produce reactive oxygen and nitrogen spe-

cies (RONS) that have been shown effective at reducing microbial contam-

ination not only on food but also in wounds and water suspensions.

There are many ways to initiate the plasma state; however, not all

methods result in cold plasma. Cold plasma is required to prevent thermal

damage in food. Generation of plasma via addition of thermal energy results

in plasma that is in thermodynamic equilibrium with neutrals, positive ions,

negative ions, and free electrons all having the same temperature and usually

that temperature is too high for food processing. Sustaining the plasma state

via E-field-accelerated free electrons results in systems where massive chem-

ical species (those not free electrons) retain low temperature (near room

temperature for many cold plasma reactors) while the E-field accelerates free

electrons to velocities high enough for impact ionization of target chemical

species. Just as important is the fact that many electron-to-neutral collisions

with molecules involve enough kinetic energy for bond scission (but no ion-

ization) and concomitant generation of activated neutral chemical radicals.

Substantial technical details are required for food processing engineers to

fully analyze cold plasma reactors and some of these technical specifications

are the subject of this chapter.

While ultraviolet light and high velocity electron beams can both be

lethal to microorganisms, this chapter focuses less on those mechanisms of

microbial inactivation that are discussed in other chapters but emphasizes

instead the use of cold plasma reactors for production of reactive chemical

species used for food preservation. Electromagnetic field theory and kinetic

theory of plasma are essential disciplines for understanding engineering prin-

ciples involved in cold plasma processing of food. It is important to know the

salient reactive chemical radicals to be generated by the cold plasma reactor

but also to know details regarding transport of and fate of these radicals as

they are used to process food. The goal is to maximize the radical’s lethality

for microorganisms while maintaining overall food quality and keeping the

processed food safe for human consumption.
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2 Cold plasma fundamentals

There are two fundamental disciplines required for an engineering under-

standing of cold plasma reactors, (1) electromagnetic field theory epitomized

byMaxwell’s equations and (2) kinetic theory epitomized by the Boltzmann

equation. Delimited within Maxwell’s equations is the framework for

modeling E-fields and B-fields which determine charged particle trajecto-

ries. Delimited within the Boltzmann equation is the framework for model-

ing phenomena such as convection, diffusion, mobility, sources, sinks,

among others for the various charged and neutral chemical species found

in cold plasma food processing. Vector calculus is the most common plat-

form on which electromagnetics and kinetic theory are couched thus that

notation will be used with the understanding that many readers will focus

on the physical implications of the equations rather than on the mathemat-

ical details. This section first presents general features of the plasma state then

covers salient concepts from electromagnetics and kinetic theory and last fin-

ishes with a discussion of plasma discharge phenomena.

To set the stage for this chapter on engineering principles of cold plasma

applied to food processing, consider the Lorentz force equation for a charged

particle moving in an electromagnetic field:

F¼ q E+ v�Bð Þ (1.1)

where F is the force vector with units N, q is charge with units C, E is electric

field intensity vector (called E-field in this chapter) with units V/m, v is the

velocity vector with units m/s, B is the magnetic flux density vector (called

B-field in this chapter) with units T, and � is the vector operator for cross

product. Setting the B-field to zero in Eq. (1.1) and if the E-field is suffi-

ciently large in magnitude then free electrons can be accelerated to kinetic

energy levels high enough to result in ionizing collisions with atoms and

molecules and also there can be bond scission collisions with molecules.

Note that charge q in Eq. (1.1) associated with electrons and negative ions

enters the equation with a minus sign thus these negative species experience

a force antiparallel to the E-field direction (when B-field is zero.) In the typ-

ical cold plasma reactor considered in this chapter, ionizing collisions by free

electrons sustain the plasma state while bond scission collisions by free elec-

trons generate neutral chemical radicals essential for cold plasma processing

of food. Setting the E-field to zero in Eq. (1.1) but considering finite velocity

and finite B-field (and assuming low pressure and concomitant infrequent

collisions between free electrons and neutrals) free electrons in the plasma
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state can be effectively confined (transport to and loss at reactor walls min-

imized) by the B-field as free electrons execute Larmor orbits about the

B-field. Collisionless charged particle trajectories are more complicated

when both E-field and B-field are present. Single particle charged species

trajectories are described in detail in the plasma literature (Chen, 1984b).
2.1 Plasma state
The plasma state is pervasive, being found in entities as diverse as: stars, inter-

stellar space, lighting technology, nuclear fusion research reactors, electro-

static precipitators, electric power circuit breakers, static discharges, among

others. A description of the entire parameter space occupied by the plasma

state is beyond the scope of this book, thus this chapter will focus only on

cold plasmas that are considered viable for food applications. Plasma is right-

fully called the fourth state of matter taking its place in the ordering of states:

solid, liquid, gas, and plasma. Degree of ionization describes the transition

from pure gas (zero degree of ionization) to fully ionized plasma (100%

degree of ionization.) Adding to the complexity associated with degree of

ionization is the fact that most neutral atoms (atomic hydrogen being the

only exception) and all neutral molecules can transition to multiply ionized

species. Additional plasma complexity arises because some neutral species

possess a finite cross section for attachment of free electrons and they can

form negative ions within the plasma state. All four phases of matter can eas-

ily coexist if solid and liquid aerosols are injected into partially ionized

plasma.

Cold plasma conditions that exist during food processing include: (1) gas

phase (actually plasma phase) assembly of chemical species that may include

neutral atoms, neutral molecules, neutral activated chemical radicals, free

electrons, positive ions, and negative ions; (2) free electrons are the only spe-

cies in this assembly that carry sufficient kinetic energy to result in ionizing

collisions; (3) massive chemical species (those not free electrons) possess tem-

peratures that can be considered “cold” or “near room temperature”; (4) free

electron collisions with species possessing chemical bonds can result in bond

scission events that yield activated neutral chemical species used for food pro-

cessing; and (5) free electrons attain their high kinetic energy via acceleration

by E-fields (see Eq. 1.1).

Charged species (free electrons, positive ions, and sometimes negative

ions) distinguish the plasma state from the gaseous state. Cold plasma is a

unique non-equilibrium state where temperatures of massive species are
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near room temperature while free electrons possess sufficient kinetic energy

for bond scission and for ionizing collisions. In contrast to cold plasma is the

idealized plasma in complete thermodynamic equilibrium (CTE) that has

been described by others (Fridman and Kennedy, 2011b) as having all plasma

properties (translational velocity distribution for each species; distribution of

excited electronic states; populations of chemical species; distribution of

spectral density of photons; among others) as unambivalent functions of a

single temperature. In the presence of a stationary background gas (no drift

velocity) and an E-field, free electrons attain a fluid velocity given by

ue¼� Kej jE (1.2)

where ue is the free electron fluid velocity with units m/s described as the
2 �1 �1
product of mobility jKe j with units m V s times the E-field with units

V/m. The absolute value of electron mobility appears in Eq. (1.2), while the

minus sign explicitly accounts for the fact that electrons, by way of their

negative charge, drift antiparallel to the E-field (see Eq. 1.1). If electrons

have a random thermal velocity in addition to their fluid velocity, then a

temperature Te (expressed in this chapter as degrees Kelvin) is appropriate.

Modeling electron transport with convection and diffusion (in addition to

mobility) results in the following equation for ue

ue¼ uc� Kej jE� 1

ne
Derne (1.3)

where uc is the neutral background gas fluid velocity with units m/s, ne is the
electron number density with units m�3, De is the electron diffusion coef-

ficient with units m2/s, andrne is the gradient of free electron number den-

sity with units m�4. For many reactors the neutral background gas is an inert

carrier gas such as argon or helium, thus the subscript “c” on uc in Eq. (1.3).

For ions of species i their corresponding transport equation is

ui¼ uc� Kij jE� 1

ni
Dirni (1.4)

where ui is the fluid velocity for ions of species i, jKi j is the absolute value of

the mobility for ions of species i, Di is the diffusion coefficient for ions of

species i in the carrier gas, rni is the gradient of ion number density, and

the � sign represents polarity (plus charge or minus charge) of the ions of

species i. Units for Eq. (1.4) are identical to units described for Eq. (1.3).

As for electrons, ions have a random thermal velocity with associated tem-

perature Ti with units K which is near room temperature for cold plasma.
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For near atmospheric pressure cold plasma systems, the simplest engi-

neering models for carrier gas flow fields are generated using commercial

software packages (Ambaw et al., 2017; Defraeye and Radu, 2017; O’Sul-

livan et al., 2017) to solve simultaneously the Navier-Stokes momentum

equation and the continuity equation which are shown, respectively, in

the following two simplified equations

mcnc
∂uc

∂t
+ uc �rð Þuc

� �
¼�r nckTcð Þ+Fv + Fext (1.5)

∂ mcncð Þ
∂t

+r� mcncucð Þ¼ 0 (1.6)

where mc is the mass per carrier gas atom with units kg, nc is the number
density of carrier gas atoms with units m�3, uc is the neutral background

gas fluid velocity with units m/s, t is time with units s, k is Boltzmann’s con-

stant with value 1.38 � 1023 J/K, Tc is the carrier gas temperature with units

K, Fv represents a rather complicated expression for viscous force with units

N/m3, Fext represents external forces experienced by the carrier gas with

units N/m3, ∂uc
∂t

+ uc �rð Þuc
� �

is the convective derivative of the carrier

gas fluid velocity with units m/s2,r(nckTc) is gradient of carrier gas pressure

with units N/m3, and r� mcncucð Þ is divergence of mass flux with units

kg/(m3s). The ideal gas law was used in Eq. (1.5) to represent carrier gas

pressure pc with units N/m2 as

pc ¼ nckTc (1.7)

Viscous forces in Eq. (1.5) yield carrier gas boundary layers near reactor
walls and electrodes. When the cold plasma reactor operates near atmo-

spheric pressure and when the carrier gas partial pressure greatly exceeds

the working gas partial pressure then carrier gas number density is on the

order of Loschmidt’s number

n0¼ 2:687�1025 m�3 (1.8)

which is the number density of ideal gas particles at standard temperature and
pressure.

Eq. (1.6) ignores sinks of carrier gas atoms resulting from free electron

ionizing collisions with carrier gas atoms. Common carrier gases are helium

and argon, popular due to the facts that they are readily available, chemically

inert, and they have metastable states (see below) that help sustain the plasma

discharge. Momentum exchange collisions between the various ion species
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and carrier gas can yield effective forces on the carrier gas leading to quite

complicated coupling between ion flows and the carrier gas flows with ter-

minology such as “electric wind” (Benard et al., 2017; Yanallah et al., 2017)

used to describe influence that the E-field and ion flow field have on carrier

gas flow fields via momentum exchange collisions between ions and neutral

carrier gas atoms.

Global (macroscopic) charge neutrality applies for cold plasma; however,

locally (microscopically) there can be regions of net charge as for the sheath

that forms at plasma/solid or plasma/liquid interfaces. Plasma sheaths form

when the undisturbed plasma interior delivers a flux of highly mobile free

electrons (versus less mobile positive ions) to the solid or liquid surface. Dis-

parity in flux magnitudes between electrons and positive ions results in the

formation of a plasma-to-interface E-field that increases positive ion flux to

the interface. The electrostatic potential of a solid or liquid macroparticle

that results in zero net electrical current to the particle is called the

“floating potential.” The “plasma potential” is the electrostatic potential

of the interior of the undisturbed plasma. Langmuir probe theory describes

the volt-ampere characteristics of a small conducting probe immersed in

plasma (Chen, 1965). A fundamental concept from Langmuir probe theory

is that of the Debye shielding distance λD given by

λD ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
kTeE0
nee2

r
(1.9)

where λD is the Debye shielding distance with units m, k is Boltzmann’s
23
constant with value 1.38 � 10 J/K, Te is the free electron temperature

with units K, E0 is the electric permittivity of freespace equal to

8.854 � 10�12 F/m, ne is the electron number density with units m�3,

and e is the electronic charge equal to 1.602 � 10�19C. The Debye shield-

ing distance is the scale length over which net space charge (absence of local

charge neutrality) exists in plasma. The thickness of plasma sheaths equals

several λD. For many cold plasmas, λD is on the order of micrometers. Cold

plasma shields the interior of the plasma from externally imposed potentials

and concomitant E-fields within several Debye shielding distances. As

described later in this chapter the head of an avalanche and the head of a

streamer are other places where net space charge density associated with cold

plasma can be found.

Resultant electromagnetic fields are generated by the superposition of E-

and B-fields associated with charge and current residing external to the
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plasma and fields associated with plasma-provided charge and current. That

is, charged species in plasma contribute to but also respond to resultant elec-

tromagnetic fields. When current and voltage sources external to a plasma

produce E- and B-fields that approach the plasma then the plasma responds

via Eq. (1.1) as each charged plasma particle adjusts their trajectory in

response to the new resultant E- and B-fields. Such behavior (responding

to externally applied fields) results in the system of charged plasma particles

effectively shielding the plasma interior from externally imposed fields.

With electric and magnetic fields providing restoring forces, plasma

harbors many traveling wave phenomena along with many oscillatory

natural frequencies. These can interact with the fundamental excitation

frequency of the power supply. In this chapter four important natural fre-

quencies are briefly mentioned that are expressed here with units of Hz

(Chen, 1984a),

f pe ¼ 1

2π

ffiffiffiffiffiffiffiffiffiffi
nee2

ε0me

s
Electron Plasma Frequencyð Þ (1.10)

f pi¼ 1

2π

ffiffiffiffiffiffiffiffiffi
nie2

ε0mi

s
IonPlasma Frequencyð Þ (1.11)

f ce ¼ 1

2π
ej jB
me

Electron Cyclotron Frequencyð Þ (1.12)

f ci¼ 1

2π
ej jB
mi

IonCyclotron Frequencyð Þ (1.13)

where ne is the electron number density with units m�3, e is the electronic
�19
charge equal to 1.602 � 10 C, E0 is the electric permittivity of freespace

equal to 8.854 � 10�12 F/m, me is the mass of an electron equal to

9.109 � 10�31 kg, ni is the number density of ion species i with units

m�3, mi is the mass of ions of species i with units kg, je j is the absolute value
of electronic charge equal to 1.602 � 10�19C, and B is magnetic flux density

with units T. The first two natural frequencies in Eqs. (1.10) and (1.11) are

related to oscillations that occur when electron and ion number densities,

respectively, are disturbed and allowed to relax back to their steady state

values while the last two natural frequencies in Eqs. (1.12) and (1.13) give

the frequencies with which electrons and ions, respectively, orbit the local



Fig. 1.1 Schematic diagramof cyclotron orbits for positive ion and electron. Each charged
particle follows their guiding center as they drift to the right while executing cyclotron
orbits about the applied uniform B-field represented by the two labeled short arrows.
Larmor radii for the ion and electron are RLi and RLe, respectively. This drawing is not
to scale.
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B-field. In Eqs. (1.10–1.13), it has been assumed that ions are singly ionized.

In Eqs. (1.12) and (1.13), the absolute value sign removes ambiguity regard-

ing the minus sign that normally accompanies the electronic charge e. Elec-

tronic charge is squared in Eqs. (1.10) and (1.11) thus there is no such

ambiguity in those equations.

Trajectories of low-pressure magnetized plasma charged particles are in

the shape of helixes as shown in Fig. 1.1 that shows cyclotron motion asso-

ciated with electrons and positive ions orbiting in the applied B-field.

Fig. 1.1 also demonstrates that magnetized plasma is diamagnetic in the sense

that the magnetic field from charged particle orbits acts to weaken the

applied B-field (the resultant B-field is smaller than the applied B-field).

For low-pressure cold plasma reactors when these orbits are seldom inter-

rupted by collisions with background neutrals, the applied B-field is effective

at confining plasma thus reducing charged particle losses to reactor walls.

Magnetic confinement is one advantage offered by low pressure cold plasma

reactors. Cyclotron orbits have guiding center drifts that move parallel to or

antiparallel to the applied B-field. Fig. 1.1 also contains Larmor radii asso-

ciated with cyclotron orbits (Chen, 1984a),

RLe¼ v?e

2πf ce
Electron Larmor Radiusð Þ (1.14)
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RLi¼ v?i

2πf ci
IonLarmor Radiusð Þ (1.15)

where RLe is the electron Larmor radius with units m, v?e is the electron

velocity perpendicular to the applied B-field with units m/s, fce is the elec-

tron cyclotron frequency with units Hz given in Eq. (1.12), RLi is the ion

Larmor radius with units m, v?i is the ion velocity perpendicular to the

applied B-field with units m/s, and fci is the ion cyclotron frequency with

units Hz given in Eq. (1.13). In atmospheric pressure cold plasma, the high

collision frequency for charged particles encountering background carrier

gas neutrals continually disrupts cyclotron orbits and so magnetic confine-

ment of cold plasma is not effective in atmospheric pressure cold plasma

reactors (Lieberman and Lichtenberg, 2005d; Chen, 1984c).

2.2 Maxwell’s equations
There are four foundational equations that describe electromagnetic fields

( Jackson, 1975; Lorrain and Corson, 1970; Paris and Hurd, 1969). Histor-

ically, these equations were first developed by experimentation as four dis-

tinct phenomena: Gauss’s law for the electric field, Gauss’s law for the

magnetic field, Faraday’s law, and Ampere’s law.

James Clerk Maxwell recognized that Ampere’s law was missing dis-

placement current density and with that augmentation Ampere’s law was

renamed the Ampere-Maxwell equation. Maxwell’s contribution was

deemed important enough for the entire set of four equations to be named

Maxwell’s equations. Electromagnetic fields interact in a non-trivial way

with macroscopic material and for that reason it is convenient to write Max-

well’s equations in two distinct forms. The first form is called Maxwell’s

equations for charge sources and current sources located in vacuum (free

space). An alternate name for this first form is Maxwell’s equations for

microscopic media. The second format for Maxwell’s equations describes

electromagnetic fields for charge sources and current sources located in mac-

roscopic media. Quantitative details regarding Maxwell’s equations are

shown in the following paragraphs.

Electromagnetic fields in microscopic media are described by Maxwell’s

equations written in the following format (Balanis, 2012)

r�E¼ 1

ε0
ρv,all Gauss’s Law for theE� fieldð Þ (1.16)

r�B¼ 0 Gauss0s Law for theB� fieldð Þ (1.17)
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r�E¼�∂B

∂t
Faraday0s Lawð Þ (1.18)

r�B¼ μ0Jv,all + μ0ε0
∂E

∂t
Microscopic Ampere�Maxwell Equationð Þ

(1.19)

where r� is the divergence in vector calculus and effectively carries units
m�1, E is electric field intensity with units V/m, ε0 is the experimentally

determined constant called the electric permittivity of free space and has

the approximate value 8.854 � 10�12 F/m, ρv, all is volume charge density

with units C/m3, B is magnetic flux density with units T, r� is the curl in

vector calculus and effectively carries units m�1, t is time with units s, μ0 is
the experimentally determined constant called the electric permeability of

free space and has value 4π � 10�7H/m, and Jv,all is current density with

units A/m2. In Eqs. (1.16) and (1.19) the subscript “v” indicates that space

charge density and current density are located in a three-dimensional space

or “volume” with units C/m3 and A/m2, respectively, while the subscript

“all” shows that these are microscopic fields for which the user of the equa-

tions must model “all” space charge density and “all” current density, which

in the simplest interpretation implies space charge density sources and cur-

rent density sources located in vacuum (freespace).

When isotropic dielectrics and isotropic ferromagnetic materials are pre-

sent, this set of Maxwell’s Eqs. (1.16–1.19) transitions to the following set

(Balanis, 2012),

r�D¼ ρv, free Gauss’s Law for theD� fieldð Þ (1.20)

r�B¼ 0 Gauss’s Law for theB� fieldð Þ (1.21)

r�E¼�∂B

∂t
Faraday’s Lawð Þ (1.22)

r�H ¼ Jv, free +
∂D

∂t
Macroscopic Ampere�Maxwell Equationð Þ

(1.23)

where the various macroscopic electromagnetic fields are related by the fol-
lowing equations:

E¼ 1

ε
D (1.24)

B¼ μH (1.25)
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where r� is the divergence in vector calculus and effectively carries units
m�1, D is electric flux density with units C/m2, ρv, free is volume charge

density with units C/m3, E is electric field intensity with units V/m, B is

magnetic flux density with units T, t is time with units s, r� is the curl

in vector calculus and effectively carries units m�1,H is magnetic field inten-

sity with units A/m, Jv, free is current density with units A/m
2, ε is the electric

permittivity of the dielectric material with units F/m, and μ is the magnetic

permeability of the ferromagnetic material. In Eqs. (1.20) and (1.23) the sub-

script “v” indicates that space charge density and current density are located

in a three-dimensional space or “volume” with units C/m3 and A/m2,

respectively, while the subscript “free” shows that these are macroscopic

fields for which the user of the equations must model only the “free” space

charge and the “free” current density both associated with charged species

free to move large scale lengths compared to atomic and molecular dimen-

sions. Charge densities and current densities that are not free are considered

bound and those are associated with electrically polarized molecules in

dielectrics and effective bound current density in ferromagnetic material.

The H-field and D-field are derived fields and their utility is that they

can be found by considering only free charge and free current density with-

out considering bound charge density and effective bound current density.

Engineering models associated only with the plasma phase (no dielectrics

and no ferromagnetic materials) can use Eqs. (1.16–1.19). Examples are

plasma reactors with glows and corona discharges between conducting elec-

trodes if the dielectric reactor walls are ignored. Engineering models that

include the plasma state plus (dielectrics and/or ferromagnetics) utilize

Eqs. (1.20–1.25). Examples are models that include dielectric reactor walls,

dielectric barriers covering electrodes, and induction coils that might encir-

cle ferromagnetic material. Solid dielectrics in some reactor types are

exposed directly to the plasma state and have on their surface a collection

of both free and bound surface charge density ρs (units of C/m2 rather than

C/m3 for ρv). Ferromagnetic materials are seldom in direct contact with the

plasma state. Electromagnetic boundary conditions on normal D-field, on

normal B-field, on tangential E-field, and on tangential H-field are found

from the integral forms of Maxwell’s equations; however, details are beyond

the scope of this chapter (Balanis, 2012).

When electromagnetic fields are at steady state ( ∂
∂t
¼ 0) or when they

change slowly with time then an electrostatic potential ϕ with units

V can be introduced (Ramo et al., 1994)

E¼�rϕ (1.26)
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Inserting Eq. (1.26) into Eq. (1.20) and assuming that electrical permit-
tivity is homogeneous gives:

r2ϕ¼�1

ε
ρv, free (1.27)

which is Poisson’s equation. The operator r2 is the Laplacian that is the
divergence of the gradient in vector calculus. Eqs. (1.26) and (1.27) are used

to model electrostatic potential, E-field, and free volume charge density at

the head of streamers (Brandenburg, 2017; Levko andRaja, 2017; Teunissen

and Ebert, 2017). When there is no free volume charge density, Eq. (1.27)

reduces to:

r2ϕ¼ 0 (1.28)

which is called Laplace’s equation. Zachariades and associates demonstrated
the utility of Eqs. (1.26) and (1.28) when they developed an electrostatic

model and applied it to a high voltage region (that contained electrodes

and dielectrics) before the formation of free volume charge density associ-

ated with corona discharge (Zachariades et al., 2016). Note that Eqs. (1.27)

and (1.28) contain no free surface charge density (because those two equa-

tions apply only to volumes not to surfaces); however, it is important to note

that free surface charge density in many situations is ubiquitous on conduct-

ing electrodes and that both free and bound surface charge density can be

found on solid and liquid dielectrics exposed to cold plasma.

For the balance of this chapter it is convenient to name three different

E-field phenomena with each dominating specific cold plasma circum-

stances (in the most complicated reactor all three E-field types are present

simultaneously and they are superimposed to give the resultant E-field).

The names of these three are as follows: (1) EF designates E-fields resulting

primarily from Faraday’s Law which is given in Eqs. (1.18) and (1.22);

(2) EL designates E-fields best described by the electrostatic potential in

Laplace’s equation given in Eq. (1.28); and (3) EP designates E-fields best

described by the electrostatic potential in Poisson’s equation given in

Eq. (1.27). Note that EP and EL are electrostatic E-fields but EF is not

an electrostatic E-field and exists self-consistently with a time changing

B-field.

Cold plasma reactor configurations are described later in this chapter but

briefly a few fundamental reactor configurations that utilize these three

E-field types are mentioned here. EF is a major feature in the microwave

cold plasma reactor and in the inductively coupled cold plasma reactor.

EL is predominant in the corona-based reactor, in the low frequency dielec-

tric barrier discharge reactor, and in the low frequency jet reactor before
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appearance of avalanches, glows, and streamers. EP is predominant in plasma

sheathes, in electron avalanches, and near streamer heads. Maxwell’s equa-

tions always give the complete description of the E-field and use of termsEF ,

EP , and EL represents situations where the full set of Maxwell’s need not be

invoked to obtain an accurate estimate of the E-field. Cold plasma reactors

require a sufficiently large E-field that results in electron avalanches and con-

comitantly results in chemical bond scission collisions (via free electrons) that

activate neutral chemical radicals essential for food processing with cold

plasma.

2.3 Kinetic theory of plasma
Kinetic theory is an essential discipline for modeling gas phase and plasma

phase assemblies of neutral and charged chemical species. This discipline

is epitomized by the Boltzmann transport equation (Krall and Trivelpiece,

1973)

∂fj

∂t
+v �rx fj + a �rvfj ¼ ∂fj

∂t

� �
Collisions,Sources,Sinks

(1.29)

where fj is the time-dependent distribution function describing how chem-
ical species of type j are distributed in six-dimensional phase space

(x,y,z, vx,vy,vz) such that the number of particles of species j found at time

t in the phase space volume (dx dy dz dvxdvydvz) is given by fj(x,y,z,vx,vy,vz)

dx dy dz dvxdvydvz. In Eq. (1.29)rx is the conventional vector calculus gra-

dient operator for configuration space and rv is the gradient operator

extended to velocity space:

rx¼ âx
∂

∂x
+ ây

∂

∂y
+ âz

∂

∂z

� �
(1.30)

rv ¼ âx
∂

∂vx
+ ây

∂

∂vy
+ âz

∂

∂vz

� �
(1.31)

where the caret symbol indicates unit vector. The acceleration vector a in
Eq. (1.29) with units m/s2 is given by

a¼ F

mj

¼ dv

dt
(1.32)

where F is the force vector field with units N which for charged species in
cold plasma reactors is given by the Lorentz force expression shown in

Eq. (1.1). The right hand side of Eq. (1.29) accommodates models for
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microscopic forces (and attendant accelerations) involved in particle-to-

particle interactions including phenomena such as particle-to-particle

momentum exchange; ionization via electron impact; bond scission via elec-

tron impact; electron/ion recombination; attachment; detachment, among

others.

Fluid equations for each chemical species j results after the following

two-step process: (1) multiply Eq. (1.29) by terms proportional to various

powers of v and (2) integrate over all velocity space (by assumption there

are no relativistic velocities in cold plasmas). Details are beyond the scope

of this chapter; however, pertinent salient results are shown next. The num-

ber of particles of species j within the configuration space volume (dx dy dz)

regardless of their velocity components is given by

Nj ¼ dx dy dzð Þ
ððð+∞

�∞

f jdvxdvydvz (1.33)

Particles per unit volume for species j is represented by the variable nj and
is given by

nj ¼ Nj

dx dy dzð Þ¼
ððð+∞

�∞

f jdvxdvydvz (1.34)

Using qj to represent charge per particle for species j the free volume
space charge density for this species is

ρv, free
	 


j
¼ qjnj (1.35)

Similar procedures yield the fluid velocity for species j:
uj ¼ 1

nj

ððð+∞

�∞

f jvdvxdvydvz (1.36)

From this the free volume current density for this species is
Jv, free
	 


j
¼ qjnjuj (1.37)

From Eq. (1.29) the continuity equation (mass conservation) for species j
becomes

∂nj

∂t
+r� njuj

	 
¼ Gj

�� ��� Lj

�� �� (1.38)
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where on the right hand side the generation (source) rate Gj and the loss
(sink) rate Lj both with units m�3 s�1 are shown via the absolute value signs

explicitly as positive parameters with the minus sign accounting for losses. If

species j is argon then a loss mechanism is impact ionization by free electrons

and a source term is recombination of free electrons and positive argon ions.

Maxwell’s equations require the net free volume charge density and the net

free volume current density thus summations must be made over all charged

species:

ρv, free ¼
Xj¼Ncs

j¼1

qjnj (1.39)

Jv, free¼
Xj¼Ncs

j¼1

qjnjuj (1.40)

where Ncs is the total number of charged species in the plasma.
Species temperature is considered next and then a simple but useful dis-

tribution function is shown. For chemical species with no internal degrees of

freedom (free electrons for example), temperature associated with random

thermal motion about the fluid velocity can be developed as follows

(Liboff, 1990b). Relative velocity with respect to the fluid velocity is

w¼ v�uj
	 


(1.41)

If the species under consideration (with no internal degrees of freedom)
is in local thermodynamic equilibrium (relative to the fluid velocity) then

from the equipartition theorem in statistical mechanics (Reif, 1965) energy

is partitioned such that the mean energy per degree of freedom is 1
2
kTj where

k is Boltzmann’s constant (1.38 � 10�23 J/K) and Tj is species j temperature

with units K for these unique species that have no internal degrees of free-

dom. Considering x, y, and z directed relative velocity components we can

write:

3

2
kTj ¼ 1

nj

ððð+∞

�∞

f j
1

2
mj wx

2 +wy
2 +wz

2
	 
� �

dvxdvydvx (1.42)

solving for Tj gives
Tj ¼ mj

3knj

ððð+∞

�∞

f jw
2dvxdvydvx (1.43)
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A very important distribution function is called the local Maxwellian
(Liboff, 1990a)

fj ¼ nj
mj

2πkTj

� �3=2

exp
�1

2
mj v�uj
	 
2
kTj

2
64

3
75 (1.44)

where nj, Tj, and uj can all be functions of space and time. By setting uj ¼ 0
andmaking nj andTj uniform in space, the well knownMaxwell-Boltzmann

distribution function results, sometimes called the Maxwellian distribution

(Lieberman and Lichtenberg, 2005c).

More complicated distribution functions for free electrons in DC, AC,

RF, and microwave E-fields have been the subject of intense research that

has resulted in detailed models that include those named Druyvesteyn,

Margenau, among others (Fridman and Kennedy, 2011c; Liboff, 1990c;

Lieberman and Lichtenberg, 2005g).
2.4 Plasma discharge phenomena
The term discharge encompasses plasma events that result in transient or

steady state sources of free electrons. Discharge phenomena sustain the

proper number density of free electrons but also activate the proper number

density of radicals (for each chemical species) required to process food.

Fig. 1.2 represents some details of a plasma discharge and includes at its core

a symbolic representation of an electron avalanche where the essential pre-

cursor item is an intense Laplace E-field EL. Initially it is assumed that the

period (T ¼ 1
f
Þ associated with a time changing EL is very large compared to

ion and electron travel times across the region of interest (say many distances

d in Fig. 1.2). Near the end of this section, situations are discussed where EL

changes much more rapidly with time, giving insufficient time for charged

particles to vacate a region before the applied E-field reverses direction

(microwave frequencies for example). In Fig. 1.2 an ultraviolet photon

(hν)1 has ionized a background (carrier gas) atom in the x ¼ 0 plane to give

the primary electron which initiated the electron avalanche resulting in free

electrons migrating antiparallel to EL. (Working gas molecules can partici-

pate in these electron avalanche events; however, to minimize complexity,

carrier gas atoms are considered rather than working gas molecules, because

in most cases the partial pressure of carrier gas greatly exceeds the partial

pressure of working gas, especially for atmospheric pressure cold plasma pro-

cessing of food.) The avalanche progresses as the single primary electron was



Fig. 1.2 Simplified schematic of electron avalanche and associated phenomena. In the
presence of a Laplace E-field an ultraviolet photon is incident upon and ionizes a neutral
carrier gas atom in the x ¼ 0 plane. The free electron is then accelerated antiparallel to
the Laplace E-field and attains sufficient kinetic energy to ionize a target atom, resulting
now in two free electrons each producing additional free electrons and positive ions.
A Poisson E-field accompanies this newly formed free volume charge density
associated with the avalanche. Two emitted ultraviolet photons from neutrals in
excited electronic states are shown traveling away from the initial avalanche
resulting in photoionization events from which new avalanches can form.
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accelerated byEL and then participated in an impact ionizing collisionwith a

neutral background species after which there were two free electrons, each

of which was accelerated and participated in subsequent ionizing collisions

with their targets. As shown in the simplified avalanche in Fig. 1.2, this pro-

cess continued until there were seven progeny electrons, the primary elec-

tron, and eight positive ions, indicating global neutrality for the electron

avalanche at the moment shown in Fig. 1.2. Note that a solid electrode

was not required as the source of the primary electron. Fig. 1.2 is drawn

as if during the time require for the primary electron and its progeny to arrive

at the x ¼ d plane, the positive ions were effectively frozen in space due to

their large mass, compared to the mass of electrons. Also shown in Fig. 1.2 is

the Poisson electric fieldEP that accompanies the free volume charge density

liberated by the electron avalanche.
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In Fig. 1.2, it is initially assumed that the Laplace E-field dominates and

charged particles are mostly under the influence of EL not EP ; however, as

the avalanche’s free space charge increases, the magnitude of EP becomes

comparable to the magnitude of EL. Near z ¼ d where EP and EL have vec-

tor components that are aligned, the resultant E-field can be large enough to

result in the avalanche head at x ¼ d transitioning into a self-propagating

streamer head (Abdel-Salam et al., 2000a) with the streamer propagating

antiparallel to EL. If EL weakens for x > d (for example if the Laplace

E-field is highly inhomogeneous as found near an energized needle tip)

the avalanche can cease (say at x ¼ d) before generating sufficient free vol-

ume charge density for transition to a self-propagating streamer.

Impact ionization by free electrons ceases when the free path between

collisions has insufficient length for the free electron to gain kinetic energy

equal to the first ionization energy of the carrier gas atoms. When expressed

as an equation, the following condition must be met (for a substantial num-

ber of free electrons) for the Avalanche to proceed:

1

2
meve

2¼ λEL

� �
> ej jVI (1.45)

where me is mass of an electron equal to 9.109 � 10�31 kg, ve is velocity of
the electron with units m/s, λ is free path between collisions with units m,EL

is Laplace E-field with units V/m, je j is magnitude of electronic charge equal

to 1.602 � 10�19C, and VI is the first ionization potential with units v for

the carrier gas atom (VI ¼ 15.755 V for the argon atom). Some working gas

molecules are ionized along with inert carrier gas atoms; however, in many

admixtures the working gas partial pressure is very low compared to the car-

rier gas partial pressure.

With respect to Fig. 1.2, it is instructive to consider the ultimate fates of

typical charged particles shown in the avalanche schematic. At the time of

the sketch in Fig. 1.2, it is assumed that the singly ionized positive ions had

insufficient time to move from the x value where they were born. If at the

time of the sketch in Fig. 1.2 the avalanche ceases (no transition to streamer

and Eq. (1.45) no longer satisfied) then the free electron fate can be any of

the following: (1) Some can disappear by recombining with naturally occur-

ring positive ions (not the positive ions shown in Fig. 1.2); (2) Some of the

free electrons may form negative ions via attachment to an electronegative

neutral species; (3) Free electrons not lost to recombination or attachment

will drift in a manner described by Eq. (1.3); and (4) If there is a positive

anode located beyond x ¼ d, then the drifting free electrons will be
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collected by that electrode (along with drifting negative ions) assuming that

the excitation voltage does not reverse polarity before charged particle

cleanout is completed. In Fig. 1.2 the fate of positive ions can be any of

the following: (i) They can recombine with free electrons but probably

not the electrons shown in the x ¼ d plane in Fig. 1.2; (ii) Positive ions

not disappearing via recombination will drift in the�x direction in a manner

described by Eq. (1.4); and (iii) If there is a negative electrode (cathode) at

some x < 0 location then these positive ions will be collected by that elec-

trode, assuming that the excitation voltage does not reverse polarity before

charged particle cleanout is completed.

Positive ions arriving at the cathode with sufficient kinetic energy can

liberate secondary electrons from the cathode and those secondary elec-

trons can participate in plasma discharge phenomena. Such secondary

electrons emerging from a cathode are capable of sustaining a steady glow

(steady current flow via impact ionization by primary and secondary

electrons).

Fig. 1.2 includes representations of electronically excited neutral species

emitting ultraviolet photons (hν2 and hν3) that generate (via photoioniza-

tion) free electrons (that become primary electrons in new avalanches).

Anode-directed streamers propagate in the direction that electrons are drift-

ing (the +x direction in Fig. 1.2). Photoionization provides a mechanism by

which cathode-directed streamers are possible. These cathode-directed

streamers propagate in the �x direction although electrons are drifting in

the +x direction. For cathode-directed streamers ultraviolet photons must

continually propagate beyond the head of the streamer and via photoioni-

zation generate new primary electrons that give birth to new electron ava-

lanches that sustain the cathode-directed streamer head. Metal electrodes

with small radii of curvature (consider needle tips) and with sufficiently large

positive or negative surface charge density (intense E-field) can give rise to

streamers that propagate away from the highly stressed electrode; however,

as seen in Fig. 1.2, electrodes are not a requirement for either anode-directed

or cathode-directed streamers. In summary photoionization in Fig. 1.2 is

important for at least three reasons: (1) It is essential for propagation of

cathode-directed streamers since electrons drift only toward the anode;

(2) It provides the mechanism by which the electrical discharge (avalanches,

streamers, glows, etc.) has been observed to traverse a cold plasma reactor

high voltage gap faster than individual free electrons can traverse the gap;

and (3) Photoionization effectively replaces lost primary electrons and can

contribute to steady state glow discharges.
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Not shown explicitly in Fig. 1.2 are the following features of the plasma

discharge that make it suitable for food processing. Ultraviolet photons with

sufficient energy (hν) and free electrons with sufficient kinetic energy
1
2
meve

2
	 


can break chemical bonds (without ionization) in a working gas

molecule and generate neutral chemical radicals essential for inactivation

of microorganisms.

Plasma discharge phenomena are conveniently described using concepts

that include collision cross sectional area σ with units m2 and mean free path

λmfp with units m. Consider Fig. 1.3 where a projectile moves at speed vP
with units m/s through a background of target particles that have uniform

number density nTwith units m
�3. After traveling a distance Lwith units m,

the projectile with its co-moving collision cross section has swept out a vol-

ume of σL with units m3 which contains a total number or intercepted tar-

gets σLnT thus the mean distance between collisions is given by L/(σLnT) or:

λmfp ¼ 1

σnT
(1.46)

Collision cross sections are functions of the relative velocity between
projectile and target and considering that there is a distribution of relative
Fig. 1.3 Heuristic model that preserves essential relationships between parameters
used to model gas-phase and plasma-phase collisions. Shown in this drawing is the
collision cross sectional area for a projectile moving through a background gas of
targets that have uniform number density. For this sketch L is the total projectile
path under consideration.
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velocities, kinetic theory must be used for a rigorous expression for λmfp;
however, Eq. (1.46) will suffice for this chapter.

A topic closely related to mean free path is Townsend’s first ionization

coefficient α which is defined as the number of free electrons produced by

the primary electron via electron impact ionization per unit of path length

antiparallel to the E-field (Kuffel and Zaengl, 1984). Using the heuristic

(non-kinetic theory) approach shown in Eq. (1.46) we write

α¼ dne

dx
¼ σ1LnT

L
¼ σ1nT ¼ 1

λmfp
	 


e

(1.47)

Thus α is approximately the inverse of the mean free path for electrons
participating in the avalanche. Our interpretation of the nature of Town-

send’s first ionization coefficient ignores the non-ionizing electron collisions

that are essential for production of activated neutral chemical radicals and it

emphasizes the phenomenon (impact ionization by free electrons) that sus-

tains the plasma discharge.

Similarly, generation of negative ions via attachment of free electrons to

background neutral species that have an appreciable cross section for attach-

ment is described by the electron attachment coefficient ηwhich is given by

η¼ dnNI

dx
¼ σ2LnT

L
¼ σ2nT ¼ 1

λmfp
	 


NI

(1.48)

where NI stands for negative ions. Note that in Eqs. (1.47) and (1.48) σ1 and

σ2 are approximate cross sections for electron impact ionization and for elec-

tron attachment, respectively. The parameters α and η have been measured

for many gases and their admixtures. Oncemeasured, α and η are not defined
by Eqs. (1.47) and (1.48), as they are heuristic equations included here for

intuitive insight. For a gas admixture the amplification of free electron num-

ber density via impact ionization is given by:

ne xð Þ¼ ne 0ð Þe α�ηð Þx (1.49)

where ne(x) is electron number density with units m�3 at a location x meters
from the origin, ne(0) is electron number density with units m�3 at the ori-

gin, α is Townsend’s first ionization coefficient with units m�1, η is the

attachment coefficient with units m�1, and the x-axis is aligned antiparallel

to the E-field.

When emission of secondary electrons from a cathode (due to a flux of

positive ions onto the cathode) is important for sustaining a glow discharge
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(by replacing lost primary electrons) then the secondary emission coefficient

γ is introduced as (Huddlestone and Leonard, 1965),

γ¼ no: of secondary electrons emitted from cathode per incident positive ion (1.50)

Important neutral atomic species that help sustain plasma discharges are
atoms that can be excited into metastable electronic states. When isolated, a

metastable such as the argon or helium excited state can have a long (sec-

onds) radiation lifetime; however, in a highly collisional environment such

as atmospheric pressure, metastables might exist as short as 2 ns (Islam et al.,

2017). Argon and helium are both important carrier gases and they have

important metastable states (Abdel-Salam et al., 2000b) with helium having

a metastable electronic state as high as 19.8 eV. Metastables influence cold

plasma discharges in ways that include: (1) slowing down free electrons as

the free electron promotes (via a collision) the ground state atom into the

metastable state; (2) being a source of energy that can ionize other neutral

species with which the metastable collides; and (3) liberating secondary

electrons if the metastable is incident upon a surface at which the E-field

terminates (and thus the secondary electron is carried into and participates

in the discharge).

Cold plasma reactor power supply excitation frequency is closely

coupled to plasma discharge phenomena (Abdel-Salam et al., 2000c). In a

cold plasma reactor with a sufficiently large partial pressure of neutral back-

ground gas the mobility concept applies for both ions and electrons. For

those reactors two frequencies can be associated with charged species resi-

dence time (RT) in the reactor. These two frequencies are: (1) fRTi is the

power supply frequency at which the ion residence time in the reactor nearly

matches the period of the excitation frequency and (2) fRTe is the power sup-

ply frequency at which the free electron residence time in the reactor nearly

matches the period of the excitation frequency. The following equations

give rough estimates for these residence time frequencies but no effort is

made to preserve precise numerical values for these two frequencies. Using

S to represent reactor scale length in meters (electrode gap, reactor inside

diameter, etc.) and once again considering Fig. 1.2 it is written as:

fRTi ¼KiEL

S
(1.51)

fRTe ¼KeEL

S
(1.52)
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where fRTi is the power supply frequency whose period nearly matches the
positive ion residence time in the reactor with units Hz, Ki is positive ion

mobility with units m2 s�1 V�1, EL is Laplace E-field with units V/m, S

is reactor scale length with units m, fRTe is the power supply frequency

whose period nearly matches the free electron residence time in the reactor

with units Hz, and Ke is electron mobility with units m2 s�1 V�1. For exci-

tation frequencies substantially less than fRTi the ions and electrons both will

easily vacate the reactor before the excitation signal changes polarity. For

excitation frequencies between fRTi and fRTe ions remain in the gap and sub-

sequent avalanches add to the positive volume charge density; however,

until the excitation frequency is increased to fRTe electrons have sufficient

time to vacate the gap before the excitation signal changes polarity. For fre-

quencies substantially larger than fRTe both ions and electrons remain in the

gap. If the reactor pressure is sufficiently low (collision frequency sufficiently

low) to allow for magnetization of charged species then single particle orbits

for ions and electrons will involve cyclotron frequencies. Theories of plasma

oscillations; plasma waves; and propagation of electromagnetic waves in

plasma are used to design and model some reactor types and for these the

various plasma frequencies must be considered when the power supply exci-

tation frequency is specified. Additional plasma physics details are too volu-

minous for this chapter but for the interested reader several references are

available (Chen, 1984a; Fridman and Kennedy, 2011a; Lieberman and

Lichtenberg, 2005a). Popular low pressure cold plasma reactors with

descriptors that include “capacitively coupled” and “inductively coupled”

typically use a radio frequency (RF) excitation frequency of 13.56 MHz,

one of many frequencies reserved by government regulators for industrial

applications to minimize interference with communication systems. Some

cold plasma reactors utilize the local power grid frequency for alternating

current (AC) excitation of the reactor. Many countries use 60 Hz as the

power grid frequency with most other countries using 50 Hz.

There is a large range of frequencies associated with cold plasma reactors

as shown in Fig. 1.4. Determining many of the various frequencies in

Fig. 1.4 required assumed numerical values for parameters appearing in var-

ious chapter equations and those assumptions are shown in Table 1.1.

Table 1.1 does not represent a single plasma state. For examples the value

for EL is typical near a needle-shaped electrode but is too large for plasma

formed behind a streamer head whereas the electron and ion densities in

Table 1.1 are typical for a streamer channel but they are rather high for

a low pressure cold plasma reactor. Thus the electron and ion plasma



Fig. 1.4 Typical frequencies associated with cold plasmas and associated with cold
plasma reactor power supplies. Microwave frequencies are in the range 300 MHz to
300 GHz. See Table 1.1 for parameter assumptions used in these calculations.
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frequencies shown in Fig. 1.4 will shift one or two orders of magnitude to

the left for substantially lower plasma densities found in low pressure cold

plasma reactors. In a similar manner, a needle to needle corona reactor will

have this high value of EL only near the needles. The smaller E-field in much

of the gap region will substantially lengthen charged particle residence time.

With the assumption of smaller E-field it is easy for a new set of Table 1.1

assumptions to move fRTi and fRTe several orders of magnitude to the left.

That is, reactors with smaller E-field will require additional time to sweep

out charged particles. Similarly, the value of the B-field shown in Table 1.1

(resulting in the two cyclotron frequencies in Fig. 1.4) would be effective at

confining a low pressure cold plasma but not an atmospheric pressure cold

plasma (due to frequent collisions between charged particles and the neutral

background carrier gas).

Appropriately designed cold plasma reactors will prevent the cold plasma

discharge from transitioning into a hot plasma discharge called a spark or arc

(Bazelyan and Raizer, 1997; Fridman and Kennedy, 2011a). Arguably the

terms spark and arc are interchangeable; however, some authors reserve

spark for a short duration hot plasma discharge and arc for a long duration

hot plasma discharge. The demarcation between short duration and long

duration has no salient definition in the literature. Most cold plasma reactors

are considered in failure mode if a spark appears. The system should be

designed to minimize the appearance of sparks and to remedy conditions

that might initiate a spark. The spark is a hot thermal plasma discharge chan-

nel with electrons, ions, and neutrals at thermodynamic equilibrium at a

temperature high enough to damage food (5000–20,000 K is typical for

sparks, depending on current magnitude). A spark develops when a plasma

discharge supports ionization waves that generate high conductivity plasma



Table 1.1 Assumed parameter values used to determine the calculated frequencies labeled in Fig. 1.4

Name of
parameter

Symbol
for this
parameter

Assumed value
for this
parameter

Units for
parameter

Equations utilizing
this parameter Additional comments and details

Species of

positive ion

Ar Argon NA (1.11, 1.13, 1.51) Argon is a typical inert carrier gas. Helium

also is common.

Number

density of

positive ions

ni 1 � 1019 m�3 (1.11) Typical order of magnitude value in

atmospheric pressure jets (Naidis,

2017).

Number

density of

free

electrons

ne 1 � 1019 m�3 (1.10) Quasi-neutrality in a plasma yields (for the

plasma interior) ni ¼ ne for a singly

ionized plasma. See ni in previous row.

Mass of a

positive ion

mi 6.64 � 10�26 kg (1.11, 1.13) The atomic mass of argon is about

40 atomic mass units (amu) and each

amu is equivalent to about

1.66 � 10�27 kg giving the value

shown.

Mass of an

electron

me 9.11 � 10�31 kg (1.10, 1.12) This is a well known experimentally

measured parameter.

Applied

magnetic

flux density

B 0.2 T (1.12, 1.13) Typical order of magnitude value for

microwave heated plasma (Lieberman

and Lichtenberg, 2005b) and

fundamental studies of microwave

propagation in cold magnetized plasma

(Abelson et al., 2015)
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Electronic

charge

e �1.9 � 10�19 C (1.10–1.13) This parameter is usually shown with the

minus sign for negative charge and it

enters these equations either squared or

with the absolute value sign.

Electric

permittivity

of free space

ε0 8.854 � 10�12 F/m (1.10, 1.11) This is a well known experimentally

measured parameter.

Laplace E-field EL 5 � 106 V/m (1.51, 1.52) Typical order of magnitude value for

Laplace E-field in corona-generating

electrode configurations (Zhang et al.,

2018)

Positive ion

mobility

Ki 2 � 10�4 m2

V �s (1.51, 1.52) Typical order of magnitude value found

in the literature (Phelps, 1991)

Electron

mobility

Ke 5.4 � 10�2 m2

V �s (1.51, 1.52) Typical order of magnitude value found

in the literature (Nakamura, 2010;

Nakamura and Kurachi, 1988).

Cold plasma

reactor scale

length

S 0.1 m (1.51, 1.52) Order of magnitude scale length for

typical cold plasma reactors.

Values shown in this table do not represent a single plasma state but were selected to give reasonable coverage of the frequency range 101–1011 Hz.

29
Engineering

principles
of

cold
plasm

a



30 Advances in cold plasma applications for food safety and preservation
channels through which current in excess of 100 mA is driven, resulting in

Joule-heating, increased ion temperature, electron temperature, and neutral

temperature and eventually thermal ionization (Fridman and

Kennedy, 2011d).

Some cold plasma reactors (Babaeva and Naidis, 2016; Boselli et al., 2015)

utilize voltage signals having the appearance on an oscilloscope of a square-

shouldered voltage signal, rising abruptly from zero volts to some DC value,

retaining that voltage for a set amount of time and then transitioning abruptly

back to zero volts with the processes repeating after a rest time (unipolar or

bipolar voltage pulses are possible). These square-shouldered voltage signals

are used to drive intense streamer fronts across a gap and then progressing to

the zero voltage condition before streamers transition to sparks. Voltage mag-

nitude and voltage “on time” are determined by velocity of propagation of

streamer heads and gap spacing (anode-to-cathode spacing). Voltage rest time

(off time) allows the electrode gap to recover its dielectric strength and for

fresh carrier gas and fresh working gas to enter the gap.
3 Cold plasma reactor types

Although the focus of this chapter is not the description of cold plasma

equipment, a brief introduction will show six different possible configura-

tions for nonthermal plasma devices. Cold plasma has been generated under

a wide range of driving frequencies (typically DC to 2.45 GHz); with or

without electrodes; with or without dielectric barriers on electrodes; and

over the wide pressure range from 1.33 to 1.01 � 105 Pa. The lower value

of 1.33 Pa is typical in low pressure cold plasma reactors that utilize a vacuum

pump, while the upper pressure value is typical for atmospheric pressure

reactors. Dominant E-field types give additional terminology for describing

the most popular cold plasma reactors. Plasma discharge phenomena in a

reactor is usually dominated by Laplace E-fields EL, by Poisson E-fields

EP , or by Faraday’s Law E-fields EF . In some reactors, all three E-field types

are present but one or two dominate.

3.1 Atmospheric pressure cold plasma reactors
At atmospheric pressure, cold plasma is generated in a variety of ways.

Dielectric barrier discharge (DBD), plasma jet, and corona discharge are

the most commonly used sources for cold plasma food processing and will

be briefly described in this section. The input gas stream from which cold

plasma is formed can be a pure gas or a gas admixture depending on food
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processing requirements. Gas terminology used in this chapter is such that

working gas co-moves with inert carrier gas and in most cases the working

gas pressure is substantially less than that of the carrier gas. Working gas pro-

vides charged and neutral chemical species that are activated, usually by free

electron impact in the cold plasma zone. Inert carrier gas provides a stable

plasma discharge but also, by way of its much larger partial pressure, acts

as a buffer to prevent activated working gas radicals from being quenched

via radical to radical collisions. For food processing, a popular working

gas is dry air since it is readily available and produces RONS via the cold

plasma reactor. If water molecules are required in the input gas stream (to

become precursors for desired chemical radicals) then those water molecules

should be added in a controlled manner. To displace residual ambient air

from the cold plasma reactor, care must be taken to flush the interior volume

with the carrier gas and working gas admixture before energizing the cold

plasma zone. The flushing operation displaces room air from the reactor;

however, the process engineer must be aware that room air molecules are

also adsorbed onto reactor walls and electrodes and those adsorbed species

will be driven into the plasma as solid surfaces receive a flux of plasma par-

ticles and photons. Plasma jets emerging into room air might appear to be

utilizing only an inert carrier gas; however, in reality the working gas is

essentially the room air that is transported via convection and diffusion into

the cold plasma zone of the jet.

Fig. 1.5A depicts one of the most popular cold plasma reactors, the

dielectric barrier discharge (DBD) reactor which typically operates at atmo-

spheric pressure. It contains electrically insulating dielectric barriers that pre-

vent both electrodes from directly contacting plasma (some DBD reactors

contain dielectric barrier on only one of the two electrodes). The electrically

insulating dielectric barrier allows for substantial EL and EP in the reactor

volume but prevents streamer-to-spark transitions, thus it keeps the plasma

cold. Thickness and dielectric strength of the dielectric barriers must be care-

fully chosen so that they will not experience dielectric breakdown during

reactor operation. Plasma in the dielectric barrier discharge reactor can be

a uniform glow or it can be dominated by a multitude of small diameter

streamers. The DBD cold plasma reactor can be scaled for increased proces-

sing throughput simply by designing electrodes with larger surface areas.

A variation to the dielectric barrier discharge is the resistive barrier discharge

where the dielectric barrier is replaced by a highly resistive barrier which

introduces sufficient resistive impedance to limit current in the circuit

and thus prevent streamer to spark transitions. In this chapter the dielectric

barrier discharge is emphasized and the resistive barrier discharge is



Fig. 1.5 (A) Atmospheric pressure dielectric barrier discharge (DBD) reactor containing
non-conducting dielectric barriers that isolate two electrodes from direct contact with
plasma; (B) Atmospheric pressure plasma jet with needle electrode, dielectric barrier,
and grounded ring electrode. Plasma with charged and neutral activated chemical
species forms a jet that protrudes from the insulating cylinder; (C) Atmospheric
pressure cold plasma reactor based on corona discharge. In this reactor there is no
dielectric barrier to prevent streamer-to-spark transitions thus the gap between
electrodes must be sufficiently large to prevent spark formation.
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considered a modified version of the DBD. The gaseous admixture in a

DBD reactor typically consists of inert carrier gas (such as argon or helium)

and working gas (such as dry air, molecular nitrogen, or molecular oxygen.)

The DBD reactor in Fig. 1.5A takes on a variety of configurations

described here: (1) with the admixture flowing through the reactor and exit-

ing the exhaust port, the processed food can be exposed directly to the

charged and neutral chemical species (plus ultraviolet light) in the plasma

as shown by the left block labeled “FOOD” or the food can be placed

downstream from the plasma zone where treatment is primarily via activated

neutral chemical species; (2) the admixture and exhaust ports can be closed

and processing takes place in local circulating gas and plasma flow fields with

the process engineer determining what gases are in the sealed container with

the food; and (3) in this final configuration a new food-filled container

(vented or sealed) is inserted between the electrodes when the reactor oper-

ator concludes that food is properly processed in the previous container. In

all three of these configurations, the process engineer first decides which of

the two food positions will be used (based on plasma chemistry consider-

ations.) Both the sealed container configuration and the food-in-plasma

configuration make it more likely that food-derived gases will enter the

plasma zone resulting in complex plasma chemistry that could result in depo-

sition of residue that will not inherently meet the FDA rating of generally

recognized as safe (GRAS) (Basaran et al., 2008; Muhammad et al., 2018).

Absolute control of non-admixture gases is not possible; especially when

the food being processed is a copious source of molecules that can be trans-

ported into the plasma zone.

A modification to the DBD reactor is the cold plasma jet shown in

Fig. 1.5B where there is a high voltage needle electrode with dielectric bar-

rier between it and a grounded ring electrode. The dielectric barrier prevents

streamer-to-spark transitions. This is an open system in the sense that room

air is transported via convection and diffusion into the plasma zone; how-

ever, higher admixture flow rates reduce entrainment of room air into

the plasma. The jet of charged and neutral activated chemical species

impinges upon the food or surface being processed. The jet operator and

the surface being treated must be protected from the high voltage electrode

and the jet must be designed to eliminate spark formation between the central

electrode and the substrate being processed. Jets can be classified according to

the temporal shape and frequency of the applied voltage which ranges from

pulsed square-shouldered voltage to microwave excitation. For pulsed DC
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powered cold plasma jets, voltages are usually in the kV range and pulse

widths range from nanoseconds to microseconds at kHz repetition rates.

If one visualizes the DBD reactor in Fig. 1.5A and transitions it to a reac-

tor that uses no dielectric barriers, then the corona-based cold plasma reac-

tor in Fig. 1.5C is the result. This reactor uses electron avalanches, glows,

and streamers to generate cold plasma between two bare metal electrodes

(no dielectric coating on the electrodes) such that one or both electrodes

are characterized by features with small radii of curvature such as an array

of needles or an array of small diameter wires. Large E-fields near the sharp

electrodes initiate avalanches, glows, and streamers that are collectively

called the corona discharge. The E-field near mid-gap is low enough to pre-

vent streamer-to-spark transitions. Food in the high voltage gap promotes

spark formation thus food processed in the corona reactor is placed down-

stream from the plasma zone (that is, downstream from the high voltage

gap). The corona reactor shown in Fig. 1.5C depicts gas flow perpendicular

to the direction of plasma current; however, it is straightforward to arrange

for gas flow parallel to the direction of plasma current density (Islam

et al., 2017).
3.2 Low-pressure cold plasma reactors
Three salient low-pressure cold plasma reactor types are described in this

section: capacitively coupled, inductively coupled, and microwave reactors.

These reactors are sealed from room air and include a vacuum pump. Food

processed by such reactors must not be susceptible to mechanical damage

caused by exposure to low gas pressures (nuts and spices are mechanically

robust enough to withstand reduced gas pressure). Foods outgas substantially

in low-pressure environments and the process engineer must consider reper-

cussions of complex plasma chemistry that results when food-derived mol-

ecules enter the plasma state and fragments of those molecules might return

to the food as solid condensates (Basaran et al., 2008; Muhammad et al.,

2018). Low-pressure reactors require additional technical expertise associ-

ated with vacuum systems that present additional challenges with respect

to throughput rates for food processing. Reduced pressure brings with it

important repercussions beyond prospective mechanical damage to the food

being processed: as pressure drops, plasma sheaths form at all plasma-to-solid

interfaces such as at the plasma-to-food interface for processes that expose

food directly to the low-pressure plasma. An integral part of the plasma

sheath is an E-field (EP) that accelerates positive ions from the plasma onto
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the food surface such that for food maintained at the floating potential the

flux of free electrons onto the food is balanced by a flux of positive ions onto

the food. Positive ions that have a cold temperature can be accelerated

through substantial sheath voltages and impinge on the food with kinetic

energy sufficient to cause damage at and enhanced out gassing from the sur-

face of the food. The process engineer must determine if this plasma sheath

environment and the concomitant flux of charged species is beneficial or

detrimental to the process. In some low-pressure reactors, downstream pro-

cessing should be considered where electrically biased screen electrodes can

pass neutral activated chemical species but block the electric field and block

most charged species.

The first low pressure cold plasma reactor described here utilizes capac-

itive coupling as shown in Fig. 1.6A. It is similar to the corona reactor of

Fig. 1.5C with the exceptions that a vacuum pump is added to reduce pro-

cessing pressure and the electrodes require no sharp protrusions (since elec-

tron mean free path phenomena allow for a glow plasma to form between

smooth parallel plate electrodes without the E-field enhancement required

in the atmospheric pressure corona discharge). Fig. 1.6A shows the collision-

less sheath that forms around solids in contact with the plasma zone. Sheath

voltage must be considered by the process designer since positive ions accel-

erated through a large sheath voltage can damage the food exposed to the

plasma zone.

The second low-pressure cold plasma reactor is the inductively

coupled plasma reactor shown in Fig. 1.6B. In that figure it is appropriate

to visualize the current-carrying coil as the primary of a transformer while

the plasma and its currents effectively constitute the secondary of the

transformer. Utilizing terminology from this chapter’s section on Max-

well’s equations, a simplified description of the inductively coupled

plasma reactor follows: (1) Current varying sinusoidally with time is

injected into the coil; (2) Coil currents set up a time-changing B-field

in the reactor; (3) The time-changing B-field is accompanied by a

time-changing E-field EF ; (4) EF is of sufficient magnitude to generate

electron avalanches, a plasma glow, and concomitant plasma currents;

(5) Once plasma currents form, the coil (visualized as the primary winding

of the transformer) continues to drive current in the plasma (visualized as

the secondary winding of the transformer). Advantages of low pressure

inductively coupled cold plasma reactors include high plasma density;

no metal contamination from electrodes; and smaller magnitude plasma

sheath voltages.



Fig. 1.6 (A) Capacitively coupled lowpressure cold plasma reactor, food can be immersed
in the plasma or treated downstream from the plasma zone. Due to the low pressure, this
plasma is dominated by electron avalanches and glows but no streamers. A DCmagnetic
field can be added to enhance plasma confinement; (B) Inductively coupled low pressure
cold plasma reactor, the time-changing B-field couples the primary circuit (coil) to the
secondary circuit (plasma currents). The time-dependent current injected into the coil
provides electrical excitation; (C) Microwave cold plasma reactor, microwaves are
delivered to the reactor via a waveguide and arrive with sufficient intensity that the
microwave E-field (EF ) generates electron avalanches and a glow discharge. A DC
magnetic field can be added resulting in electron cyclotron resonance discharge plasma.
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The third and final low-pressure cold plasma reactor considered in this

chapter is the microwave plasma reactor shown in Fig. 1.6C. In this reactor,

the E-field associated with electromagnetic microwaves is sufficiently high

to result in electron avalanches and a plasma glow. The microwave cold

plasma reactor accommodates processing of food directly in the plasma zone

or downstream from the plasma zone. Depending on reactor design, DC

magnetic fields might be added to all three low pressure plasma reactors.

For the microwave cold plasma reactor the added DC magnetic field results

in electron cyclotron resonance discharge plasma (Lieberman and

Lichtenberg, 2005f ). One advantage of the microwave plasma source is that

food surface bombardment by ions and electrons (for foods processed in the

plasma zone) is minimized since plasma electrons move only short distances

before changing directions (ions are effectively immobilized due to the high

frequency and due to the ion’s large mass.)
3.3 Features and phenomena found in various
cold plasma reactor types
Electrical matching networks are used to minimize high frequency electric

power reflected from the cold plasma reactor (the load) back to the power

supply thus improving efficiency and protecting the power supply from

damage (via power reflected from the load.) The theory of distributed

parameter transmission lines and the theory of waveguides facilitate the

design of these matching circuits (Lieberman and Lichtenberg, 2005e).

The Smith chart is applied to the design of stub tuners as they relate to these

matching networks (Iskander, 1992).

There are many variations to the six reactor types described on this chap-

ter. One brief example of a variant cold plasma reactor follows: the AC

corona discharge needle-array-to-needle-array reactor already described

in Fig. 1.5C can be made unipolar by replacing one needle array with a flat

surface (sometimes a flat screen) and applying either positive or negative DC

high voltage to the needle array. Unfortunately unipolar discharges can be

unstable in the sense that charged chemical species of one polarity can con-

tinually drift away from the plasma zone, accumulate on insulating surfaces,

and the accompanying E-field (EP and EL) can generate sparks at random

times. Closely related to the six cold plasma reactors described in this chapter

are reactors and affiliated cold plasma terminology that includes: (1) micro-

hollow cathode discharge jet (Zhang et al., 2016); (2) plasma bullets (Yoon

et al., 2017); (3) packed bed cold plasma reactor (Ye et al., 2017); (4) helicon
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plasma (Afsharmanesh and Habibi, 2017); and (5) gliding arc reactor (Khani

et al., 2017).

As charged and neutral chemical species in the plasma state move down-

stream the assembly is converted to all neutrals (due to recombination). As

this happens the assembly transitions back to the gas phase. The gas phase

assembly approaches thermodynamic equilibrium with all species having

the same temperature (room temperature if no cooling or heating systems

are installed). The partial pressure of inert carrier gas (if used in the process)

determines the frequency with which plasma phase or gas phase activated

radicals encounter each other and engage in chemical reactions. Assemblies

of charged and neutral chemical species not at thermodynamic equilibrium

contain unique chemical species thus the process engineer designs the system

such that the proper mix of chemically active species are incident upon the

food or substrate being processed. For most cold plasma reactor types there is

a continuum of food locations that extends from direct immersion in the

plasma zone to a downstream location far removed from plasma.

Cold plasma processing reactors described in this section keep the pro-

cessed food nearly at room temperature (Scholtz et al., 2015), thus maintain-

ing food quality compared with thermal treated food. Antimicrobial activity

of cold plasma is due to the large amount of RONS and charged species all

generated as byproducts of the plasma discharge ( Joshi et al., 2011; Han

et al., 2016). The gas admixture from which cold plasma is generated is a

very important factor helping to determine antimicrobial efficacy. Com-

monly used gases in cold plasma admixtures include helium (Dezest et al.,

2017; Wu et al., 2012; Darny et al., 2017); argon (Limsopatham et al.,

2017; Volkov et al., 2017; Amini et al., 2017); and nitrogen and oxygen

(Reineke et al., 2015). Due to the complex chemical nature of cold plasma,

the antimicrobial mechanisms are complicated. Gases contained in the

admixture fed to the reactor affect the total amount of reactive species gen-

erated, resulting in variation in the efficacy of inactivation (Timmons et al.,

2018; Min et al., 2016; Misra et al., 2016; Jiang et al., 2017; Oh et al., 2017).

The reactive species such as ROS and RNS destroy or weaken cell mem-

branes (Lu et al., 2014), cause DNA damage (Davies et al., 2011), induce

morphology changes (Mendis et al., 2000), which act in concert to inactivate

or kill microorganisms in food. This section concludes with Table 1.2 show-

ing typical parameters and antimicrobial efficacies for four reactor types that

were described in this section: (1) dielectric barrier discharge reactor; (2) cold

plasma jet; (3) corona-based cold plasma reactor; and (4) the cold plasma

reactor with microwave excitation, respectively. Foods listed in this table



Table 1.2 Typical parameters and antimicrobial efficacies of different cold plasma reactors

Food matrix Target
Working
gas Processing parameters

Exposure
time (s) Reductions Reference

Dielectric barrier discharge

Cherry

tomato

Salmonella; Escherichia

coli; Listeria

monocytogenes

Humid

air

70 kVRMS, 50 Hz 10–120 3.1–6.7 log10
CFU/sample

Ziuzina et al.

(2014)

Strawberry Salmonella; Escherichia

coli; Listeria

monocytogenes

Humid

air

70 kVRMS, 50 Hz 300 3.5–4.2 log10
CFU/sample

Ziuzina et al.

(2014)

Cherry

tomato

Yeasts and molds Humid

air

70 kVRMS, 50 Hz 60 2.5 log10
CFU/sample

Ziuzina et al.

(2014)

Strawberry Yeasts and molds Humid

air

70 kVRMS, 50 Hz 300 1.4 log10
CFU/sample

Ziuzina et al.

(2014)

Romaine

lettuce

Escherichia coli O157:

H7; Salmonella;

Listeria

monocytogenes

Humid

air

Bipolar voltage

excitation, 34.8 kV

peak to peak, 2.4 kHz

300 0.5–1.1 log10
CFU/g

Min et al. (2016)

Radicchio

leaf

Listeria monocytogenes;

Escherichia coli

O157:H7

Humid

air

15 kV peak to peak,

12.5 kHz

900–1800 2.2 log10
CFU/cm2;

1.4 log10
MPN/cm2

Pasquali et al.

(2016)

Cress seed Escherichia coli Ar Unipolar 500 ns square

voltage pulses,

2.5–10 kHz, 6–10 kV
peak

600 3.4 log10 CFU/g Butscher et al.

(2016)
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Table 1.2 Typical parameters and antimicrobial efficacies of different cold plasma reactors—cont’d

Food matrix Target
Working
gas Processing parameters

Exposure
time (s) Reductions Reference

Alfalfa seed Escherichia coli Ar Unipolar 500 ns square

voltage pulses,

2.5–10 kHz, 6–10 kV
peak

600 �3.0 log10
CFU/g

Butscher et al.

(2016)

Unpeeled

almond

Salmonella Enteritidis

PT30

N2; Air 20 kV peak to peak,

15 kHz, 350 W

900 2.0–6.0 log10
CFU/g

Hertwig et al.

(2017)

Cheese slice Escherichia coli;

Salmonella

Typhimurium;

Listeria

monocytogenes

Air 250 W, 15 kHz 900 2.3–3.1 log10
CFU/g

Yong et al.

(2015)

Egg Salmonella enterica

serovar

Typhimurium

He-O2 AC voltage excitation,

25–30 kVpeak to peak,

10–12 kHz, 20% duty

cycle, 5 L/min

1200 5.4 log10
CFU/egg

Georgescu et al.

(2017)

Romaine

lettuce

Tulane virus Air Bipolar voltage

excitation, 34.8 kV

peak to peak, 2.4 kHz

300 1.3 log10 PFU/g Min et al. (2016)

Cherry

tomato

Salmonella Humid

air

76 kVpeak topeak, 35 kV 180 0.8 log10 CFU/g Hertrich et al.

(2017)

Romaine

lettuce

Salmonella Humid

air

76 kVpeak topeak, 35 kV 180 0.3 log10 CFU/g Hertrich et al.

(2017)

Mixed salad Salmonella Humid

air

76 kVpeak topeak, 35 kV 180 0.3 log10 CFU/g Hertrich et al.

(2017)
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Cold plasma jets

Blueberry Murine norovirus;

Tulane virus

Air Gliding arc, 549 W,

47 kHz and 7 cubic

feet per minute

45–90 1.5–5.0 log10
PFU/g

Lacombe et al.

(2017)

Almond Escherichia coli O157:

H7

Dried

air; N2

Gliding arc, 47 kHz,

549 W

20 0.9–1.3 log10
CFU/mL

Niemira (2012)

Almond Salmonella Enteritidis

PT 30

Dried

air; N2

Gliding arc, 47 kHz,

549 W

20 0.9–1.1 log10
CFU/mL

Niemira (2012)

Whole black

pepper

Bacillus subtilis and

Bacillus atrophaeus

spores

Ar AC voltage excitation,

27.12 MHz, 30 W,

10 L/min

900 0.8–1.3 log10
CFU/g

Hertwig et al.

(2015)

Fresh walnut Aspergillus flavus Ar Pulsed DC excitation

voltage, 12 kHz

660 6.2–7.2 log10
CFU/g

Amini and

Ghoranneviss

(2016)

Dried walnut Aspergillus flavus Ar Pulsed DC excitation

voltage, 12 kHz

660 6.5–7.2 log10
CFU/g

Amini and

Ghoranneviss

(2016)

Brown rice

cereal bar

Aspergillus flavus Ar 10 kV, 40 W,

50–600 kHz, 10 L/

min

1200 4.3 log10 CFU/g Suhem et al.

(2013)

Corona based plasma

Skimmed

milk

Escherichia coli Air AC power, 9 kV 1200 4.4 log10 CFU/

mL

Gurol et al.

(2012)

Rapeseed

seed

Escherichia coli;

Salmonella; Bacillus

cereus; Yeasts and

Molds

Air 20 kV, 58 kHz, 2.5 m/s 180 1.2–2.0 log10
CFU/g

Puligundla et al.

(2017)

Continued
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Table 1.2 Typical parameters and antimicrobial efficacies of different cold plasma reactors—cont’d

Food matrix Target
Working
gas Processing parameters

Exposure
time (s) Reductions Reference

Cherry

tomato

Yeasts and molds Air 8 kV, 20 kHz, 2.0 m/s 120 �1.8 log10
CFU/g

Lee et al. (2018)

Broccoli seed Escherichia coli;

Salmonella; Bacillus

cereus; Yeasts and

molds

Air 20 kV, 58 kHz 180 1.2–2.0 log10
CFU/g

Kim et al. (2017)

Microwave activated cold plasma

Cabbage Listeria monocytogenes He-O2 2.45 GHz, 900 W,

667 Pa, 1 L/min

600 2.1 log10 CFU/g Lee et al. (2015)

Cabbage Salmonella

Typhimurium

N2 2.45 GHz, 900 W,

667 Pa, 1 L/min

600 1.5 log10 CFU/g Lee et al. (2015)

Carrot Escherichia coli Air 2.45 GHz, 1.2 kW,

20 L/min

150 5.3 log10 CFU/g Baier et al.

(2015)

Apple Escherichia coli Air 2.45 GHz, 1.2 kW,

20 L/min

600 4.6 log10 CFU/g Baier et al.

(2015)

Cherry

tomato

Salmonella

Typhimurium

He 2.45 GHz, 900 W,

0.5–30 kPa
600 3.8 log10 CFU/

tomato

Kim and Min

(2017)

Radish sprout Salmonella

Typhimurium

N2 2.45 GHz, 900 W,

667 Pa

1200 2.6 log10 CFU/g Oh et al. (2017)

Whole black

peppercorn

Salmonella enterica;

Bacillus subtilis and

Bacillus atrophaeus

spores

Air 2.45 GHz, 1.2 kW,

18 L/min

1800 2.4–4.1 log10
CFU/g

Hertwig et al.

(2015)

Red pepper

powder

Aspergillus flavus N2; He 2.45 GHz, 900 W,

667 Pa

1200 2.0–2.5 log10
spores/g

Kim et al. (2014)
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include almonds, romaine lettuce, apples, cabbage, cherry tomatoes, and

strawberries, among others.
4 Conclusion

Cold plasma is an emerging technology showing a huge potential in micro-

bial inactivation in food without significant impact on quality and sensory

characteristics. The Lorentz force equation is fundamental for the engineer

seeking to predict trajectories followed by single charged particles (free

electrons, positive ions, and negative ions) in the cold plasma zone. Mag-

netic fields are the most effective at confining (preventing loses to the reac-

tor walls of charged chemical species) the cold plasma zone for low pressure

reactors compared to atmospheric pressure reactors. Engineering principles

that provide essential insight into cold plasma applied to food preservation

include (1) electromagnetic field theory epitomized by Maxwell’s equa-

tions; (2) kinetic theory described most succinctly by the Boltzmann equa-

tion; and (3) plasma discharge phenomena at the center of which is the

Townsend ionization coefficient. There are many cold plasma reactor

types available to consider and the salient ones have been described in this

chapter. Reactor technical specifications include (1) atmospheric pressure

versus low pressure; (2) gas species in the carrier gas/working gas admix-

ture; (3) plasma zone processing versus downstream processing; and

(4) closed versus vented food containers. Additional research and studies

are needed to ensure that no toxic by-products are generated during cold

plasma processing.
References
Abdel-Salam, M., Anis, H., El-Morshedy, A., Radwan, R., 2000a. High-voltage engineer-

ing: theory and practice. In: Electrical Engineering and Electronics, second ed.
M. Dekker, New York. Chapters 4–5.

Abdel-Salam, M., Anis, H., El-Morshedy, A., Radwan, R., 2000b. High-Voltage Engineer-
ing: Theory and Practice. M. Dekker, New York, p. 90.

Abdel-Salam, M., Anis, H., El-Morshedy, A., Radwan, R., 2000c. High-Voltage Engineer-
ing: Theory and Practice. M. Dekker, New York, pp. 137–139.

Abelson, Z., Gad, R., Bar-Ad, S., Fisher, A., 2015. Anomalous diffraction in cold magne-
tized plasma. Phys. Rev. Lett. 115, 143901.

Afsharmanesh, M., Habibi, M., 2017. A simulation study of the factors affecting the
collisional power dissipation in a helicon plasma. IEEE Trans. Plasma Sci. 45,
2272–2278.

Ambaw, A., Mukama,M., Opara, U.L., 2017. Analysis of the effects of package design on the
rate and uniformity of cooling of stacked pomegranates: numerical and experimental
studies. Comput. Electron. Agric. 136, 13–24.

http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0010
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0010
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0010
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0015
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0015
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0020
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0020
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0025
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0025
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0030
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0030
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0030
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0035
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0035
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0035


44 Advances in cold plasma applications for food safety and preservation
Amini, M., Ghoranneviss, M., 2016. Effects of cold plasma treatment on antioxidants activ-
ity, phenolic contents and shelf life of fresh and dried walnut (Juglans regia L.) cultivars
during storage. LWT 73, 178–184.

Amini, M., Ghoranneviss, M., Abdijadid, S., 2017. Effect of cold plasma on crocin esters and
volatile compounds of saffron. Food Chem. 235, 290–293.

Babaeva, N.Y., Naidis, G.V., 2016. Modeling of streamer dynamics in atmospheric-pressure
air: influence of rise time of applied voltage pulse on streamer parameters. IEEE Trans.
Plasma Sci. 44, 899–902.

Baier, M., Ehlbeck, J., Knorr, D., Herppich, W.B., Schl€uter, O., 2015. Impact of plasma
processed air (PPA) on quality parameters of fresh produce. Postharvest Biol. Technol.
100, 120–126.

Balanis, C.A., 2012. Advanced Engineering Electromagnetics, second ed. John Wiley &
Sons, Hoboken, N.J, pp. 1–38. Chapter 1.

Basaran, P., Basaran-Akgul, N., Oksuz, L., 2008. Elimination of Aspergillus parasiticus from
nut surface with low pressure cold plasma (LPCP) treatment. Food Microbiol.
25, 626–632.

Bazelyan, E.M., Raizer, Y.P., 1997. Spark Discharge. Taylor & Francis.
Benard, N., Not�e, P., Caron, M., Moreau, E., 2017. Highly time-resolved investigation of

the electric wind caused by surface DBD at various ac frequencies. J. Electrost. 88, 41–48.
Boselli, M., Colombo, V., Gherardi, M., Laurita, R., Liguori, A., Sanibondi, P.,

Simoncelli, E., Stancampiano, A., 2015. Characterization of a cold atmospheric pressure
plasma jet device driven by nanosecond voltage pulses. IEEE Trans. Plasma Sci.
43, 713–725.

Brandenburg, R., 2017. Dielectric barrier discharges: progress on plasma sources and on the
understanding of regimes and single filaments. Plasma Sources Sci. Technol. 26, 1–29.

Butscher, D., Van Loon, H., Waskow, A., Rudolf von Rohr, P., Schuppler, M., 2016.
Plasma inactivation of microorganisms on sprout seeds in a dielectric barrier discharge.
Int. J. Food Microbiol. 238, 222–232.

Chen, F.F., 1965. Electric probes. In: HUDDLESTONE, R.H., LEONARD, S.L. (Eds.),
Plasma Diagnostic Techniques. Academic Press, New York, pp. 113–200. Chapter 4.

Chen, F.F., 1984a. Introduction to Plasma Physics and Controlled Fusion, second ed. Ple-
num Press, New York.

Chen, F.F., 1984b. Introduction to Plasma Physics and Controlled Fusion, second ed. Ple-
num Press, New York. Chapter 2.

Chen, F.F., 1984c. Introduction to Plasma Physics and Controlled Fusion, second ed. Ple-
num Press, New York, pp. 169–172.

Darny, T., Pouvesle, J.M., Fontane, J., Joly, L., Dozias, S., Robert, E., 2017. Plasma action
on helium flow in cold atmospheric pressure plasma jet experiments. Plasma Sources Sci.
Technol. 26, 1–11.

Davies, B.W., Bogard, R.W., Dupes, N.M., Gerstenfeld, T.A., Simmons, L.A.,
Mekalanos, J.J., 2011. DNA damage and reactive nitrogen species are barriers to Vibrio
cholerae colonization of the infant mouse intestine. PLoS Pathog. 7, e1001295.

Defraeye, T., Radu, A., 2017. Convective drying of fruit: a deeper look at the air-material
interface by conjugate modeling. Int. J. Heat Mass Transf. 108, 1610–1622.

Dezest, M., Bulteau, A.L., Quinton, D., Chavatte, L., Le Bechec, M., Cambus, J.P.,
Arbault, S., Negre-Salvayre, A., clement, F., Cousty, S., 2017. Oxidative modification
and electrochemical inactivation of Escherichia coli upon cold atmospheric pressure plasma
exposure. PLoS One 12, e0173618.

Fridman, A.A., Kennedy, L.A., 2011a. Plasma Physics and Engineering. CRC Press, Boca
Raton, FL.

Fridman, A.A., Kennedy, L.A., 2011b. Plasma Physics and Engineering, second ed. CRC
Press, Boca Raton, FL, pp. 166–167.

http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0040
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0040
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0040
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0045
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0045
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0050
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0050
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0050
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0055
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0055
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0055
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0055
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0060
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0060
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0065
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0065
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0065
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0070
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0075
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0075
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0075
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0080
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0080
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0080
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0080
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0085
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0085
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0090
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0090
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0090
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0095
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0095
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0100
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0100
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0105
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0105
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0110
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0110
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0115
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0115
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0115
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0120
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0120
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0120
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0125
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0125
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0130
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0130
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0130
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0130
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0135
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0135
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0140
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0140


45Engineering principles of cold plasma
Fridman, A.A., Kennedy, L.A., 2011c. Plasma Physics and Engineering, second ed. CRC
Press, Boca Raton, FL, pp. 183–188.

Fridman, A.A., Kennedy, L.A., 2011d. Plasma Physics and Engineering, second ed. CRC
Press, Boca Raton, FL, pp. 590–591.

Georgescu, N., Apostol, L., Gherendi, F., 2017. Inactivation of Salmonella enterica serovar
Typhimurium on egg surface, by direct and indirect treatments with cold atmospheric
plasma. Food Control 76, 52–61.

Gurol, C., Ekinci, F.Y., Aslan, N., Korachi, M., 2012. Low temperature plasma for decon-
tamination of E. coli in milk. Int. J. Food Microbiol. 157, 1–5.

Han, L., Patil, S., Boehm, D., Milosavljevic, V., Cullen, P.J., Bourke, P., 2016. Mechanisms
of inactivation by high-voltage atmospheric cold plasma differ for Escherichia coli and
Staphylococcus aureus. Appl. Environ. Microbiol. 82, 450–458.

Hertrich, S.M., Boyd, G., Sites, J., Niemira, B.A., 2017. Cold plasma inactivation of Salmo-
nella in prepackaged, mixed salads is influenced by cross-contamination sequence.
J. Food Prot. 80, 2132–2136.

Hertwig, C., Reineke, K., Ehlbeck, J., Knorr, D., Schl€uter, O., 2015. Decontamination of
whole black pepper using different cold atmospheric pressure plasma applications. Food
Control 55, 221–229.

Hertwig, C., Leslie, A., Meneses, N., Reineke, K., Rauh, C., Schl€uter, O., 2017. Inactiva-
tion of Salmonella Enteritidis PT30 on the surface of unpeeled almonds by cold plasma.
Innovative Food Sci. Emerg. Technol. 44, 242–248.

Huddlestone, R.H., Leonard, S.L. (Eds.), 1965. Plasma Diagnostic Techniques. Academic
Press, New York, pp. 538–542.

Iskander, M.F., 1992. Electromagnetic Fields and Waves. Prentice Hall, Englewood Cliffs,
NJ, pp. 548–555.

Islam, R., Pedrow, P.D., Englund, K.R., 2017. Phenomenology of Corona discharge in
helium admixtures inside a point-to-point electrode geometry. IEEE Trans. Plasma
Sci. 45, 2848–2856.

Jackson, J.D., 1975. Classical Electrodynamics. Wiley, New York, pp. 1–26.
Jiang, Y., Sokorai, K., Pyrgiotakis, G., Demokritou, P., Li, X., Mukhopadhyay, S., JIN, T.,

Fan, X., 2017. Cold plasma-activated hydrogen peroxide aerosol inactivates Escherichia
coli O157:H7, Salmonella Typhimurium, and Listeria innocua and maintains quality of
grape tomato, spinach and cantaloupe. Int. J. Food Microbiol. 249, 53–60.

Joshi, S.G., Cooper, M., Yost, A., Paff, M., Ercan, U.K., Fridman, G., Friedman, G.,
Fridman, A., Brooks, A.D., 2011. Nonthermal dielectric-barrier discharge plasma-
induced inactivation involves oxidative DNA damage and membrane lipid peroxidation
in Escherichia coli. Antimicrob. Agents Chemother. 55, 1053–1062.

Khani, M.R., Shokri, B., Khajeh, K., 2017. Studying the performance of dielectric barrier
discharge and gliding arc plasma reactors in tomato peroxidase inactivation. J. Food Eng.
197, 107–112.

Kim, J.H., Min, S.C., 2017. Microwave-powered cold plasma treatment for improving
microbiological safety of cherry tomato against Salmonella. Postharvest Biol. Technol.
127, 21–26.

Kim, J.E., Lee, D.U., Min, S.C., 2014. Microbial decontamination of red pepper powder by
cold plasma. Food Microbiol. 38, 128–136.

Kim, J.W., Puligundla, P., Mok, C., 2017. Effect of corona discharge plasma jet on
surface-borne microorganisms and sprouting of broccoli seeds. J. Sci. Food Agric.
97, 128–134.

Krall, N.A., Trivelpiece, A.W., 1973. Principles of Plasma Physics. McGraw-Hill, New
York.

Kuffel, E., Zaengl, W.S., 1984. High-Voltage Engineering: Fundamentals. Oxford, Oxford-
shire; New York, Pergamon Press.

http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0145
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0145
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0150
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0150
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0155
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0155
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0155
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0160
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0160
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0165
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0165
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0165
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0170
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0170
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0170
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0175
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0175
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0175
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0175
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0180
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0180
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0180
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0180
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0185
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0185
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0190
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0190
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0195
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0195
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0195
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0200
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0205
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0205
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0205
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0205
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0210
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0210
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0210
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0210
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0215
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0215
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0215
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0220
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0220
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0220
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0225
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0225
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0230
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0230
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0230
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0235
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0235
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0240
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0240


46 Advances in cold plasma applications for food safety and preservation
Lacombe, A., Niemira, B.A., Gurtler, J.B., Sites, J., Boyd, G., Kingsley, D.H., LI, X.,
Chen, H., 2017. Nonthermal inactivation of norovirus surrogates on blueberries using
atmospheric cold plasma. Food Microbiol. 63, 1–5.

Lee, H., Kim, J.E., Chung, M.S., Min, S.C., 2015. Cold plasma treatment for the microbi-
ological safety of cabbage, lettuce, and dried figs. Food Microbiol. 51, 74–80.

Lee, T., Puligundla, P., Mok, C., 2018. Intermittent corona discharge plasma jet for improv-
ing tomato quality. J. Food Eng. 223, 168–174.

Levko, D., Raja, L.L., 2017. On the production of energetic electrons at the negative
streamer head at moderate overvoltage. Phys. Plasmas 24, 1–4.

Liboff, R.L., 1990a. Kinetic theory: classical, quantum, and relativistic descriptions.
In: Prentice Hall Advanced Reference Series. Prentice Hall, Englewood Cliffs, NJ,
p. 163.

Liboff, R.L., 1990b. Kinetic theory: classical, quantum, and relativistic descriptions.
In: Prentice Hall Advanced Reference Series. Prentice Hall, Englewood Cliffs, NJ,
pp. 155–156.

Liboff, R.L., 1990c. Kinetic theory: classical, quantum, and relativistic descriptions.
In: Prentice Hall Advanced Reference Series. Prentice Hall, Englewood Cliffs, NJ,
pp. 216–230.

Lieberman, M.A., Lichtenberg, A.J., 2005a. Principles of Plasma Discharges and Materials
Processing. Wiley-Interscience, Hoboken, NJ. Chapters 11–13.

Lieberman, M.A., Lichtenberg, A.J., 2005b. Principles of Plasma Discharges and Materials
Processing. Wiley-Interscience, Hoboken, NJ. Chapter 13.

Lieberman, M.A., Lichtenberg, A.J., 2005c. Principles of Plasma Discharges and Materials
Processing, second ed. Wiley-Interscience, Hoboken, NJ, p. 36.

Lieberman, M.A., Lichtenberg, A.J., 2005d. Principles of Plasma Discharges and Materials
Processing. Wiley-Interscience, Hoboken, NJ, pp. 149–151.

Lieberman, M.A., Lichtenberg, A.J., 2005e. Principles of Plasma Discharges and Materials
Processing. Wiley-Interscience, Hoboken, NJ. pp. 452–455, 469–470, 493–494, 514.

Lieberman, M.A., Lichtenberg, A.J., 2005f. Principles of Plasma Discharges and Materials
Processing. Wiley-Interscience, Hoboken, N.J, pp. 491–513.

Lieberman, M.A., Lichtenberg, A.J., 2005g. Principles of Plasma Discharges and Materials
Processing, second ed. Wiley-Interscience, Hoboken, N.J, pp. 685–687.

Limsopatham, K., Boonyawan, D., Umongno, C., Sukontason, K.L., Chaiwong, T.,
Leksomboon, R., Sukontason, K., 2017. Effect of cold argon plasma on eggs of the blow
fly, Lucilia cuprina (Diptera: Calliphoridae). Acta Trop. 176, 173–178.

Lorrain, P., Corson, D.R., 1970. Electromagnetic Fields and Waves. W.H. Freeman, San
Francisco, pp. 439–442.

Lu, H., Patil, S., Keener, K.M., Cullen, P.J., Bourke, P., 2014. Bacterial inactivation by high-
voltage atmospheric cold plasma: influence of process parameters and effects on cell leak-
age and DNA. J. Appl. Microbiol. 116, 784–794.

Mendis, D., Rosenberg, M., Azam, F., 2000. A note on the possible electrostatic disruption
of bacteria. IEEE Trans. Plasma Sci. 28, 1304–1306.

Min, S.C., Roh, S.H., Niemira, B.A., Sites, J.E., Boyd, G., Lacombe, A., 2016. Dielectric
barrier discharge atmospheric cold plasma inhibits Escherichia coli O157:H7, Salmonella,
Listeria monocytogenes, and Tulane virus in Romaine lettuce. Int. J. Food Microbiol.
237, 114–120.

Misra, N.N., Pankaj, S.K., Segat, A., Ishikawa, K., 2016. Cold plasma interactions with
enzymes in foods and model systems. Trends Food Sci. Technol. 55, 39–47.

Muhammad, A.I., Xiang, Q., Liao, X., Liu, D., Ding, T., 2018. Understanding the impact of
nonthermal plasma on food constituents and microstructure—a review. Food Bioprocess
Technol. 11, 463–486.

http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0245
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0245
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0245
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0250
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0250
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0255
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0255
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0260
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0260
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0265
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0265
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0265
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0270
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0270
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0270
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0275
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0275
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0275
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0280
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0280
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0285
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0285
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0290
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0290
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0295
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0295
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0300
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0300
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0305
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0305
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0310
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0310
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0315
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0315
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0315
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0320
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0320
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0325
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0325
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0325
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0330
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0330
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0335
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0335
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0335
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0335
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0340
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0340
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0345
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0345
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0345


47Engineering principles of cold plasma
Naidis, G.V., 2017. Modeling of streamer dynamics in atmospheric-pressure air plasma jets.
Plasma Process. Polym. 14, 1–7.

Nakamura, Y., 2010. Electron swarm parameters in pure C2H2and in C2H2–Ar mixtures
and electron collision cross sections for the C2H2molecule. J. Phys. D. Appl. Phys.
43, 1–7.

Nakamura, Y., Kurachi, M., 1988. Electron transport parameters in argon and its momentum
transfer cross section. J. Phys. D. Appl. Phys. 21, 718–723.

Niemira, B.A., 2012. Cold plasma reduction of Salmonella and Escherichia coli O157:H7 on
almonds using ambient pressure gases. J. Food Sci. 77, M171–M175.

Oh, Y.J., Song, A.Y., Min, S.C., 2017. Inhibition of Salmonella typhimurium on radish sprouts
using nitrogen-cold plasma. Int. J. Food Microbiol. 249, 66–71.

O’Sullivan, J.L., Ferrua, M.J., Love, R., Verboven, P., Nicolaı̈, B., East, A., 2017. Forced-air
cooling of polylined horticultural produce: optimal cooling conditions and package
design. Postharvest Biol. Technol. 126, 67–75.

Paris, D.T., Hurd, F.K., 1969. Basic Electromagnetic Theory. McGraw-Hill, New York.
Chapter 2.

Pasquali, F., Stratakos, A.C., Koidis, A., Berardinelli, A., Cevoli, C., Ragni, L., Mancusi, R.,
Manfreda, G., Trevisani, M., 2016. Atmospheric cold plasma process for vegetable leaf
decontamination: a feasibility study on radicchio (red chicory,Cichorium intybus L.). Food
Control 60, 552–559.

Phelps, A.V., 1991. Cross sections and swarm coefficients for nitrogen ions and neutrals inN2
and argon ions and neutrals in Ar for energies from 0.1 eV to 10 keV. J. Phys. Chem. Ref.
Data 20, 557–573.

Puligundla, P., Kim, J.-W., Mok, C., 2017. Effect of corona discharge plasma jet treatment
on decontamination and sprouting of rapeseed (Brassica napus L.) seeds. Food Control
71, 376–382.

Ramo, S., Whinnery, J.R., Van Duzer, T., 1994. Fields andWaves in Communication Elec-
tronics, third ed. Wiley, New York.

Reif, F., 1965. Fundamentals of statistical and thermal physics. In: McGraw-Hill Series in
Fundamentals of Physics. McGraw-Hill, New York, pp. 248–250.

Reineke, K., Langer, K., Hertwig, C., Ehlbeck, J., Schl€uter, O., 2015. The impact of dif-
ferent process gas compositions on the inactivation effect of an atmospheric pressure
plasma jet on Bacillus spores. Innovative Food Sci. Emerg. Technol. 30, 112–118.

Scholtz, V., Pazlarova, J., Souskova, H., Khun, J., Julak, J., 2015. Nonthermal plasma—a tool
for decontamination and disinfection. Biotechnol. Adv. 33, 1108–1119.

Suhem, K., Matan, N., Nisoa, M., Matan, N., 2013. Inhibition of Aspergillus flavus on agar
media and brown rice cereal bars using cold atmospheric plasma treatment. Int. J. Food
Microbiol. 161, 107–111.

Teunissen, J., Ebert, U., 2017. Simulating streamer discharges in 3Dwith the parallel adaptive
Afivo framework. J. Phys. D. Appl. Phys. 50, 1–13.

Timmons, C., Pai, K., Jacob, J., Zhang, G., Ma, L.M., 2018. Inactivation of Salmonella enter-
ica, Shiga toxin-producing Escherichia coli, and Listeria monocytogenes by a novel surface
discharge cold plasma design. Food Control 84, 455–462.

Volkov, A.G., Xu, K.G., Kolobov, V.I., 2017. Cold plasma interactions with plants: morph-
ing and movements of Venus flytrap and Mimosa pudica induced by argon plasma jet.
Bioelectrochemistry 118, 100–105.

Wu, H., Sun, P., Feng, H., Zhou, H., Wang, R., Liang, Y., Lu, J., Zhu, W., Zhang, J.,
Fang, J., 2012. Reactive oxygen species in a non-thermal plasma microjet and
water system: generation, conversion, and contributions to bacteria inactivation-
an analysis by electron spin resonance spectroscopy. Plasma Process. Polym. 9,
417–424.

http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0350
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0350
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0355
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0355
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0355
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0360
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0360
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0365
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0365
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0370
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0370
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0375
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0375
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0375
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0380
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0380
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0385
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0385
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0385
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0385
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0390
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0390
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0390
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0395
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0395
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0395
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0400
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0400
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0405
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0405
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0410
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0410
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0410
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0410
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0415
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0415
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0420
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0420
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0420
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0425
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0425
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0430
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0430
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0430
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0435
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0435
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0435
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0440
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0440
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0440
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0440
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0440


48 Advances in cold plasma applications for food safety and preservation
Yanallah, K., Pontiga, F., Bouazza, M.R., Chen, J.H., 2017. The effect of the electric wind
on the spatial distribution of chemical species in the positive corona discharge. J. Phys. D.
Appl. Phys. 50, 1–14.

Ye, Z., Veerapandian, S.K.P., Onyshchenko, I., Nikiforov, A., De Geyter, N.,
Giraudon, J.-M., Lamonier, J.-F., Morent, R., 2017. An in-depth investigation of tol-
uene decomposition with a glass beads-packed bed dielectric barrier discharge reactor.
Ind. Eng. Chem. Res. 56, 10215–10226.

Yong, H.I., Kim, H.J., Park, S., Alahakoon, A.U., Kim, K., Choe, W., Jo, C., 2015. Eval-
uation of pathogen inactivation on sliced cheese induced by encapsulated atmospheric
pressure dielectric barrier discharge plasma. Food Microbiol. 46, 46–50.

Yoon, S.Y., Kim, G.H., Kim, S.J., Bae, B., Kim, N.K., Lee, H., Bae, N., Ryu, S., Yoo, S.J.,
Kim, S.B., 2017. Bullet-to-streamer transition on the liquid surface of a plasma jet in
atmospheric pressure. Phys. Plasmas 24, 1–10.

Zachariades, C., Rowland, S.M., Cotton, I., Peesapati, V., Chambers, D., 2016. Develop-
ment of electric-field stress control devices for a 132 kV insulating cross-arm using finite-
element analysis. IEEE Trans. Power Deliv. 31, 2105–2113.

Zhang, L., Zhao, G., Wang, J., Han, Q., 2016. The hollow cathode effect in a radio-
frequency driven microhollow cathode discharge in nitrogen. Phys. Plasmas 23, 1–7.

Zhang, J., Wang, Y., Wang, D., 2018. Numerical study on mode transition characteristics in
atmospheric-pressure helium pulsed discharges with pin–plane electrode. IEEE Trans.
Plasma Sci. 46, 19–24.

Ziuzina, D., Patil, S., Cullen, P.J., Keener, K.M., Bourke, P., 2014. Atmospheric cold plasma
inactivation of Escherichia coli, Salmonella enterica serovar Typhimurium and Listeria mono-
cytogenes inoculated on fresh produce. Food Microbiol. 42, 109–116.

Further reading
Chen, F.F., 1984d. Introduction to Plasma Physics and Controlled Fusion, second ed.

Plenum Press, New York, pp. 236–240.

http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0445
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0445
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0445
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0450
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0450
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0450
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0450
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0455
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0455
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0455
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0460
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0460
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0460
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0465
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0465
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0465
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0470
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0470
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0475
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0475
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0475
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0480
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0480
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0480
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0485
http://refhub.elsevier.com/B978-0-12-814921-8.00001-3/rf0485


CHAPTER 2

Advances in the inactivation
of microorganisms and viruses
in food and model systems using
cold plasma
Daniela Bermudez-Aguirre
Independent Food Engineering Consultant, Richland, WA, United States

Contents

1 Introduction 49
2 Cold plasma 51
3 Bacterial inactivation under cold plasma treatment 51

3.1 Physical-chemical effects on cells 52
3.2 Intrinsic and extrinsic factors affecting the effectivity of cold plasma 59

4 Inactivation of molds and yeasts using cold plasma 70
5 Inactivation of spores using cold plasma 76

5.1 Possible mechanism of spore inactivation 78
6 Inactivation of viruses using cold plasma 83
7 Inactivation of parasites using cold plasma 85
8 Conclusions 86
References 86
1 Introduction

Every year, there are several foodborne outbreaks as reported by the Centers

for Disease Control and Prevention (CDC), leading to thousand hospitali-

zations, several deaths, and economic losses.Most of the outbreaks are related

to emerging pathogens such as Salmonella spp., Escherichia coliO157:H7, and

Listeria monocytogenes. The list of recalled products related to foodborne

outbreaks commonly contains fresh produce, meat, eggs, and poultry prod-

ucts. Although several technologies are used to process and preserve food,

sometimes underprocessing or cross-contamination is the main source of

pathogen contamination. In the last several years, other food recalls have
49
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involved the presence of viruses such as Hepatitis A, mainly in products that

are in contact with contaminated water, such as seafood. Furthermore, sev-

eral foodborne outbreaks have been reported in the last 5 years dealing with

the presence of parasites in fresh produce and herbs, making Cyclospora caye-

tanensis one of the parasitical problems in food contamination. Although pro-

duce is washed and disinfected before reaching the consumer, the common

methodology using chlorine seems to lose effectiveness. Difficult topography

or high porosity of some food products, high resistance of some organisms to

conventional disinfection methodologies, the possible presence of carcino-

genic compounds after chlorine use, and a current global market makes it

difficult to find an ideal disinfection technology to inactivate different organ-

isms with very diverse characteristics in very varied food surfaces. The

demand from the consumer to find chemical-free disinfection technologies

without residues on the products as well as having safe foods with nutritive

and excellent sensory properties is forcing food scientists to research novel

technologies that can satisfy all these requirements.

Cold plasma is one of the newest technologies being tested for food safety

and preservation, with interesting results in all senses. This chapter presents a

brief introduction about the technology and an updated description about

the use of cold plasma to inactivate bacteria, the different patterns between

inactivating gram-positive and gram-negative bacteria, and how the reactive

oxygen nitrogen species (RONS) can interact with distinct components to

promote cell death. A similar description is included for molds and yeasts, as

the presence of these organisms in food is related to important economical

losses, but also with the toxic presence of aflatoxins; this is a research need

that has already been briefly studied under cold plasma. One of the main

challenges in food safety and preservation is related to the presence of spores;

research has intensified in the last few years in this area, and results show how

the active species from cold plasma can diffuse through the spore multilayer

structure and act on the core to promote spore death. This chapter also

includes a description of the use of cold plasma in viral inactivation. Few

studies have been published because of the lack of food safety facilities

devoted to study viruses and the limitations on the methodology; though

so far, results of viral inactivation using cold plasma are favorable. The very

last part of this chapter covers an area that has not been studied in food safety

but is of major concern, the inactivation of parasites. There is currently a

food safety problem dealing with the presence of parasites in several food

products that should be promptly addressed by scientists to reduce inci-

dences as globalization continues.
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2 Cold plasma

Atmospheric pressure cold plasma is an emerging technology currently

under research for different applications in the areas of food science and

technology. The use of this technology in research scenarios to inactivate

microorganisms has shown a rapid increase in the last 10 years. This chapter

is not related to the description of the technology or the equipment, but it

contains information about the mechanisms of inactivation during cold

plasma on microbial cells and spores, and the effect on viruses. Some of

the processing conditions are also discussed to show how the technology

needs to be studied on a case-by-case basis because of the diverse factors that

can affect inactivation.

Cold plasma is generated when an electrical current is applied into a pure

gas or in a mixture of gases; gas discharge is the most common way to gen-

erate plasma. The gas is decomposed in several active species, creating what

is called plasma glow. It is formed by UV radiation, electrons, protons, neu-

trons, active free radicals, and other compounds, depending on the working

gas. Because all of these particles are not in thermodynamic equilibrium, the

temperature of the plasma is low, generating what is called cold plasma;

because of that, it is considered a nonthermal technology. This novel tech-

nology presents many advantages for the food industry: it is waterless with-

out or with minimal residues; it is affordable compared to other disinfection

technologies; no chemicals are needed when atmospheric air is used as the

working gas; it is easy to operate; it is nonthermal and contact free; and it is

considered a green technology.

The main effect of cold plasma on bacterial, fungal, or spore cells is

related to the interaction of the active plasma species with the cell compo-

nents such as cell membranes or spore coat. In the case of viruses, free radicals

diffuse through the capsid to reach and damage theRNA. Although recently

cold plasma has been studied in some areas such as eggs, larvae, and insect

inactivation (Bourke et al., 2018; Limsopatham et al., 2017), there are still

urgent research needs to be explored using this technology, such as parasite

inactivation.
3 Bacterial inactivation under cold plasma treatment

Becauseof thediversity in cellular structures, it is difficult to summarize amech-

anismof bacterial inactivationunder cold plasma.There aremanyvariables that

affect the behavior of cells when they are exposed to the plasma species. Some
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are related to the cells by themselves, for example, the fact that some bacteria

belong to the gram-positive group and others to the gram-negative group.

Themicrobial growthphasehasbeen reportedpreviously inother technologies

under research to have influence on the cell resistance aswell as the use of addi-

tional stress factors. Other variables are related to the processing or operating

conditions of plasma devices, as some of them can be adjusted to modify the

inactivation without compromising the product quality.

Cold plasma generates several physical-chemical effects on cells to

achieve microbial death. For example, the generation of UV radiation

can promote erosion on the cell surface with a subsequent combination

between lethal plasma active species and cellular components leading to cell

death. It is difficult to isolate and quantify the physical effects only or the

chemical effects only because both effects are occurring and combining at

the same time, generating in most cases a synergistic effect on microbial

inactivation.
3.1 Physical-chemical effects on cells
During the generation of cold plasma, there are several events taking place

simultaneously inside the plasma glow, such as emission of UV radiation,

generation of ozone and other free radicals (depending on the working

gas), and the presence of charged particles such as ions and electrons. Some

of the reported action sites of cold plasma on cells are DNA, cell membranes,

and proteins. The effect of OH radicals on microbial cells is related to a

strong oxidative effect on target cellular components, for example, OH rad-

icals can start some oxidation processes, damaging directly the cell mem-

brane. Free radicals can oxidize the unsaturated fatty acids that are present

in the lipidic bilayer of the cell wall. They can also can break peptide bonds

but also oxidize the amino acid chains, besides the generation of peroxide

radicals (Surowsky et al., 2014). However, the use of other working gases

such as helium or argon during cold plasma processing can also lead to chem-

ical reactions with biomacromolecules. Hou et al. (2008) studied bacterial

cells under a dielectric barrier discharge (DBD) plasma device operating only

with pure helium (13 kV, 8 kHz) and they observed how this gas interacted

with macromolecules, leading to cellular death. The first interaction

between helium and plasma active species was with membrane-bond pro-

teins. The protein concentration was drastically reduced in the first seconds

of treatment in the cells because of the destructive effect of plasma. Further,

protein concentration was increased in the surrounding medium due to the
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release of the intracellular components. Some polysaccharides commonly

present on the cell walls and membranes such as maltose, glucose, and acetic

acid were also identified in the medium because of the disintegration of the

cell. During the test of resistive barrier discharge plasma equipment (16 kV,

60 Hz) and using a gaseous mixture of helium with oxygen (97%, 3%) on

E. coli cells, the authors were able to identify some alterations in some cellular

functions because of the action of plasma species. There was an increased

utilization of L-fucose, D-sorbitol, and D-galacturonic acid, possibly because

of changes in enzymatic activity (Laroussi et al., 2002). In another work with

E. coli cells under plasma treatment, the microorganism was studied in detail

after processing and several changes were observed on the cell morphology

such as shape, rupture of the cell wall, lack of a membrane layer, and leaking

of intracellular components. The authors attributed these changes to the

denaturation of the membrane proteins. A comprehensive study on the

damaged proteins of the bacteria after plasma processing using peptide mass

fingerprint (PMF) showed important changes in those bacterial proteins, the

functions of which are related to oxidative stress and defense mechanisms,

osmoregulation and transportation, metabolic pathways, cell essential sub-

stances, and vitamin synthase, confirming the inability of the microorganism

to survive or duplicate (Kim et al., 2018).

According to Sureshkumar and Neogi (2009), the effect of argon in bac-

teria is mainly because of the UV radiation produced during treatment and

the internalization of UV photons through the sublayers of the cell, reaching

important cellular components such as DNA. Bacterial cells of Staphylococcus

aureus did not show important damage on the surface after 5 min of being

treated with a pure argon plasma system in the radio-frequency range at

13.56 MHz.

In a recent study, bioluminescence was used to try to elucidate the mech-

anism of cell inactivation under cold plasma treatment. E. coli K12 lux was

tested under a dielectric barrier discharge plasma device operating at 50 kV,

60 Hz, and 0.85 W/cm2 and using atmospheric air as the feeding gas. After

10 min of treatment, 3.6 log-reduction was achieved but some cells were

able to recover after treatment; it was observed that some of the reactive spe-

cies generated during the treatment had some interference with the lumines-

cence reactions of this microorganism. This bacterium emits light because of

an enzyme system formed for the high-energy compounds NADPH and

FMN, when these compounds are in the presence of water and oxygen.

These high-energy compounds are strongly attached to cell membranes

and associated with oxidoreductase and luciferase. The authors suggested
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a possible oxidation of NADH into NAD+ during cold plasma treatment

because of the interaction of free radicals with cell membranes, modifying

the bioluminescence of the cells (Suwal et al., 2019).

3.1.1 Permeabilization of cells
Cold plasma-treated cells also have shown a high degree of permeabilization

after processing. There are several studies in which the plasma effects on the

bacteria surface are presented through a detailed examination of cells using

electron microscopy (Zhang et al., 2019; Cui et al., 2016; Surowsky et al.,

2014; Kim et al., 2014a; Bermudez-Aguirre et al., 2013; Vratnica et al.,

2008; Laroussi et al., 2002). However, it is difficult to summarize a general

conclusion about the effect of cold plasma on cell permeabilization because

of the different results observed, and the very diverse plasma devices used in

the inactivation of gram-positive and gram-negative bacteria, but also the

effect of the food matrix. For example, the study conducted with Citrobacter

freundii in apple juice using a plasma jet showed that processing time had a

minor influence on the degree of permeabilization of cells. However, stor-

age after processing had an important effect on the cellular death because of

the presence of reactive species coming from the plasma discharge combined

with a low pH of the juice (Surowsky et al., 2014).

Timmons et al. (2018) presented a detailed study using surface dielectric

barrier discharge (SDBD) cold plasma (13.5 V) to inactivate Salmonella

enterica, Shiga toxin-producing E. coli, and L. monocytogenes in three different

media of treatment: glass coverslips, in-shell pecans, and cherry tomatoes.

Inactivation was faster and higher on the glass coverslips. Microscopy eval-

uation of the cells after cold plasma processing presented important cellular

damage after 2 and 4 min of treatment. The detailed TEMpictures exhibited

morphological changes in E. coli K-12 as the processing time was increased.

There was significant damage in the cellular surface and the presence of

debris leaking from the cell, mentioning the physical lysis of the cell because

of the effect of cold plasma processing.

In Fig. 2.1, there are some images of E. coli ATCC11775 cells treated

with atmospheric pressure cold plasma using a corona discharge device at

12.83 kV, 10 min, and argon. Fig. 2.1A shows the control cell without

any important change; a continuous cytoplasmatic membrane and smooth

surface are observed in this gram-negative microorganism. However, in

Fig. 2.1B a fully damaged cell is presented, showing a very high degree of

electroporation on all the surface and a lack of cytoplasmatic membrane with

leaking of cellular components to the exterior. Fig. 2.1C shows cell fusion



(A) (B)

(C) (D)
Fig. 2.1 Escherichia coli ATCC 11775 cells: (A) untreated cell showing a closed envelope
structure and continuous cytoplasmatic membrane; magnification 40�; (B–D) cold
plasma-treated cells (corona discharge, 12.83 kV, 10 min, argon), showing a fully
electroporated cell and cytoplasmatic debris surrounding the cell (B); fusion of cells,
broken cytoplasmatic membrane, electroporation on the surface, loss of intercellular
material (C); discontinuous cytoplasmatic membrane and electroporation on the cell
surface. Magnification 50�. (Adapted from Bermudez-Aguirre, D., Wemlinger, E.,
Pedrow, P., Barbosa-Canovas, G., Garcia-Perez, M., 2013. Effect of atmospheric pressure
cold plasma (APCP) in the inactivation of Escherichia coli in fresh produce. Food
Control 34, 149–157.)
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probably because of changes in the transmembrane potential, besides the

leak of cytoplasmic content, discontinuous membrane, and some grouped

cytoplasmatic content. Finally, the image in Fig. 2.1D shows again a cellular

surface with pits and discontinuous cytoplasmatic membrane. Vratnica et al.

(2008) presented the microscopy study of bacterial cells under weakly ion-

ized plasma using radio frequency (200 W) and oxygen as the working gas.

After only 3 s of treatment, bacterial cells exhibited a lack of capsule and the

cell wall showed signs of erosion. While the treatment continued, the cell
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presented higher damage. Bacteria were fully eroded after 240 s and the

microscopy images showed only remnant ashes because of the strong oxida-

tion process between the organic material from cells and the oxygen species

generated during plasma treatment.

Bacteria have a transmembrane potential, which means the presence of

electrical charges around the cell membrane. When this transmembrane

potential is exceeded (>1 V), there is formation of pores in the membrane

producing the electroporation of the cell. If the transmembrane force is very

high, then the pore formation becomes irreversible, damaging the cell and

allowing the free interchange of intracellular components with the outside

environment; it is called electrical breakdown (Zimmerman, 1986). The

transmembrane potential of each microorganism plus the pH surrounding

the bacteria also have an effect on the inactivation using cold plasma (Hati

et al., 2018). Majumdar et al. (2009) mentioned in a study with E. coli BL21

the effect of the charges that accumulate over the outer membrane of the

cells as the plasma glow acts on the microorganisms. Because of the presence

of these charges, electrostatic fields are generated and surround the micro-

organisms that are attacked by electrical shocks or stresses and local heating,

leading to the rupture of membranes. In recent experiments using

C. freundii in apple juice and after plasma processing, there was a clear

difference in the transmembrane potential. Control cells showed a low

membrane potential and after 2 min processing, there was no membrane

potential on the cells, meaning a depolarization of cells (Surowsky

et al., 2014).

In a different study using cold nitrogen plasma to treat E. coliO157:H7 in

biofilms deposited on fresh vegetables, researchers were able to find very sig-

nificative results in cells after treatment. The authors mentioned a change in

the permeability of the cell, allowing the leaking of Na+, K+ mainly, fol-

lowed by macromolecules such as DNA. The evaluation of the cells before

and after cold nitrogen plasma treatment (400 W, 5 min) showed a decrease

in the DNA concentration from 8.57 to 2.29 μg/mL. The ATP was quan-

tified by bioluminescence to assess the membrane damage in the cell after

treatment and the concentration went from 6127 to 1029 RLU, showing

the release of ATP to the medium because of the permeabilization of the

cell membrane. The protein content of the cells also decreased after plasma

treatment, ranging from 179 to 117.5 μg/mL. The electrical conductivity of

cells was affected and changed from 37.9% to 42.5% (Cui et al., 2018). These

results confirm the damage in the cell membrane because of the effect of cold

plasma treatment, but also the leak of cellular components and changes in the
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electrical conductivity of cells when they are exposed to the plasma glow

containing reactive chemical species, UV radiation, ozone, and other agents.

Under direct cold plasma treatment, cells are not really close to the applied

electric field; then, the strong antimicrobial effect that pulsed electric fields

have on cells because of the direct contact with the electrodes to create pores

can be disregarded during plasma processing (Liao et al., 2017). However, it

has been observed that after a long exposure time to cold plasma, there is a

higher degree of cellular damage because of different effects such as mem-

brane deformation and change in cell shape.

In a recentwork (Mahnot et al., 2019), several solutions simulating tender

coconut water were prepared and studied with the inoculation of S. enterica

serovar Typhimurium using a high-voltage atmospheric cold plasma

(HVACP)device (60 Hz, 90 kV, dry air).The authors found interesting facts,

for example, when themicroorganismwas inoculated only in distilled water,

the inactivationwas complete (>9 log-reduction) and the pH of themedium

was decreased drastically (6.91–3.35). They also observed that the presence

of phosphate and magnesium ions in the solution reduced the cell inacti-

vation. These ions are important nutrients of microbial cells and are linked

to cellular maintenance such as synthesis of ATP, nucleic acid, phospho-

lipids, and proteins, and are part of important biological cycles and enzymatic

reactions. The presence of these ions in some solutions might help to repair

and allow the recovery of the bacterial cells after being exposed to the plasma

active species.

3.1.2 Effect of RONS on microbial cells
In cold plasma research, the terms RONS, ROS, and RNS are very com-

mon because of the use of working gases containing oxygen and nitrogen.

RONS means reactive oxygen and nitrogen species while ROS is used to

refer to the reactive oxygen species and RNS is applied to reactive

nitrogen species. Although a lot of cold plasma work has been done using

pure gases such as argon or helium, research has shown favorable results

when mixtures of gases containing oxygen and nitrogen are used, or just

atmospheric air.

The starting point of chemical reactions in cold plasma occurs when a

collision between electrons and some plasma constituents takes place, for

example, the impact of electrons into air promotes, primary reactions releas-

ing atomic and metastable oxygen and nitrogen. Secondary reactions take

place between neutral and ionic species and will lead to the generation

of ozone, singlet O, or O atoms. When plasma is generated at atmospheric
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pressure, most of the reactions take place between neutral species (Gaunt

et al., 2006). Most of the research in cold plasma focused on microbial inac-

tivation for food applications has been conducted at atmospheric pressure

because of the negative effects low pressure or vacuum can have on food

structure. It has also been documented that the biocidal effect of cold plasma

at atmospheric pressure is mainly because of the chemical species, with an

almost a negligible effect from UV radiation (Niemira, 2012).

ROS has a potent microbicidal effect because of the oxidative damage of

oxygen species on the cell membrane, proteins, cell organelles, and fatty

acids, but also DNA. Some of these chemical species are O3, the O atom,

singlet O, and nitric oxides, and they can be generated just from atmospheric

air, as mentioned previously. When there is humidity in the air, inside the

treatment chamber, or in the feeding gas, some other generated species are

H2O2, OH radicals, oxygen radicals, and HNOx. This is because of the

impact between electrons and water molecules, leading to the dissociation

of water and generating these lethal radicals (Liao et al., 2017; Han et al.,

2016; Hertwig et al., 2015; Majumdar et al., 2009; Gaunt et al., 2006).

Some of the chemical reactions taking place on the surface of the

microorganism during cold plasma are the following,

O∙�
2 +H2O2!O2 +OH∙ +HO�

2O∙�
2 + 2H+!H2O2 +O2

in which the generation of free radicals and compounds such as OH%, HO�,

and H2O2 are acting directly on the components of the cell membrane

(Gaunt et al., 2006).

RNS work synergistically with ROS in the microbial inactivation acting

on proteins, lipids, and DNA (Han et al., 2016). Nitrogen species generated

during cold plasma tend to accumulate on the surface of the cell and then

diffuse through the membrane, changing significantly the intracellular

pH. This change in the pH affects cellular functions, damaging the enzyme

activity, reaction rates, and protein stability but also the structure of DNA

and RNA (Hertwig et al., 2015).

When cold plasma is applied in a liquid product, RNOS tend to diffuse

through the medium and other species are generated with antimicrobial

effects such as ozone. Some byproducts of nitrous gases such as peroxynitrite

are also some of the antimicrobial compounds generated during the treat-

ment of liquids with cold plasma (Mahnot et al., 2019). In a recent study,

the use of an RNOS mist was studied as an alternative to conventional

plasma treatment. The mist was composed of submicrometer droplets
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(0.3 μm), and the authors mentioned several advantages of this technique,

for example, each droplet had a high concentration of reactive species,

allowed a better mixing of RNOS; the effective surface area was larger;

and the droplets freely moved as a mist with a better diffusion through

the product. Because the droplet needed water to be formed, there was

an increase in the concentration of compounds such as OH and H2O2 with

potent antimicrobial activity (Ranieri et al., 2019).

However, microbial cells have a line of defense against the damage of

cellular components by ROS. The damage can be prevented by antioxidants

that can scavenge ROS or repair oxidized molecules. Catalases, superoxide

dismutase (SOD), and other peroxidases are the main enzymes protecting

the cells from oxidative stress (Chen et al., 2010).
3.2 Intrinsic and extrinsic factors affecting the effectivity
of cold plasma
There is a long list of factors that scientists have been modifying to obtain

higher inactivation rates of bacteria while preserving the quality of the food

product. Intrinsic factors such as the type of bacteria or their physiological

phase are important to consider, minimizing problems related to sublethal

injured cells. On the other side, extrinsic factors can be controlled during

treatment. Although extreme processing conditions might have significative

inactivation, from the industry point of view the application of cold plasma

might not be feasible if processing times are very long or energy require-

ments are considerable. In the following section, there is a compilation of

some of the intrinsic and extrinsic factors studied until now that can modify

the microbial inactivation rate.
3.2.1 Effects related with the microorganism
Some of these effects include but are not limited to the type of bacteria, the

physiological state, mixed populations, and the stress conditions on the

microorganisms such as pH, osmotic concentration, and growth temperature,

among others.

Effect of the type of bacteria
Regarding the effect of cold plasma on gram-positive and gram-negative

bacteria, there are several published studies focused on this topic (Han

et al., 2016; Min et al., 2016; Mok et al., 2015; Feng et al., 2009) and some

of the details and results are presented in Table 2.1. Han et al. (2016) studied

the inactivation of three pathogens named E. coli, L. monocytogenes, and



Table 2.1 Examples of bacterial inactivation in different food products using cold plasma processing.

Microorganism Product Processing conditions Maximum inactivation Reference

Aerobic microorganisms Blueberries Cold plasma jet, 120 s

maximum, atmospher air

1.6–2.0 log-reduction Lacombe et al.

(2015)

Tenebrio molitor

flour

Semidirect cold atmosph ic

pressure plasma, 1–15 in,

atmospheric air, 8.8 k p,

3 kHz

From 0.62 to 2.99 log-

reduction according

to the processing

time

Buβler et al.
(2016)

Brown rice DBD, 250 W, 15 kHz, a , 5,

10, and 20 min

0.61, 0.91, 1.4 log-

reduction according

to the processing

time

Lee et al. (2016)

Rapeseed seeds Corona discharge plasma et,

20 kV, 58 kHz, dry air 3 min

2.2 log-reduction Puligundla et al.

(2017)

Red pepper

powder

Microwave-powered co

plasma, 900 W, 667 P

20 min

1 log-reduction Kim et al.

(2014b)

Pork Indirect microwave-pow ed

cold plasma, 2.45 GH

1.2 kW, air, 2 � 2.5 a

5 � 2 min

No reduction

(102–103 cfu/g)
Fr€ohling et al.

(2012)

Chicken breast

and chicken

skin

DBD, 30 kV, 0.5 kHz,

0.15 W/cm2, air, 30 s

0.85 and 0.21 log-

reduction,

respectively

Dirks et al.

(2012)
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Gram positive

Staphylococcus aureus Beef jerky Radio frequency atmospheric

pressure cold plasma, 10 min,

argon

3–4 log-reduction Kim et al.

(2014a)

Staphylococcus aureus

ATCC 25923

PBS DBD 70 kVRMS, Air, 15,

60, and 300 s

7.87, 7.83, 7.75 log-

reduction,

respectively

Han et al. (2016)

Listeria monocytogenes

NCTC 11994

PBS DBD 70 kVRMS, Air, 15,

60, and 300 s

8.06, 7.81, 7.72 log-

reduction

Han et al. (2016)

Listeria monocytogenes Onion flakes DBD combined with moisture

vaporization, 15 kHz,

20 min, helium

1.1 log-reduction Kim and Min

(2018)

Bacillus cereus KCTC3624

and Bacillus subtilis

KCTC1682

Brown rice DBD, 250 W, 15 kHz, air,

20 min

2.99 and 2.94 log-

reduction,

respectively

Lee et al. (2016)

Bacillus cereus Rapeseed seeds Corona discharge plasma jet,

20 kV, 58 kHz, dry air, 3 min

1.2 log-reduction Puligundla et al.

(2017)

Gram negative

Citrobacter freundii Apple juice Cold plasma jet, 480 s, Ar

+ 0.1% O2, 24 storage

5 log-reduction Surowsky et al.

(2014)

Escherichia coliNCTC 12900 PBS DBD 70 kVRMS, Air, 15,

60, and 300 s

8.00, 7.85, 7.66 log-

reduction,

respectively

Han et al. (2016)

Escherichia coli ATCC 25922 Tomatoes Atmospheric cold plasma,

60 kV, 50 Hz, 15 min

6 log-reduction Prasad et al.

(2017)

Continued
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Table 2.1 Examples of bacterial inactivation in different food products using cold plasma processing—cont’d.

Microorganism Product Processing conditions Maximum inactivation Reference

Escherichia coli O157:H7 Brown rice DBD, 250 W, 15 kHz, air,

20 min

2.3 log-reduction Lee et al. (2016)

Escherichia coli and Salmonella

spp.

Rapeseed seeds Corona discharge plasma jet,

20 kV, 58 kHz, dry air, 3 min

2.0 and 1.8

log-reduction,

respectively

Puligundla et al.

(2017)

Escherichia coliO157:H7 and

Salmonella enteritidis

Onion flakes DBD combined with moisture

vaporization, 15 kHz,

20 min, helium

1.4 and 3.1

log-reduction,

respectively

Kim and Min

(2018)

Salmonella enteritidis PT30 Unpeeled

almonds

Diffuse coplanar surface barrier

discharge plasma, 20 kV,

15 kHz, 15 min, air and

oxygen-based mixtures

>5 and 4.8

log-reduction,

respectively

Hertwig et al.

(2017b)

Salmonella enterica serovar

Typhimurium

Egg shells DBD, 25–30 kV, 10–12 kHz,

direct treatment with He/O2,

10 min; indirect treatment

with air 25 min

Below detection limit

(two cells per egg)

Georgescu et al.

(2017)

Salmonella enterica subs.

Enterica serovar Typhi

ATCC 19214 and

Campylobacter jejuni

RM2002/RM1849

Chicken breast

and chicken

skin

DBD, 30 kV, 0.5 kHz,

0.15 W/cm2, air, 3 min

2.5 log-reduction in

chicken breast,

1.3–1.8 log-

reduction in chicken

skin

Dirks et al.

(2012)

DBD: dielectric barrier discharge; PBS: phosphate buffer saline.
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S. aureus under four different gas mixtures. They evaluated the species gen-

erated during cold plasma processing (ROS and RNS) that interacted with

the microbial cells. Gram-negative cells such as E. coli showed to be easily

disrupted because of the action of the generated oxygen species attacking

the cell envelope composed mainly of lipopolysaccharides being easily oxi-

dized. Meanwhile, L. monocytogenes showed to be more sensitive than

S. aureus; the effect of free radicals in gram-positive cells is mainly on the

intracellular components, according to the authors.

In a similar study,Mok et al. (2015) studied the effect of afterglow corona

discharge air plasma in the inactivation of several pathogens deposited on

glass slides: E. coliO157:H7, S. typhimurium, Bacillus cereus, L. monocytogenes,

Vibrio parahaemolyticus, and S. aureus. The device operated at 20 kV,

58 kHz, and a processing time up to 24 min. The most sensitive

microorganisms in this work were the gram-negative bacteria, E. coli

(3.5 log-reduction) and S. typhimurium (2.5 log-reduction). However, the

inactivation of gram-positivemicroorganisms was limited after the same pro-

cessing time, with S. aureus the most sensitive with 2 log-reduction followed

by B. cereus and L. monocytogeneswith about 1 and 1.5 log-reduction, respec-

tivelyV. parahaemolyticus (gram-negative) had a limited inactivation, only 1.4

log-reduction. The effect of a thick cell wall seems to protect the gram-

positive bacteria against the cold plasma glow, limiting their inactivation.

On the other side, the free radicals generated by cold plasma are acting

directly on the Gram-negative bacteria, targeting the internal cell membrane

and cytoplasmatic content. According to these authors, the main effect of the

corona discharge cold plasma is the action of ROS on the microbial cells,

mainly ozone.

In another study involving a gram-negative microorganism,

S. typhimurium, and a gram-positive microorganism, L. monocytogenes, the

last showed to be more resistant to the effect of a helium-oxygen gas mixture

using a DBD plasma device (7 kV, 15 kHz, 9.6 W) during 10 min. The

gram-negative bacterium had an inactivation between 1.0 and 2.9 log-

reduction after several processing conditions tested; meanwhile, the

gram-positive bacterium had only 0.2–2.2 log-reduction (Smet et al., 2017).

It is evident that gram-positive bacteria are protected by the cell wall

against the effect of plasma. The thick cell wall is made of several layers

of peptidoglycans (40 nm); meanwhile gram-negative bacteria have outer

membranes composed of lipopolysaccharides and a thin layer of peptidogly-

cans (2 nm), decreasing considerably their resistance against preservation fac-

tors (Liao et al., 2017). According to Feng et al. (2009), the inactivation of
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gram-negative bacteria through cold plasma is because of the charge accu-

mulation on the outer surface of the membranes, leading to their break

down, whereas the inactivation of gram-positive bacteria occurs because

of the direct reaction of plasma active species with the biomolecules of

the cell.

During the study of the natural flora in fresh fish fillets, four types of

microorganisms were tested under a dielectric barrier discharge (DBD)

plasma device. Total aerobic mesophilic bacteria, psychrotrophic bacteria,

Lactobacillus (LAB), and Pseudomonas were studied at 70 and 80 kV during

1, 3, and 5 min. Total aerobic bacteria were not inactivated using the studied

processing conditions. A higher inactivation of psychrotrophic bacteria was

observed after longer processing times; LAB and Pseudomonas were more

sensitive to higher voltage (Albertos et al., 2017).

Effect of the microbial growth phase and stress conditions
An important effect that has been evaluated extensively under novel tech-

nologies but scarcely with cold plasma is related to the grown phase or status

of the microorganism. One of the works related to the effect of the cell status

was presented by Jahid et al. (2014). The authors evaluated the inactivation

of an emerging pathogen, Aeromonas hydrophila, in iceberg lettuce. A cold

oxygen (air) plasma device was used at 1210–1250 μW/cm2 and a processing

temperature lower that 32.5°C. Planktonic state cells and biofilms of this

microorganism were evaluated under the same plasma conditions. Results

showed that planktonic or live cells were more sensitive to the free radicals

generated during plasma processing rather than biofilms. The inactivation of

live cells was about 5 log-reduction just after 5 s, higher than 5 log-reduction

after 10 s and higher than 7 log-reduction after 15 s. Meanwhile, it took

between 1 and 5 min to inactivate the biofilm of A. hydrophila. Authors also

tested the effect of the incubation temperature during the biofilm formation

using the following temperatures: 4°C, 10°C, 15°C, 20°C, 25°C, and 30°C.
Inactivation was higher after 5 min for the refrigerated temperature (5 log-

reduction) and decreased as the temperature was higher (3 log-reduction for

30°C). The effect of higher incubation temperature promoted the internal-

ization and biofilm formation in stomata. This is another case that shows

how bacteria can migrate to hidden locations in the food product to protect

from environmental or sanitizing agents. In a different work, plasma

(460 kHz, 0.5 W/cm3, He-O2) was tested against Pantoea agglomerans inoc-

ulated as biofilm in green peppers using 12 and 24 h setting times for the

biofilm. Results showed that the cells on the first layer of the biofilm were
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easily inactivated with plasma, but inactivation decreased as the penetration

of the plasma species was more difficult because of the multilayer biofilm

(Vleugels et al., 2005). A full chapter describing the use of cold plasma to

eliminate biofilms is included in this book, so additional examples or details

about biofilms will not be included in this manuscript.

In another study involving the effect of some growth conditions on cells

against cold plasma processing, several variables were tested by Smet et al.

(2017). First, cells of S. typhimurium and L. monocytogenes were grown

planktonically and on a surface as colonies. Several processing conditions

in a DBD plasma device were studied (7 kV, 15 kHz, 9.6 W) with a

helium-oxygen mixture during 10 min. A general conclusion was observed

related to the high resistance presented by those cells grown as surface

colonies in a solid medium. The stress of immobilization and starvation

developed by the cells during the growth made the cells more resistant

during cold plasma. Oppositely, those cells grown planktonically were less

resistant; during growth, they were free to move into the local homogeneous

environment and have a better transport of nutrients and metabolites.

Calvo et al. (2016) studied the effect of some cellular stresses on Listeria

cells under plasma jet inactivation. Cells were grown under suboptimal tem-

perature conditions and were also exposed to different pH and different con-

ditions of acid, heat, and cold stress to study the stress adaption effect on the

inactivation during cold plasma. However, the results showed that none of

the studied stresses had an important effect on increasing the microbial inac-

tivation under cold plasma. In a similar study, S. typhimurium and S. enteritidis

cells were subjected to stress adaptation to different temperature (10–45°C)
and acid conditions to be treated further with a cold plasma jet (1 kHz, 1 W).

Stresses did not show a significative effect on the microbial inactivation of

Salmonella cells when plasma was applied for a short time (Calvo et al.,

2017). Opposite to these two studies, the findings presented by Liao et al.

(2018) showed an important effect of some preliminary stresses on microor-

ganisms when they are treated with cold plasma, but only if the stresses were

applied for a long period of time (24 h). The studied stresses included acidity

(pH 4.5–5.5), osmosis (NaCl 0.3–1.74 M), oxidation (50–100 μm MM

H2O2), heat (45°C), and cold (4°C). The tested microorganisms were again

a gram-positive organism, S. aureus, and a gram-negative organism, E. coli.

Results showed that S. aureus did not change the resistance against cold

plasma when cells were preexposed to all the stresses during a short-term

period (4 h). However, cells were less resistant to cold plasma when the

stresses were applied for a longer period (24 h), with the osmotic stress
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the one with the biggest impact on cell resistance. In the case of E. coli, short

stress exposure to oxidation and cold did not generate changes in the cells

during plasma treatment. However, acid, osmotic, and heat in short periods

of time did influence the resistance. When the stresses were applied through

24 h to gram-negative cells, all of them had an impact on the microbial inac-

tivation, weakening the cells against the plasma species.
3.2.2 Effect of the processing conditions
Processing parameters such as voltage and frequency can be adjusted in most

of the plasma devices to explore different levels of inactivation. Some other

processing conditions such as the composition of the medium of treatment,

the texture of the food surface, the selection of the working gas, the treat-

ment time, the mode of treatment (direct or indirect), and the combination

of additional hurdles or pretreatments are some of the most studied effects

published on plasma research.
Effect of the medium of treatment
There are several studies on the effect of the medium of treatment on the

efficacy of cold plasma processing. For example, S. aureus was tested in dif-

ferent surfaces such as polystyrene, agar, and beef jerky using radio frequency

atmospheric pressure cold plasma with argon. The results showed that inac-

tivation occurs faster on smoother surfaces such as polystyrene and agar

rather than on a complex surface such as beef jerky. It took only 2 min to

inactivate between 3 and 4 log-reduction in the smooth surface, and about

10 min to reduce the same bacterial load in the beef product. The complex

surface of beef jerky offers a protective effect to bacterial cells, reducing the

effectiveness of cold plasma (Kim et al., 2014a). Similar results were observed

when vegetative cells and endospores of Bacillus atrophaeus were tested in

media such as wheat and barley model systems and distilled water, then

inoculated on a rubber surface. Inactivation was more difficult on the rubber

surface compared to liquids because of the attachment of the cells to the

surface. However, the wheat and barley model systems offered some protec-

tion to cells against reactive species coming from plasma (Los et al., 2017).

Opposite results were observed during the inactivation of S. typhimurium and

L. monocytogenes when both were treated in a liquid medium and on a solid-

like surface. The authors found that inactivation was higher on the

solid surface because of the direct contact of the microbial cells with the

plasma species. In the case of the liquid medium, plasma species act on
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the plasma-liquid interface and then need to diffuse through the liquid, with

the penetration a limiting factor (Smet et al., 2017).

In a single comparison between fresh produce (tomatoes, lettuce, and car-

rots), cells of E. coliwere easily inactivated on smooth surfaces such as cherry

tomatoes rather thanon amore complex surface. Inactivationwas achieved to

a lower degree in lettuce because of the specific topography of the lettuce

leaves protecting the cells to be reached by the lethal plasma species. Finally,

the surface of carrots represented amore challengingmedium of treatment to

inactivate the same E. coli cells because of the high porosity of the vegetable

that offered good places for bacteria to hide (Bermudez-Aguirre et al., 2013).

This fact is important to consider when cold plasma is used to inactivate

microorganisms on surfaces that are not smooth and present some degree

of texture, providing niches for the bacterial cells to hide and be protected.

In another studyusingwholeblackpeppercorns and inoculating spores and

vegetative cells, inactivation was harder at those points of the peppercorns

showing cracks, grooves, and pits because of the shadoweffects. TheUVpho-

tons generated during cold plasma processing that have a lethal action on

microbial cells and spores were not able to reach them on a difficult surface,

decreasing the microbicidal effect of the plasma (Hertwig et al., 2015).

In a separate experimental work showing the importance of understanding

the chemistry behind cold plasma processing and food, researchers used atmo-

spheric pressureplasma to inactivateL.monocytogenes in containers that areoften

indirectcontactwith food.The studyevaluated themicroorganisms inoculated

on disposable plastic trays, aluminum foil, and paper cups. The plasma device

was operatedbetween75 and 150 W, usingheliumas the feeding gas and treat-

ing the materials from 60 to 120 s. No viable cells were detected on the plastic

trays after 90 and 120 s at 150 W. Meanwhile, 3 log-reduction was observed

on aluminum foil and paper cups after 120 s at 150 W as well. Although the

testedmaterials presented a smooth surface inwhich themicroorganisms could

be easily inactivated because there are no hiding places for the cells (except the

paper cups), the results did not show that. When cold plasma interacts with

solids, there are important chemical and physical changes taking place on the

surface of the material. Some studies showed that when polystyrene is treated

with cold plasma, the ion density is increased, and then the surface presents a

hydrophilic state. The plastic trays are composedmainly of polystyrene, which

contains saturated hydrocarbons that can be easily attacked by the cold plasma

species and enhance the microbicidal effect. In contrast, the paper cups were

coatedby a carbonate pigment thatmight decrease the efficiency of cold plasma

in microbial inactivation (Yun et al., 2010).
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Effect of the composition of working gas
The effect on the gas composition for microbial inactivation in plasma

experiments has been also studied by several authors (Olatunde et al.,

2019; Rossow et al., 2018; Hertwig et al., 2017a,b; Han et al., 2016; Calvo

et al., 2016, 2017; Dasan et al., 2016a; Reineke et al., 2015; Lee et al., 2015;

Majumdar et al., 2009). One of the pioneering studies in this topic was

reported by Kim et al. (2011) during cold plasma treatment of bacon slices

using two different feeding gases. The first one was only helium, and

the second was a mixture of helium and oxygen. The authors inoculated

three different microorganisms in bacon, L. monocytogenes, E. coli, and

S. typhimurium, and evaluated different power intensities (75, 100, and

125 W) and processing times (60 and 90 s). They observed a minor inacti-

vation of microbial cells when helium was used only as the feeding gas (1–2
log-reduction), but inactivation was enhanced (2–3 log-reduction) when

oxygen was present. The total aerobic bacteria were also affected by the

feeding gas mixture, observing only 1.89 log-reduction with helium but

increasing to 4.58 log-reduction when helium was combined with oxygen.

These results confirm the strong oxidizing effect of oxygen on cells during

cold plasma treatment.

Han et al. (2016) presented an innovative study using some of the gas

mixtures conventionally tested for modified atmosphere packaging

(MAP) but using them as feeding gases for cold plasma with a further storage

period. This research team used the following gas mixtures: gas 1 composed

of 70% N2 and 30% CO2, gas 2 composed of 90% N2 and 10% O2, gas 3

being only air, and gas 4 composed of 70% O2 and 30% CO2. The authors

evaluated the four gases against three pathogens, E. coli, L. monocytogenes, and

S. aureus using the same processing conditions in terms of time, medium of

treatment, and cold plasma device settings. Results showed that inactivation

was greatly enhanced when the oxygen was present in higher concentration

on the feeding gas, with gas 4 the most lethal for microbial cells. They also

observed that the longer the processing time, in this study, the higher the

microbial inactivation.

The effect of the gas composition and the gas flow rate were studied

against Listeria cells. L. monocytogenes and L. innocua were both tested under

a cold plasma jet operating at 1 kHz, 1 W, for 4 min. The tested gases were

atmospheric air and nitrogen, showing the highest inactivation of Listeria

cells when air was used. The flow rate also had an effect on the inactivation;

when the flow rate was increased inside the plasma device, the inactivation

was sped up (Calvo et al., 2016).
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Finally, in a more complex study, the effect of the gas composition

together with processing time and posttreatment time were studied

for the inactivation of several microorganisms such as Pseudomonas aerugi-

nosa, V. parahaemolyticus, S. aureus, L. monocytogenes, and E. coli inoculated

on Asian sea bass slices. The working gas was a mixture of argon and oxy-

gen (90%, 10%, and 80%, 20%) that was incorporated inside polyethylene

bags containing the fish slices. Bags were sealed and treated with DBD

HVACP (50 Hz, 80 kVRMS from 2.5 up to 10 min) and evaluated on

microbial counts just after treatment and after different posttreatment times

(from 1 to 24 h). After 1 min of treatment, the inactivation was limited

(<1.0 log-reduction) for all the microorganisms, showing higher sensitiv-

ity to gram-negative bacteria (P. aeruginosa, V. parahaemolyticus, E. coli).

After 2.5 min of treatment, the inactivation was enhanced to (>1.0

log-reduction); however, when samples were treated for 5 min and left

for 1 h as the posttreatment time, no viable cells were detected of any

microorganism. Samples left for 24 h posttreatment time did not present

any microbial growth, regardless of the processing time. The production

of ozone generated during plasma processing seems to have an antibacterial

effect on cells during storage (Olatunde et al., 2019).

Effect of direct and indirect treatment
The effect of cold plasma can be categorized as direct treatment when the

food product is in direct contact with the plasma source and the radicals

are acting on the surface of the product. Indirect treatment is when the food

is in a space surrounded by the plasma species but is not directly under the

plasma discharge. This processing parameter also has been studied in several

experiments. For example, some bacterial biofilms composed of cells of

E. coli, Bacillus, and LAB were tested under direct and indirect plasma expo-

sure, showing that the indirect mode was less efficient to inactivate bacterial

biofilms (Los et al., 2017).

Effect of the material electrode
The effect of the material electrode was studied by Ragni et al. (2016) in a

dielectric barrier discharge cold plasma device. Four materials were used for

the electrodes: stainless steel, brass, silver, and brass covered by glass. The cold

plasma equipment operated at 13.8 kV and 46 kHz, using air as the working

gas. Processing times were set from 20 to 60 min. Twomicroorganisms were

tested with very high initial counts, L. monocytogenes (9.2 log cfu/mL) and
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E. coli (9.4 log cfu/mL) in saline solutions. The electrode made of brass cov-

ered by glass was less effective in microbial inactivation. However, the elec-

trodes made of brass and silver were the most effective during treatment

because no viable cells were detected after processing. The electrode made

of stainless steel showed an average performance during microbial inactiva-

tion, but was the one that produced more ozone during processing; however

authors did not consider this ozone as part of the microbicidal effect during

cold plasma processing. Silver and brass are also known because of their anti-

bacterial effects; free silver ions are highly toxic when they enter in contact

with the cell membrane. In general, Listeria cells were affected to a higher

degree during this work compared with E. coli cells.

Effect of voltage
In cold plasma research, it is believed that the higher the voltage, the higher

the microbial inactivation. However, a recent study suggested that this

parameter does not act alone in the antimicrobial efficiency of cold plasma.

Zhang et al. (2019) studied three microorganisms found commonly in fish,

Psychrobacter glacincola, Brochothrix thermosphacta, and Pseudomonas fragi

under gas phase surface discharge plasma (75 Hz, dry air) using a bacterial

suspension. P. glacincola required 180 s at low voltage (12.8 kV) to achieve

full inactivation; meanwhile, B. thermosphacta survived low voltage after a

longer processing time and required a higher voltage to be fully inacti-

vated. Finally, P. fragi showed a higher resistance and needed a very high

voltage (22.8 kV) but also a very long processing time (5 min) to be fully

inactivated.
4 Inactivation of molds and yeasts using cold plasma

Yeasts and molds are responsible for the shortened of shelf life of several

products. Yeasts cause economic losses in the beverage industry, mainly

because of the spoilage of liquid products. On the other side, molds produce

different metabolites and some of them generated by specific species can be

toxic, having mutagenic and carcinogenic effects. These compounds are

called mycotoxins and the most carcinogenic are the aflatoxins. Aflatoxins

can be found in meat, milk, beer, cocoa, raisins, bread, cheese, apple juice,

corn, wheat, peanut products, and rice, among others ( Jay et al., 2005). It is

easy to observe mold growth on the surface of the product when the stored

conditions are favorable in terms of humidity and temperature. Then, there

is a need to find an effective way to control the production of these toxic



71Inactivation of microorganisms and viruses using cold plasma
compounds in food during storage, and cold plasma has been tested against

mold inactivation.

Mandarin is a highly consumed fruit around the world, but its shelf life is

shortened because of the growth of mold on the surface. Won et al. (2017)

studied the inactivation of Penicillium italicum in mandarin (whole fruit and

peel) under microwave-powered cold plasma. The processing conditions

were 2.45 GHz, 400–900 W, 0.7 kPa, and 2–10 min of treatment, and

the following feeding gases: nitrogen, helium, and a mixture of nitrogen

and oxygen. The best processing conditions were nitrogen, 900 W, and

10 min that reduced 84% of the mold incidence; however, this also increased

the total phenolic content and antioxidant activity in the fruit. There were

no changes in CO2 generation, weight loss, titratable acidity, pH, color, or

maturity index. The authors suggested that the action of RNS besides the

production of UV radiation, electrons, oxygen reactive species, and other

compounds generated on the mandarin peel during processing had a strong

oxidizing effect on the glycoproteins on the fungal cells. Similar results have

been observed also during inactivation of Aspergillus flavus.

One of the molds commonly found in onions is Aspergillus niger; one of

the strains of this fungi is Aspergillus brasiliensis, which was inoculated in

onion powder and tested under cold plasma treatments. Low- and high-

microwave density cold plasma (170 and 250 mW/m2) were tested on

the inoculated spores of this fungi, using helium as the working gas. The

spore inactivation was very limited (1.6 log spores/cm2) after 40 min of

treatment. The powder was stored at 4°C and 25°C and spores quantified

through 60 days. Results showed an increase in spore count during storage,

suggesting a sublethal effect of plasma during the treatment.Aspergillus spores

are resistant to UV photons because of the presence of the light-absorbing

coat of spores. Furthermore, these spores contain the pigment melanin in the

cell layers that provides a protective effect for the spore against external stres-

ses (Kim et al., 2017b). A. nigerDSM 1957 was tested under different work-

ing gases using DBD plasma equipment (300 W, 60 s) and the inactivation

was higher (4 log-reduction) when air was used; however, when air was

combined with moisture, no inactivation was observed. Pure argon allowed

a 3.6 log-reduction of spores while O2 + O3 led to 1.3 log-reduction andN2

led to 1.2 log-reduction. Inactivation of A. niger spores was not observed

when the working gas consisted of a mixture of N2 and 1% H2

(Trompeter et al., 2002).

In another study involving Aspergillus, a plasma jet was used to inactivate

A. flavus on malt extract agar media and in a brown rice cereal bar.
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The treatmentwas donewith argon and twopowers were tested, 20 and 40 W

while the processing time was from 5 to 25 min, the frequency went from

50 to 600 kHz, and the voltagewas kept constant at 10 kV.The strongest treat-

ment (40 W, 25 min) was able to inactivate the fungi in the agar completely.

Meanwhile, for the brown rice cereal bar, the treatment at 40 W during

20 min provided the bar with a shelf-life of 20 days (25°C, 100% RH); how-

ever, an unpleasant aroma was perceived during sensory studies that promoted

rejection from the panelists. This aroma could be formed because of the lipid

oxidation generated for the interaction with free radicals during the plasma

treatment. This work also showed some images of A. flavus after cold plasma

treatment exhibiting broken conidiophores and vesicles (Suhem et al., 2013).

A. flavus andAspergillus parasiticuswere both tested on groundnuts using a

cold plasma device operated at 40 and 60 W; the effect was evaluated on the

fungi structure and the production of aflatoxins. With the strongest treat-

ment, A. flavus was inactivated at 99.3% while A. parasiticus was eliminated

at 97.9%. The authors suggested a possible disintegration of the fungal spore

membrane because of the effects of electroporation and etching generated

during cold plasma. The microscopy images of the fungal cells showed bro-

ken cell walls and perforations, possibly because of the accumulation of

charged particles on the surface of the cell that are continuously attacked

by free radicals coming from the plasma source. The destruction of aflatoxin

B1 was also quantified after the plasma treatment, showing a reduction of

70% after 40 W and 15 min on A. parasiticus and a reduction of 90% after

60 W and 12 min on A. flavus (Devi et al., 2017).

There is a similar study using the same species,A. flavus andA. parasiticus,

but inoculated on maize and using a nonthermal atmospheric pressure

fluidized bed plasma (APFBP) device at 5–10 kV, 18–25 kHz, and 655 W

during 1–5 min. The feeding gases were air and nitrogen. Significative

reductions were observed in the fungi of 5.48 and 5.20 log-reduction,

respectively, after 5 min. The total aerobic plate was evaluated using the

same processing conditions and after 3 min of treatment, no viable cells were

detected. The most lethal gas was just air, again because of the presence of

ROS and RNS. Maize was stored after plasma treatment at 25°C through

30 days and evaluated at the end of this time; no mold growth was observed.

SEM images showed the disintegration of fungi cells and the aggregation of

spores after cold plasma treatment, as shown in Fig. 2.2. The authors

reported the protective effect of melanin as a component of the fungal

spores, preventing cells from dehydration because of its water-binding

capacity and then delaying the action of antimicrobials (Dasan et al., 2016a).



Fig. 2.2 Images of untreated spores of Aspergillus flavus (A, C) and A. parasiticus (E); cold
plasma-treated spores of A. flavus (B, D) and A. parasiticus (F). Plasma jet treatment
(25 kHz, 655 W, dry air, 5 min) destroyed some spores but also promoted the
formation of spore clumps. (Reprinted from Dasan, B.G., Boyaci, I.H., Mutlu, M., 2016a.
Inactivation of aflatoxigenic fungi (Aspergillus spp.) on granular food model, maize, in
an atmospheric pressure fluidized bed plasma system. Food Control 70, 1–8. Copyright
(2016) with permission from Elsevier.)
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The samedevicewasused to inactivateA. flavus andA. parasiticusonhazelnuts,

achieving 4.50 and 4.19 log-reduction, respectively, when 100%–25 kHz,

655 W, and dry air were used for 5 min inside the chamber. Hazelnuts were

also stored for 30 days at 25°C and no viable fungi cells were reported during

this time.Electronmicroscopypictures showed againbrokencells and changes

in the shape of the fungi. As in other works, fungal spores grouped together

after cold plasma treatment, showing cell clumps (Dasan et al., 2016b).

A. flavuswas inoculated in three different fresh walnut cultivars and trea-

ted under a cold plasma jet device (12 kHz, 15 kV, argon) for a total time of

11 min. Molds were fully inactivated after this time but were highly depen-

dent on the walnut variety. Dried walnut presented also a high inactivation

in a shorter processing time. During storage of treated walnuts, no viable

fungi cells were detected during the 30-day period at 4°C (Amini and

Ghoranneriss, 2016).

Seaweed is an important component of the daily diet in many Asian

countries and it is consumed in different ways. Dried laver sheets are made

of seaweed and these are rolled together with rice and other ingredients to

process kimbab, a typical food in Asia. However, one of the main problems

with this product is the elevated microbial loads because of the laver sheets.

Pathogens and molds are commonly found in high loads in dried laver (6–7
log). Low-pressure air plasma (133.3 Pa, 54.1 mW/cm3) was tested to

reduce total aerobic count, marine bacteria, and molds on laver sheets.

However, under the tested conditions, inactivation was about only 1 log-

reduction for bacteria and just 0.8 log-reduction for molds; the irregular sur-

face of the laver sheets might have a negative effect on the inactivation.

There were no important changes in color, phenolics, or sensory properties.

Although inactivation was very low, the shelf life of kimbabwas extended for

up to 72 h (Puligundla et al., 2015).

Finally, in a study using blueberries that tested an atmospheric cold

plasma jet after 120 s of treatment and used atmospheric air and 7 days of

storage (4°C), there was not an important reduction in yeasts and molds

compared to the untreated berries (Lacombe et al., 2015). Fungi cells exhibit

higher resistance to inactivation compared to bacteria because of the rigid

cell walls composed mainly of chitin (Liao et al., 2017).

Individual yeasts have not been widely explored under cold plasma treat-

ment, so only a few studies are available to date. Saccharomyces cerevisiae was

studied under a DBD plasma device (8 kV, 5 kHz) using helium as the

working gas. Detailed studies were conducted on the cells after plasma pro-

cessing to try to elucidate a possible mechanism of inactivation. The results
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showed the cellular rupture of the yeasts that took place in the very first

minutes of treatment (1–2.5 min) and was evident in the SEM pictures.

The tensile strength in the cell wall was considerably increased by the elec-

trostatic tension generated by the plasma species that led to the rupture. Pro-

teins were released from the cellular cytoplasm, increasing the concentration

in the medium. But also, mitochondria lost all activity after 2.5 min of treat-

ment, promoting cellular death. The study also presented some changes in

pH that were not enough to inactivate the yeasts, but could contribute to

inactivation (Yu et al., 2005).

A DBD plasma device (12 kV, 20 kHz, 26 W, 1–5 min, air) was used to

study the oxidative stress on S. cerevisiae inoculated in water. Yeasts were

examined after plasma processing, showing a high concentration of nucleic

acids released to the surrounding medium because of the rupture of mem-

branes, but also the decrease of intracellular protein was quantified. A high

concentration of oxygen active species was measured in the medium as well

as a high concentration of ROS in the intracellular spaces. Enzyme

activities were also studied in detail, showing an important increase in the

activity of superoxide dismutase (DOS) and catalase, trying to reduce the oxi-

dative stress on the yeast cells (Chen et al., 2010). In a similar study to evaluate

the stress conditions generated because of the plasma treatment on yeast cells,

S. cerevisiae was tested under liquid plasma discharge in bubbles and gas dis-

charge using different frequencies (60, 90, and 120 Hz) during 10 min and

argon or air as the working gas. The use of gas discharge showed a limited

inactivation; the highest inactivation was about 1.59 log-reduction after

10 min at 90 Hz using only air. The use of argon limited the inactivation even

more with only 1.18 log-reduction after 10 min at 60 Hz. On the contrary,

the use of liquid plasma discharge in bubbles using argon was able to

completely inactivate all yeast cells (highest inactivation was 5.61 log-

reduction at 90 Hz). In one of these tests where yeast cells were not detected

after plasma processing using conventional microbiological methods, yeasts

were able to recover their metabolic activity when medium conditions were

favorable to them. The authors mentioned that cells were “viable but not

culturable” after treatment as they reduced their metabolic activity and

remained alive. Yeast cells were able to activate the defense mechanism

through the production of proteins, as shown in the proteomic analysis, to

reduce the plasma stress and recover after treatment (Stuli�c et al., 2019).
In another work, Colonna et al. (2017) studied S. cerevisiae under a high-

voltage atmospheric cold plasma device operating at 18–80 kV with proces-

sing times between 0 and 4 min. The working gases were dry air and
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oxygen-rich modified air. This last one was more effective in inactivating

the yeast with>2 log-reduction. Inactivation was enhanced when cell den-

sities and suspension volumes were smaller. It is believed that some of the

plasma active species such as O3, NOx, and H2O2, to mention a few, influ-

enced lipid oxidation, DNA damage, enzyme inactivation, and electropo-

ration of the cells. Microscopy of the plasma-treated S. cerevisiae showed a

slight change in the shape of the yeast cells and the original smooth surface

of the cells was no longer visible. An important finding in this work is related

to the pH in the medium of treatment. Cells were more sensitive in water,

requiring only 1 min for full inactivation compared to grape juice that

needed 3 min for the same results. The pH of the plasma-treated yeast-water

suspension decreased from 6.96 to 2.94; according to the authors, this is

because of the production of peroxynitrous acid.
5 Inactivation of spores using cold plasma

Spores are known because of their high resistance to all preservation factors,

including heat. Several emerging preservation factors have been tested against

spores with partial success. They required the combination of a few inactiva-

tion factors applied together to achieve a significant spore reduction. Cold

plasma, as a novel technology in food preservation, has been explored for

spore inactivation; available studies have shown encouraging results so far.

During the study of B. atrophaeus (vegetative cells and endospores) in dif-

ferentmedia under cold plasma treatment using aDBDdevice, vegetative cells

showed to be less resistant than spores, as expected. A 5 log-reduction of

vegetative cells was achieved after only 10 min, and a similar reduction

was achieved for spores but after a longer processing time of 20 min. These

spores are known to be resistant to ozone and species generated during plasma

treatment (Los et al., 2017). In a separate study using only B. atrophaeus spores

under a plasmabrush (15 W,1–7 min, pure argon, and argonplusoxygen), the

authors found again high resistivity to cold plasma treatment. After 7 min of

treatment using only pure argon, the spore inactivation was limited to

3 log-reduction.Theymentioned that the outer layer of the sporewas respon-

sible for blocking the diffusion of plasma active species generated with pure

argon.However,when the oxygenwasmixedwith argon and used as awork-

ing gas, spore inactivation was boosted. After 1 min of treatment, 4 log-

reduction was achieved, reaching full inactivation after 4 min of treatment.

The authors mentioned the powerful effect of oxygen during plasma proces-

sing, generating active species such as atomic oxygen (O), metastable oxygen
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(O2∗), ozone (O3), and oxygen ions (O2
+) that can promote oxidative reac-

tions in the outer layers of the spore, exposing the core to free radicals. After

only 25 s of treatment, spores showed a quick and important leakage of pro-

teins and DNA, but also a reduction in their size (Yang et al., 2010).

Hati et al. (2018) mentioned the effect of the working gas on the inac-

tivation of Bacillus subtilis spores. Using the mixture of O2, O2/Ar, O2/H2

and O2/Ar/H2, CO2, and O2/CF4, only 2 log-reduction was observed on

the spore inactivation. However, when the feeding gas was only a mixture of

O2 and CF4, the spore reduction was boosted to 5-log reduction. Another

study dealing with the composition of the feeding gas was reported for the

inactivation of B. atrophaeus and B. subtilis. Both spores were tested under a

radio frequency-driven plasma jet at 27.12 MHz, 30 W, and processing

times from 1.5 to 15 min. The feeding gas went from pure argon to mixtures

with oxygen (0–0.34% v/v) and nitrogen (0–0.3% v/v). In this specific

study, pure argon seemed to be the most lethal for the spores after 5 min

of treatment, with 3.1 log-reduction for B. atrophaeus and only 2.4 log-

reduction for B. subtilis, (Reineke et al., 2015). In another research con-

ducted with spores of B. subtilis four working gases were tested: air, nitrogen,

oxygen, and CO2, using a diffuse coplanar surface barrier discharge plasma

plate at 20 kV, 15 kHz, and 7 min. The highest inactivation was observed

when nitrogen was used as the feeding gas (Hertwig et al., 2017a).

One of the most resistant species of Bacillus spores is B. cereus, which has

been widely researched under different novel technologies (Soni et al.,

2016; Markland et al., 2013; Bermudez-Aguirre et al., 2012; Armstrong

et al., 2006) with limited inactivation in most of the studies. In the case

of cold plasma, B. cereus spores have been studied in different products

and model systems with mixed results. For example, B. cereus spores were

inoculated in onion powder and tested under low-microwave density

(170 mW/m2) and high-microwave density (250 mW/m2) cold plasma

processing (400 W, helium, 40 min). Spores were inactivated only 2.1

log-reduction using high-microwave density plasma and spore death

was increased as the processing time was higher. However, there were

important changes in the volatile profile of the onion powder after treat-

ment. The high-microwave density plasma seems to be more effective in

the inactivation of spores because of the higher concentration of chemical

reactive species and their continuous interaction with the spores. This leads

to the breakdown of disulfide bonds that are present in the protein coat of

the spores, making them susceptible to the attack from reactive species

(Kim et al., 2017b).
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The effect of the medium of treatment also has some influence on spore

inactivation, as in the case of vegetative cells. Spore inactivation seems to be

easier and faster in smooth surfaces rather than in difficult and complex sur-

faces, just like vegetative cells. Butscher et al. (2016) presented an example of

cold plasma treatment (DBD, 8 kV, 10 kHz, argon) treating spores of Geo-

bacillus stearothermophilus on wheat grains and polymeric surfaces. The results

showed an easier inactivation on smooth surfaces; wheat grains presented

uneven surfaces, loose pieces, and a ventral furrow where spores can be

hidden and protected from the plasma species, reducing the inactivation

considerably. The highest spore inactivation was about 3 log-reduction after

60 min of treatment. Another important fact that was observed is that

single spore layers are easily inactivated rather than stacked layers of spores

because of the protective effect between layers. No significant changes were

observed on wheat grain properties after cold plasma processing.

In a former study, B. stearothermophilus was tested under an arc jet plasma

device (10–30 kW, 5–10 s, nitrogen, and argon), evaluating the influence of
the gas flow rate ranging from 0.5 to 3.5 ft./s. The authors observed that

spore inactivation was enhanced as the flow rate was increased, but they also

tested the effect of UV radiation on spores. They observed that UV alone in

the tested conditions was not able to fully inactivate spores. However, the

UV radiation generated during the plasma glow contributed to the spore

inactivation because of the photolysis of chemical bonds and the additional

production of hydroxyl radicals, enhancing significatively the biocidal effect

of plasma (Farrar et al., 2000). Additional details and studies about spore

inactivation under cold plasma processing are presented in Table 2.2.
5.1 Possible mechanism of spore inactivation
The research that has been conducted in spore inactivation in cold plasma

shows some of the possible effects of the chemical species and UV radiation

on spores. Bacillus spores are known because of their high resistance to con-

ventional preservation factors. This is because of the structural complexity

and the chemical composition of the spore. The spore is surrounded by a

multilayer coat that is mainly composed of protein (80%) with a minor com-

position of carbohydrates (6%). The protein layer protects the spore and

works as a barrier to different agents (Los et al., 2017). In Fig. 2.3A, these

layers are presented from the core to outside: the inner membrane, the germ

cell wall, the cortex, the outer membrane, and the spore’s coat.



Table 2.2 Examples of spore inactivation treated under selected conditions of cold plasma.

Spore Medium of treatment Processing conditions
Maximum
inactivation Reference

Bacillus subtilis and

B. atrophaeus

Whole black

peppercorns

Microwave-driven remote plasma,

2.45 GHz, 1.2 kW, 30 min, air

2.4 and 2.8 log-

reduction,

respectively

Hertwig et al.

(2015)

Bacillus subtilis 168 Glass slides Low pressure (70 Pa), low temperature,

microwave-powered plasma (4 kW),

80% N2: 20% O2, 30 s

3 log-reduction Roth et al. (2010)

Bacillus subtilis

ATCC 6633

Polycarbonate

membranes

Cold atmospheric plasma plume system,

29–37 kHz, 3–15 kV, helium-

oxygen mixture, 600 s

>4 log-reduction Deng et al. (2006)

Bacillus cereus Red pepper powder Microwave-powered cold plasma,

900 W, 667 Pa, 20 min plus heat

treatment at 90°C for 30 min

3.4 log-reduction Kim et al. (2014b)

Bacillus atrophaeus Petri dish inside

polypropylene

sealed package

High-voltage atmospheric cold plasma,

70 kVRMS, 60 s, 70% RH, direct

and indirect treatment

6.3 and 5.7

log-reduction,

respectively

Patil et al. (2014)

Geobacillus

stearothermophilus

Wheat grains DBD, 8 kV, 10 kHz, argon, 60 min 3 log-reduction Butscher et al.

(2016)

DBD: dielectric barrier discharge.
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Fig. 2.3 Schematic representation of the spore multilayer structure (A); effect of UV light
on the erosion of the spore surface known as photodesorption (B); diffusion of RONS
(reactive oxygen nitrogen species) through the layers reacting with spore components to
generate toxic products allowing spore inactivation, known as etching (C).
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In an early work done with spores under cold plasma, the main findings

on the possible mechanism of inactivation suggested the effect of free radicals

on the spore’s coat, mainly the oxygen-based radicals. Because of the aggres-

sive oxidative environment, the proteins presented in the coat can be dena-

tured, making the spore core vulnerable to other plasma species. The authors

also found that those survivor spores presented metabolic changes that were

related to enzyme activities disrupted by the plasma action (Laroussi

et al., 2006).

A more recent and detailed study conducted by Hertwig et al. (2015) in

Bacillus spores showed that on the spore surface, there can be decomposition

of organic material for two main mechanisms, named photodesorption and

etching, during cold plasma treatment. The phenomenon known as photo-

desorption is mainly an erosion on the spore surface induced by theUV radi-

ation generated as part of the plasma glow (Fig. 2.3B). This erosion breaks

chemical bonds of compounds on the spore surface, leading to the formation

of volatile compounds. The second phenomenon associated with spore

inactivation and known as etching is mainly the adsorption of the plasma

active species that will react with other cellular components and will form

new chemical compounds (Fig. 2.3C). The microstructure images of spores

in this research work did not show important visible changes in the spore

surface, mainly because of the effect of nitrogen diffusion through the spore

layers reacting with some free water in the spore core. The result of this reac-

tion is nitric and nitrous acids that destroy the inner spore membrane,
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inactivating the spore without outside damage. Reineke et al. (2015) sug-

gested that spore inactivation with cold plasma occurs because of the three

main phenomena associated with the production of free radicals and UV

radiation during the plasma glow. The faster mechanism of spore inactiva-

tion according to this research group is the effect of UV radiation on the

DNA, followed by a combination of intrinsic photodesorption and etching

of organic molecules.

On the contrary, during the study of B. atrophaeus endospores and after

30 min of treatment with cold plasma, electron microscopy showed two dif-

ferent panoramas of spores, intact spores, and completely disintegrated

spores. That suggests that during this processing time, there were different

ranges of mechanisms of inactivation in spores due to chemical reactions and

the actions of oxygen and nitrogen species, among others. The authors sug-

gested that the chemical species during cold plasma processing can penetrate

the spores and cause damage to DNA, disturbing permanently the spore

genome (Los et al., 2017). These findings agree with the work reported

by Tarasenko et al. (2006) while studying B. cereus spores under cold plasma.

After the first examination using SEM, the authors reported a shrinkage of

the exosporium layer during the first seconds of treatment, with a further lots

of appendages. When spores were treated with a longer processing time,

they lost their integrity, showing the lack of appendages and exosporium.

The use of atomic forcemicroscopy confirmed the changes in shape and size.

The authors concluded that the diffusion of atomic oxygen, coming from

plasma, promotes chemical reactions inside the spore, affecting nucleic acids,

lipids, proteins, and sugars. According to Deng et al. (2006), plasma species

were responsible for the shrinkage, leakage of cytoplasm content, and rup-

ture of membranes in B. subtilis spores after being treated with a plasma

plume using only helium. They reported minor effects from heat, charged

particles, electric fields, and UV photons during spore inactivation.

Three kinds of spores were evaluated under nitrogen cold plasma jet,

B. cereus, B. atrophaeus, and G. stearothermophilus after 5, 10, 15, and 20 min

of treatment. The same inactivation was observed for the three strains after

the first 15 min of processing, but after 20 min, the inactivation was higher

in B. atrophaeus (4.9 log-reduction), followed by G. stearothermophilus

(4.2 log-reduction) and again the most resistant B. cereus (3.7 log-reduction).

Microscopy images showed the spores for this last microorganism with some

etching and bumps in the surface (see Fig. 2.4).When nonionized nitrogen gas

was used, there were no changes in the spore morphology. Meanwhile, phase

contract microscopy showed a limited water influx in the spore after the cold



Fig. 2.4 Images of Bacillus cereus spores ATCC14579, top images show the morphology
of untreated spores, bottom images show the spores after nitrogen plasma jet
treatment (20 min) with some changes on the spore surface. (Reprinted from van
Bokhorst-van de Veen, H., Xie, H., Esveld, E., Abee, T., Mastwijk, H., Groot, M.N., 2015.
Inactivation of chemical and heat-resistant spores of Bacillus and Geobacillus by
nitrogen cold atmospheric plasma evokes distinct changes in morphology and integrity
of spores. Food Microbiol. 45, 26–33. Copyright (2015) with permission from Elsevier.)
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plasma treatment, showing an inside phase gray (van Bokhorst-van de Veen

et al., 2015).

Kim et al. (2017a) studied the effect of microwave-combined cold plasma

treatment on the inactivation of B. cereus spores inoculated on red pepper

flakes. The processing conditions were 900 W, 2.45 GHz, 20 min, and

helium as the working gas. Two different microwave densities were tested:

low and high density. The results showed that high densitymicrowave power

led to higher inactivation, doubling the spore reduction compared to low

density. The authors also studied the effect of the drying technology on

the flakes under cold plasma. Far-infrared drying produced flakes with a

cracked and irregular surface while vacuum-drying generated smoother



83Inactivation of microorganisms and viruses using cold plasma
pepper flakes.Likemicrobial inactivation, the sporeswere easily inactivatedon

the smooth surface again (1.6 log/cm2), rather than in a cracked surface. The

effect of the particle size was discussed in this work, showing that spore inac-

tivationwas easier on flakes rather than smaller particles,mentioning a possible

effectofhigherconcentrationof free radicalson the flakes actingdirectlyon the

spores. Finally, the authors studied the effect of aw of the pepper flakes on spore

inactivation and surprisingly, as aw increased, spore inactivation also increased.

This is because as aw increases, there is a greater rupture of hydrogen bonds

releasing more hydroxyl radicals. That is in agreement with the theory of

the diffusionof nitrogen radicals through the spore inner layers to interactwith

some free water and produce spore death because of the generation of nitric

and nitrous acids, previously discussed in this chapter.

Mutant strains and wild-type spores of B. subtiliswere studied under cold

plasma processing (20 kV, 15 kHz, 7 min, different feeding gases), and the

research was focused on the effect on the lack of some of the main compo-

nents of the spore during the inactivation process. The spore mutant strains

were classified as follows: a strain lacking genes to produce two major small

acid soluble proteins (SASPs), a strain unable to synthesize dipicolinic acid

(DPA) during sporulation that protects the spore’s DNA, and a strain lacking

the outer space coat of the spore. The highest resistance of the mutant strains

to the cold plasma treatment was shown by the spore lacking the genes

encoding the two major SASPs. One of the main effects of SASPs on a

spore is to protect the DNA from oxidizing agents. The other two strains

were also affected by cold plasma processing to a lower degree (Hertwig

et al., 2017a).

Summarizing, cold plasma processing seems to be an option for spore

inactivation after evaluating some preliminary results. However, additional

research needs to be conducted to fully understand the mechanisms of spore

inactivation and the impact of the medium of treatment, but also to study

other types of spores found in food products.
6 Inactivation of viruses using cold plasma

Although viruses are very single structures, as shown in Fig. 2.5A, inactiva-

tion studies of those foodborne species are limited for several reasons. For

example, the cultivation of a virus needs a host cell; they do not replicate

in food and the numbers are very low compared to bacteria, then recovery

techniques are required. Many food microbiology laboratories do not have



Fig. 2.5 Schematic representation of Hepatitis A virus (HAV) showing the three main
components of the structure: the capsid, RNA genome, and the encoded protein VPg
(A); possible effect of cold plasma treatment on the viral structure, showing mainly
the diffusion of ROS through the capsid to reach the RNA genome (B).
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the required facilities to work with viruses and there are limitations in detec-

tion methods for food-related viruses ( Jay et al., 2005).

Some of the few reported studies on viruses are discussed in this section.

Bae et al. (2015) studied the effect of a cold plasma jet on the inactivation of

Murine norovirus-1 (MNV-1) and Hepatitis A virus (HAV) in fresh meat such

as beef loin, pork shoulder, and chicken breast. Processing conditions were

3.5 kV, 28.5 kHz, from 10 s to 20 min, and nitrogen as the feeding gas. The

initial counts for MNV-1 were 107 PFU, finishing with a reduction >2 log

PFU/mL; meanwhile, HAV started at 106 PFU and finished with a reduc-

tion >1 log PFU/mL after plasma treatment. The authors mentioned the

antiviral components of the plasma glow, such as photons, electrons, positive

and negative ions, free radicals, neutral atoms, UV photons, ROS, and

RNS, that are the same with antimicrobial activity, as previously reported.

Another work related to viral inactivation using cold plasma was pre-

sented by Lacombe et al. (2017). The authors studied Tulane virus (TV)

and Murine norovirus (MNV) inoculated on blueberries. A cold plasma jet

was used at 47 kHz and 549 W, then tested for a few seconds (15 s) until

120 s. After cold plasma treatment, the viral titers showed a reduction in

TV of about 1.5 log PFU/g after 45 s while MNV was reduced 0.5 log

PFU/g after 15 s. With the addition of ambient air in the chamber, the inac-

tivation of TV was increased to 3.5 log PFU/g after 120 s and for MNV to
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5 log PFU/g after 90 s. The tulane virus was also studied in Romaine lettuce

and treated with a dielectric barrier discharge plasma device (38.5 kV, 5 min)

to show a final reduction of 1.3 log PFU/g. Some authors have reported an

increase in the antiviral effect when there is the presence of oxygen in the

environment. Although the mechanism of viral inactivation is not well

understood, the authors suggested a couple of targets during the process:

virus genome and capsid. ROS acting on the virus during cold plasma

can possibly damage the polypeptide chains, generating perforation in the

viral capsid. However, the effect of ozone is also important because there

is a limited diffusion of ROS though the protein coat to reach the nucleic

acid core and finally damage and destroy the RNA, as shown in Fig. 2.5B.

The area of viral inactivation using cold plasma is a scarcely studied field

in food microbiology, but presents a lot of research opportunities and chal-

lenges to better understand the effect of free radicals, UV light, photons, and

ions, among others, on the single viral structure.
7 Inactivation of parasites using cold plasma

In the last 5 years, there has been an important increase in the report of food-

borne cases related to the presence of parasites. According to the Centers for

Disease Control and Prevention (2019), the most common parasite found in

food has been Cyclospora with high incidence in fresh salads, vegetables,

fruits, and herbs. C. cayetanensis is a spherical oocyst with a diameter from

7.5 to 10 μm; oocysts are surrounded by a thick wall (50 nm) and an outer

fibrillar coat (63 nm) composed of carbohydrates and lipids (Erickson and

Ortega, 2006). These protozoa are resistant to chlorine, although sensitive

to drying ( Jay et al., 2005).

Other organisms that are considered emerging parasites and that can be

found in food are Cryptosporidium, Giardia, Fasciola, and Fasciolopsis. These

parasites are often called waterborne because they are easily found in water

that is in contact with food, producing the contamination. Experts believe

that the incidences of parasites found in food in the United States is

underrecognized but has been increasing drastically because of globalization

in the last several years (Dorny et al., 2009). In a recent work presented in the

European Union about water and foodborne parasites, a similar opinion was

shared from the experts, mentioning the lack of care of this topic in food

safety. The main reasons are the biological diversity of the parasites and

the lack of standard detectionmethods as well as the lack of knowledge about

the impact of these microorganisms on public health (Caccio et al., 2018).
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There are very few studies about the inactivation of parasites with differ-

ent technologies, for example, the use of ultraviolet (UV) light can damage

the organism to a minor degree but reduce considerably the reproduction

rate. However, there are limitations on the use of UV because of shielding

effects and the presence of resistant subpopulations. Ozone has been able to

inactivate some protozoan parasites because of the effect of this molecule on

protein degradation and the modification that produces the structure of the

cyst wall. It is also well known that free radicals can penetrate the cyst wall

and oxidants act on the outer layer of the cyst, promoting the release of

proteases. In general, it has been observed that C. cayetanensis is more resis-

tant to the studied preservation factors rather thanCryptosporidium orGiardia

(Erickson and Ortega, 2006).

Unfortunately, there are no available reports of cold plasma for parasitical

inactivation, despite the possible successful results. With previous knowl-

edge about the effect of UV and ozone on the inactivation of some parasites,

it is highly probable that cold plasma could be effective on the inactivation of

emerging parasites in food. It is indeed an important research need that

should be addressed in the coming years.
8 Conclusions

Cold plasma seems to be a technology with a great potential for microbial

disinfection. Results dealing with bacteria, fungi, and spores show promising

results. Additional research needs to be conducted in those areas that are less

explored such as viruses and parasites. As the information emerges, more

conclusions can be drawn in terms of mechanisms of inactivation, depending

on the several conditions tested. An important area to study is the one related

to the generation of new compounds in food during cold plasma processing

that are toxic for microorganisms but should not exceed permissible limits

for consumers, besides the possible chemical reactions modifying quality or

nutritive attributes in food.
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1 Introduction

Thermal processing has been the preferred technology of the food industry

to extend shelf life and inactivate microorganisms. However, the use of heat

adversely affects the overall quality, e.g., nutritional and sensory attributes, of

the food products. Therefore, during the last 30 years, several emerging pro-

cessing technologies have been proposed as alternatives to thermal food pro-

cessing. Among them, cold atmospheric-pressure plasma (CAPP) offers mild

processing temperatures, high efficiency with inactivation levels above

5–7 log10 for a variety of microorganisms, short processing times, low set

up and operating costs, and low environmental impact due to limited energy

requirements and no generation of toxic by-products or residues (van Impe

et al., 2018; Zahoranova et al., 2018; Misra et al., 2011; Pankaj and Keener,

2017; Thirumdas et al., 2015).
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Microbial inactivation using cold atmospheric-pressure plasma relies on

the production of a diverse mix of lethal components including ultraviolet

radiation, reactive oxygen species (ROS) such as ozone (O3), hydrogen per-

oxide (H2O2), singlet oxygen (
1O2), peroxyl (ROO•) and hydroxyl radicals

(•OH), reactive nitrogen species (RNS) including nitric oxide (NO•), perox-

ynitrite (ONOO―) or peroxynitrous acid (OONOH) and strong electric

fields (Szili et al., 2018; Misra et al., 2019). During cold plasma treatment,

the concerted action of several or all these lethal effects results in the effective

inactivation of microorganisms, molds, yeast, and even viruses.

Plasma can be produced using several equipment configurations includ-

ing, but not limited to, dielectric barrier discharge (DBD), atmospheric pres-

sure plasma jet (APPJ), gliding arc discharge, and corona discharge reactors

(Xiang et al., 2018b). DBD and APPJ are the configurations most often stud-

ied in food applications, however, spray reactors are also popular in the

industry due to their low cost and ability to operate continuously (Wang

et al., 2018; Pankaj et al., 2018). Plasma has been induced using different

gases from ambient air, oxygen, and nitrogen, to noble gases such as helium

and argon, and their combinations. The characteristics of the inducer gases

have a remarkable effect on the type and concentration of the lethal agents

generated. For instance, oxygen-rich gases give rise to higher concentrations

of reactive oxygen species (ROS) than pure noble gases. The accurate quan-

tification of the lethal factors’ concentration generated during cold

atmospheric-pressure plasma treatments has been hindered by their number,

diversity, and short lifespan (Smet et al., 2018). For example, the lifetime of

singlet oxygen, 1O2, is typically lower than 3.5 � 10�6 s (Schweitzer and

Schmidt, 2003). Also, the complex kinetics of the reactions that these lethal

compounds ensue have received limited attention in terms of their model-

ing, which makes developing adequate and mechanistic inactivation models

a difficult task.

Due to the reactive nature of the bactericidal components generated dur-

ing plasma treatments, operation at low or mild temperatures does not

ensure high-quality food products. Adverse changes in organoleptic and

nutritional attributes have been reported in samples treated with CAPP,

particularly in foods with moderate and high lipid content and liposoluble

compounds such as vitamins and flavors (Santos et al., 2018; Gavahian

et al., 2018; Albertos et al., 2017; Rod et al., 2012; Sarangapani et al.,

2017). Careful optimization of CAPP operating conditions (i.e., input

power, processing time and temperature), which can be assisted by adequate

modeling, is required to minimize these problems.
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2 Modeling microbial inactivation—Descriptions
vs. predictions

2.1 Survival patterns under CAPP treatments
The majority of the microbial inactivation curves recorded under thermal

and nonthermal treatments do not follow first order kinetics. Consequently,

models that adequately describe nonlinear patterns should be utilized. As

shown in Table 3.1, CAPP treatments are not an exception, and the survival

curves obtained, regardless of the reactor type or inducer gas employed, sel-

dom exhibit a log-linear response over time. Within this section, models to

describe the most frequently reported patterns will be provided.
2.1.1 Linear, convex and concave survival curves
TheWeibullian model can adequately describe concave upward and down-

ward survival curves as well as log-linear ones. This explains its wide appli-

cation to characterize microbial inactivation using thermal and nonthermal

treatments (van Boekel, 2002; Bermudez-Aguirre and Corradini, 2012;

Bermudez-Aguirre et al., 2016; Peleg, 2006). This model has been increas-

ingly used to describe inactivation curves obtained using cold atmospheric-

pressure plasma treatments (Frohling et al., 2012; Kim et al., 2014; Lee et al.,

2015; Mosovska et al., 2018) and can be expressed as (Peleg, 2006):

log10 S tð Þ¼ log10

N tð Þ
N0

� �
¼�btn (3.1)

where S(t) is the survival ratio, N(t) and N0 are the momentary and initial
microbial counts, and b and n correspond to the inactivation rate and a mea-

sure of the semi-logarithmic survival curve’s concavity, respectively. When

n < 1, the semi-logarithmic survival curve exhibits a concave upward shape.

This pattern accounts for the distribution of stress resistance within a micro-

bial population and implies that the more sensitive cells are inactivated first

and the remaining population becomes progressively sturdier. When n > 1,

the semi-logarithmic survival curve shows a concave downward shape that

may be explained by accumulated damage on the remaining population

which makes the surviving cells progressively more susceptible to a lethal

treatment (McKellar and Lu, 2003; Peleg, 2006; van Boekel, 2008).

A linear semi-logarithmic survival curve is just a special case of the model

where n ¼ 1. Examples of the fit of Eq. (3.1) to inactivation data obtained

using CAPP are presented in Fig. 3.1 (left and middle).

Although Table 3.1 does not provide an exhaustive survey of inactiva-

tion patterns using CAPP treatments, the presented examples suggest that in



Table 3.1 Inactivation patterns of bacteria, molds, yeasts and viruses under cold atmospheric-pressure plasma (CAPP) treatments

Microorganism Media

Treatment
characteristics
(reactor type and
inducer gas)

Pattern
observed

Log reductions
reported Reference

Bacteria (vegetative cells)

Campylobacter jejuni Chicken breast APPJ

Argon (Ar), ambient

air

Downward

concavity and

sigmoidal

1.5–2.5 Rossow et al.

(2018)

Escherichia coli Apple juice DBD

Ambient air

Downward

concavity

4–4.3 Liao et al.

(2018)

E. coli Pumpkin puree Corona discharge

plasma jet

Ar

Sigmoidal �4 Santos et al.

(2018)

E. coli Tomato DBD

In package

Upward

concavity

4.5–6.0 Prasad et al.

(2017)

E. coli, Salmonella

enterica

Lentil seeds DCSBD

Ambient air

Upward

concavity

5.9 and 5

(respectively)

Waskow et al.

(2018)

E. coli, Salmonella

Enteritidis, Bacillus

subtilis

Whole black

peppercorns

DCSBD

Ambient air

Linear,

downward

and upward

concavity

�6.5, �6.5,

�5

(respectively)

Mosovska et al.

(2018)

E. coli O157:H7,

Staphylococcus aureus,

Salmonella

Typhimurium

Packaging material (glass,

low-density polyethylene,

polypropylene, paper foil)

Corona discharge

plasma jet

Dry air

Upward

concavity

4.5–5.0 Lee et al. (2017)
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L. monocytogenes,

L. innocua

Culture media APPJ

Ambient air and N2

Upward

concavity

� 2.5 Calvo et al.

(2016)

Salmonella enterica,

Escherichia coli

Apple surface Corona discharge

plasma jet

Ambient air

Upward

concavity

5.3

(Salmonella)

5.5 (E. coli)

Kilonzo-

Nthenge et al.

(2018)

S. Enteritidis Eggshells APPJ

Ambient air

Upward

concavity

3.5–5 Dasan et al.

(2018)

S. enterica serovar

Enteritidis, E. coli

O157:H7,

L. monocytogenes

Onion flakes DBD

Helium (He) and

moisture

Upward and

downward

concavity

3.1 � 0.1,

1.4 � 0.1,

1.1 � 0.3,

respectively

Kim and Min

(2018)

Bacteria (spores)

Bacillus

amyloliquefaciens

Glass surface (dried spores) DBD

Ambient air

Biphasic <limit of

detection

(�>8)

Huang et al.

(2019)

Bacillus subtilis Whole black peppercorns DCSBD

Ambient air

Upward

concavity

�2 Mosovska et al.

(2018)

B. subtilis var. niger Spore strips DBD

22%O2, 30%N2,

40%CO2 and 8%

Ar

Sigmoidal 5–6 Mendes-

Oliveira et al.

(2019)

Geobacillus

stearothermophilus

Cereal grains DBD

Ar

Upward

concavity

3 Butscher et al.

(2016)

Molds and fungi

Aspergillus flavus,

Alternaria alternata,

Fusarium culmorun

Maize surface DCSBD

Ambient air

Downward

concavity

4.2, 3.2, 3.8

(respectively)

Zahoranova

et al. (2018)

Continued
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Table 3.1 Inactivation patterns of bacteria, molds, yeasts and viruses under cold atmospheric-pressure plasma (CAPP) treatments—cont’d

Microorganism Media

Treatment
characteristics
(reactor type and
inducer gas)

Pattern
observed

Log reductions
reported Reference

Aspergillus niger spores Black peppercorns SDBD

O2, humidified

compressed air, and

humidified O2

Upward

concavity

3–4 Tanino et al.

(2019)

Yeasts

Zygosaccharomyces

rouxii

Apple juice DBD

Ambient air

Downward

concavity

�5 Xiang et al.

(2018b)

Zygosaccharomyces

rouxii

Apple juice APPJ

Ambient air

Upward

concavity

2.4–6.85 Wang et al.

(2018)

Viruses

Feline calicivirus Infected cell lysates DBD

Ambient air

Linear-

upward

concavity

4.5 Yamashiro

et al. (2018)

Murine Norovirus

(MNV)

Blueberries APPJ

Ambient air

Upward

concavity

3–7 Lacombe et al.

(2017)

APPJ, atmospheric pressure plasma jet; DBD, dielectric barrier discharge—volumetric discharge; DCSBD, diffuse coplanar surface barrier discharge; SDBD, surface
dielectric barrier discharge—surface bound discharge.
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most systems, initial exposure to plasma generates a fast inactivation followed

by progressive reduction on the inactivation rate as the treatment continues,

which results in survival curves with an upward concavity.

Provided that the concentration of the lethal agents remains constant or

the changes in concentration of the most relevant lethal components of the

plasma can be adequately characterized, a dynamic rate model to provide

estimations on alternative scenarios can be developed based on Eq. (3.1),

as it has been extensively reported in the literature (Peleg, 2006).
2.1.2 Biphasic survival curves
Inactivation of bacterial endospores under cold atmospheric-pressure plasma

treatments often results in survival patterns that exhibit an abrupt change, i.e.,

a broken straight linewith two distinct stages (Huang et al., 2019;Roth et al.,

2010; Lopes et al., 2018). The biphasic shape of these survival curves can be

characterized by a three-parameter model as follows (Corradini et al., 2007):

If t� t1 log10 S tð Þ¼�k1t (3.2)

If t> t1 log10 S tð Þ¼�k1t1�k2 t� t1ð Þ (3.3)

where k1 and k2 are the first and second logarithmic inactivation rate constants
and t1marks the time of the transition fromone phase to the other. In the case

of CAPP inactivation of bacterial endospores, the first stage predominantly

exhibits faster inactivation kinetics, and during the second phase, the inacti-

vation rate decreases significantly. Although not reported in microbial inac-

tivation using CAPP, the opposite behavior cannot be discarded.

These sharp changes in inactivation rate have been hypothesized to cor-

respond to the prevalence of different inactivation mechanisms effectively

acting on the microbial population at different stages of the treatment, i.e.,

a fast and initial inactivation step due to DNA damage by UV radiation and a

subsequent slower inactivation step caused by oxidative damage of different

components in the cell (Lopes et al., 2018). Another explanation to the two-

phase shape has been provided by Huang et al. (2019) that speculated that

this pattern arises from an initial and rapid inactivation of spores located

at the surface of a sample followed by the progressive inactivation of shel-

tered spores located deeper within the sample.

As it can be observed in Eqs. (3.2), and (3.3), the abrupt transition

between inactivation phases can be easily modeled using “If” statements.

The inclusion of this command does not hinder its transformation into a rate

model to provide estimations on alternative dynamic scenarios.
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2.1.3 Survival curves with extreme tailing
Mild treatments aimed at preserving the nutritional or sensory qualities of

foods may result in residual microbial survival. Although this survival pattern

has seldom been observed during optimized cold plasma treatments, it is fea-

sible when the operating conditions have not been carefully selected. Sur-

vival curves with extensive residual values, even after long processing times,

cannot be accurately characterized using the above-described models

(Eqs. 3.1–3.3). Therefore alternative models such as Eq. (3.4) should be used

to effectively describe these patterns (Peleg et al., 2005),

log10S tð Þ¼� k3t

k4 + t
(3.4)

where k3 and k4 are coefficients that depend on the pertinent factors for each
treatment, e.g., the concentration of lethal components. In this model, the

asymptotic residual survival ratio is�k3, while the decay rate is proportional

to k3*k4/[k4 + t]2. An example of the fit of Eq. (3.4) to inactivation data

obtained using CAPP are presented in Fig. 3.1 (right).

In principle, a dynamic rate model for each of the above-listed equations

can be developed. If the dependence of each model’s parameters on all per-

tinent factors (e.g., the concentration of the lethal components) can be prop-

erly established, it will be possible to obtain adequate estimations of the

microbial load under dynamic conditions. However, if the available data sets

are not complete to characterize or estimate the dependence (and/or to eval-

uate synergistic and/or antagonistic effects), the models can only be used as

descriptive tools.
2.2 Concentration of lethal components during cold plasma
treatments—Extraction of survival parameters and predictions
Similar to microbial inactivation using disinfectants, the concentration of the

lethal components during cold plasma treatments is not constant, i.e., they

often change throughout the duration of the process (Corradini and

Peleg, 2003). Consequently, it is safe to assume that the microbial survival

curves during cold plasma processing are almost always recorded as the con-

centration of the lethal agent/s varies. The changing concentration of lethal

agents affects the microbial curves’ pattern, probably being a causative agent

of the nonlinear survival shapes. Therefore, to obtain reliable kinetic param-

eters and accurate estimations, the generation kinetics of the most relevant

lethal species and the concentration dependence of the inactivation



Fig. 3.1 Examples of inactivation patterns observed in foods and food surfaces treated with cold atmospheric-pressure plasma (CAPP). Left—
Vegetative cells of Bacillus subtilis in black peppercorns (upward concavity) fitted with Eq. (3.1); middle—E. coli in black peppercorns
(downward concavity) fitted with Eq. (3.1), and right—Murine norovirus on a stainless steel surface (extreme tailing) fitted with Eq. (3.4).
(Original data from Mosovska, S., Medvecka, V., Halaszova, N., Durina, P., Valik, L., Mikulajova, A., Zahoranova, A., 2018. Cold atmospheric
pressure ambient air plasma inhibition of pathogenic bacteria on the surface of black pepper. Food Res. Int. 106, 862–869 and Park, S.Y.,
Ha, S.D., 2018. Assessment of cold oxygen plasma technology for the inactivation of major foodborne viruses on stainless steel. J. Food Eng.
223, 42–45.)

101
M
odeling

m
icrobialinactivation



102 Advances in Cold Plasma Applications for Food Safety and Preservation
parameters should be incorporated into the modeling process (Corradini and

Peleg, 2003; Peleg and Penchina, 2000; Mendes-Oliveira et al., 2019).

The type and concentration of reactive species generated are linked to

the plasma reactor configuration, its power input, the composition and rel-

ative humidity of the inducer gas or gas mixture and the extent of the treat-

ment (Misra et al., 2019). Besides being affected by gas composition and

operating conditions, the lethal components’ concentration is influenced

by the physical and structural properties of the sample also (Smet et al.,

2018; Song et al., 2009). For example, using a DBD set up, the concentra-

tion of ozone during plasma treatments shows a monotonical (Mendes-

Oliveira et al., 2019) and a sigmoidal increase (Liao et al., 2018) in a solid

and liquid matrix, respectively. The latter profile was also observed for

hydrogen peroxide and nitrate during the microbial inactivation of bacteria

in apple juice using CAPP. Knowledge on these relationships is necessary to

describe and predict inactivation kinetics during cold plasma treatment.

As mentioned before, cold plasma exhibits multimodal mechanisms of

inactivation, so ideally every contribution could to be taken into account

to increase the accuracy of a predictive model. (Sarangapani et al., 2018).

Despite the potential accuracy of this approach, identification of the leading

lethal factors for each specific treatment, as performed by Mendes-Oliveira

et al. (2019), constitutes a more feasible and practical strategy. The role of the

lethal agents generated during cold plasma treatments is constantly under

scrutiny. Although UV radiation germicidal effects have extensively been

reported and identified in vacuum plasma, they have been observed to have

a less prominent effect when plasma treatments are performed at atmospheric

pressure (Xiang et al., 2018a; Lackmann et al., 2013; van Impe et al., 2018;

Gayan et al., 2014). In cold plasma treatments, oxidative damage of the cell

membrane, proteins, nucleic acids, and lipids have been identified as a sub-

stantial driver for microbial inactivation. Consequently, a larger contribu-

tion to lethality has been consistently attributed to ROS rather than other

generated factors, such as RNS or ions, to which minor lethal contributions

have been ascribed (Perni et al., 2008; Pai et al., 2018).

Assuming that a selected microorganism’s inactivation kinetics can be

described using the Weibull model, Eq. (3.1) can be re-written explicitly

stating the concentration dependence of this model’s parameters as

log10 S tð Þ¼ log10

N tð Þ
N0

� �
¼�b Cð Þtn Cð Þ (3.5)
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where C is the concentration of the predominant lethal component, and
b(C) and n(C) are concentration dependent survival kinetics parameters.

Due to its reported weak dependence on temperature, concentration,

etc., the shape factor, n, can be assumed to be a constant (van Boekel,

2002, 2008). In contrast, the concentration dependence of the rate param-

eter, b[C(t)], can be expressed using a logarithmic-exponential model

expressed as

b C tð Þ½ � ¼ ln 1 + exp k C tð Þ�Ccð Þ½ �f g (3.6)

where Cc is a marker of the concentration at which the process takes off, k is
the approximate slope of b[C(t)], and C(t) is the lethal agent’s formation or

generation curve, which can be described algebraically based on experimen-

tal records.

The continuous change in lethal agent’s concentration determines that

the microbial survival parameters, namely n, k and Cc, have to be extracted

by employing a minimizing routine on the rate equation of the correspond-

ing model, which can be expressed by Eq. (3.7) (Peleg and Penchina, 2000)

d log10 S tð Þ
dt

¼�b C tð Þ½ � n � log10S tð Þ
b C tð Þ½ �

� �
n�1
n

¼� ln 1 + exp k C tð Þ�Ccð Þ½ �f g n � log10S tð Þ
ln 1+ exp k C tð Þ�Ccð Þ½ �f g

� �
n�1
n

(3.7)

Once the kinetic parameters are extracted, they can be used to solved the
differential equation for any observed or hypothetical lethal agent concen-

tration’s profile. Consequently, it is feasible to extract microbial survival

parameters from data obtained in cold plasma treatments where the concen-

tration of the most relevant leading components progressively changes and

use them to predict the outcome of different treatments. This approach, pre-

viously employed for dissipating agents (Corradini and Peleg, 2003), has

been recently applied and validated for cold plasma inactivation by

Mendes-Oliveira et al. (2019).
2.3 Lethal and sublethal effects—Modeling injured cells
Several studies have indicated that depending on the set up and severity of

treatment, viable but non culturable state (VBNC) cells and sublethally

injured cells can be produced during cold atmospheric-pressure plasma
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processing (Schottroff et al., 2018; Rowan et al., 2008; Liao et al., 2017;

Fernandez and Thompson, 2012). These stressed and injured microorgan-

isms might remain viable in food products, posing a health risk due to their

latent pathogenicity (Song et al., 2015). The applied plasma dose plays an

important role in the efficacy of the inactivation treatment and the viability

of the treated microbial cells. Because of the mild nature of the process, the

probability of generating sublethal injuries could be high, if the process is not

properly optimized.

The actual and potential occurrence of sublethally injured cells can be

characterized and estimated using a modified Weibullian model (Eq. 3.1)

as proposed by Corradini and Peleg (2007). The structure of this model

accounts for the injured and intact fractions of the microbial population

and their contribution to the overall microbial load. Assuming that the num-

ber of intact survivors and killed cells follow a Weibullian inactivation pat-

tern, the number of sublethally injured cells can be inferred from the

difference between these two values at any given time, as shown in

Eqs. (3.8)–(3.10):

S1 tð Þ¼ exp �b1t
n1ð Þ (3.8)

S2 tð Þ¼ exp �b2t
n2ð Þ (3.9)

S3 tð Þ¼ S1 tð Þ�S2 tð Þ¼ exp �b1t
n1ð Þ� exp �b2t

n2ð Þ (3.10)

where b1 and n1 are the survival parameters of the total population (intact and
injured cells) and b2 and n2, correspond to the survival parameters of the

intact cells only, while S1 to S3 indicate the number of total, intact and sub-

lethally injured cells, respectively.

Data from different subpopulations, i.e., sublethally injured and effec-

tively inactivated cells as discriminated by Rowan et al. (2008) for example,

can be characterized using this model. Additionally, alternative scenarios

could be evaluated using the derived rate model from these set of equations.

In general, the availability of models that can account for the presence and

size of an injured cell subpopulation can facilitate the selection and optimi-

zation of operating parameters to obtain extensive inactivation. Determin-

istic models as the one presented in this section will not provide insights on

the probability of cell recovery. Probabilistic models, which have been pro-

posed and continue to gain popularity due to additional information

obtained from single cell culture experiments, are better fitted to provide

this kind of information (Corradini et al., 2010).
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3 Final remarks

Microbial inactivation using cold atmospheric-pressure plasma relies on the

concerted effect of several lethal agents, whose concentrations change

throughout the progress of the treatment. The contribution of each lethal

factors to the overall inactivation is not clear and has not been fully mapped

to this day. Additionally, the contribution of each lethal effect is highly

affected by the equipment set up and its operating conditions, e.g., O2 vs.

helium or argon atmospheres. Elucidating the relevance of each lethal

contribution and incorporating them in adequate inactivation models with

proven predictive ability will enhance and expand the applicability of this

technology and facilitate scaling up of these processes to industrial levels.
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1 Introduction

The vastmajority of bacteria are able to formbiofilms and this is their preferred

mode of living. Biofilms can exist on most natural and man-made surfaces.

Biofilm cells live in a community setting; the cell-to-cell communication

and work-sharing that occurs have been compared to that of simple multicel-

lular organisms.

Biofilms generally show a higher resistance to antibiotics and other

methods of eradication than their planktonic counterparts because cells live
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in a protected, enclosed extracellular matrix. Evidence also suggests that bio-

film cells have a different gene expression profile that further contributes to

their enhanced resistance to removal agents.

Biofilms can cause problems for the food industry by directly contami-

nating food but also the food environment, such as food preparation areas.

Biofilm-forming microorganisms that are associated with food include food

spoilage-causing bacteria such as Pseudomonas sp. and spore-formers, as well

as pathogens including Escherichia coli, Listeria monocytogenes, Bacillus cereus,

Campylobacter jejuni, Salmonella spp., Vibrio cholerae and Chronobacter sakazakii

(Burgess et al., 2010; Hartmann et al., 2010; Poulsen, 1999; Sommer

et al., 1999).

Reliable and effective decontamination methods are required to prevent

biofilm attachment or to disrupt formed biofilms that could otherwise lead

to the contamination of food and subsequent illness in consumers. Impor-

tantly, these methods also have to be gentle enough to minimize the effect

on food properties, such as color, texture and nutritional content.

Cold atmospheric-pressure plasma (CAP) or ionized gas has been studied

as a novel and safe alternative for killing biofilm bacteria on food and in the

food environment. CAP can be generated by applying an electric field to a

gas flux leading to its ionization. The resulting plasma consists of a mix of

charged particles, UV, electrons and reactive chemical species such as reac-

tive oxygen and nitrogen species (RONS) all contributing to its antimicro-

bial effect.

There are three main ways in which plasma is currently used to prevent

biofilm attachment or to inactivate mature biofilms. Firstly, a plasma gas dis-

charge can be used directly as a physical decontamination agent to remove

biofilm structures; secondly, plasma treatment of materials is used to change

surface properties to modify attachment behavior of cells; and thirdly, plasma

treatment of liquids will produce plasma-activated water (PAW) that can be

used as a sanitizing agent of food and equipment surfaces.

In this chapter, the formation of biofilms of important food pathogens is

discussed as well as current results for using cold plasma technology to pre-

vent or eradicate biofilms on food and in the food manufacturing and han-

dling environment.
2 Cold atmospheric-pressure plasma (CAP)

Plasma, the fourth state of matter, can be generated using a range of gases or

gas mixtures, including, argon, helium, nitrogen, oxygen or atmospheric air.
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The term cold atmospheric-pressure plasma (CAP) refers to plasmas that are

generated at ambient temperature and pressure and that are partially ionized

(Niemira and Sites, 2008). CAP is produced by passing a gas between two

electrodes. Products to be treated can be placed between the electrodes to

have direct contact with the plasma (direct treatment) or further away from

the electrodes and have contact with plasma effluent (indirect treatment)

(Niemira and Sites, 2008).

CAP generates a range of active chemical species, including RONS,

excited molecules and UV photons. These active species are responsible

for inactivation of bacteria (Mai-Prochnow et al., 2014), cancer cells

(Ishaq et al., 2014), fungi (Fricke et al., 2012; Klampfl et al., 2012), spores

(Venezia et al., 2008), parasites (Ermolaeva et al., 2012) as well as phages and

viruses (Alshraiedeh et al., 2013; Zimmermann et al., 2011). The exact com-

position of the plasma depends on the conditions that the plasma is formed

in, such as the gas, voltage, humidity and surrounding conditions. The pre-

cise mode of action of antimicrobial activity of plasma appears to be multi-

facetted and is not completely understood (Mai-Prochnow et al., 2014).

However, RONS and UV are often referred to as key players for microbial

inactivation (Graves, 2012; Niemira, 2012a).

CAP is considered a gentle disinfection method because there is no sig-

nificant heating effect or harsh chemical use and no residues are left on trea-

ted products. Thus CAP treatment is investigated for the disinfection of heat

labile products such as food. However, when CAP is used for food disinfec-

tion, a possible effect on the food appearance and nutritional changes has to

be taken into account.
3 Biofilm development

3.1 Attachment and maturation
Biofilm formation generally follows a cycle of events: (A) attachment of sin-

gle cells to the surface, (B) multiplication, (C) maturation and differentiation

into three-dimensional structures (microcolonies), (D) formation of hollow

microcolonies and (E) dispersal of single cells and/or cell clusters to colonize

fresh surfaces (Fig. 4.1).

The first step is the initial attachment of single cells to a surface or the

air-liquid interface. After cells are transported to the surface either through

passive forces (e.g., liquid flow) or active mobility of the cells (e.g., swim-

ming), initial contact with a surface occurs and attachment takes place



Fig. 4.1 Stages of biofilm development (A) attachment, (B) multiplication,
(C) maturation and differentiation of microcolonies, (D) formation of hollow
microcolonies and (E) dispersal.

112 Advances in cold plasma applications for food safety and preservation
(Characklis, 1981; van Loodsrecht et al., 1990). Up to this step, the attach-

ment of cells is often still reversible.

Many factors affect attachment, including surface characteristics, mois-

ture content, pH, iron and oxygen availability, temperature and microbial

properties such as motility (Davey and O’Toole, 2000). Several studies

examined attachment in response to liquid flow characteristics (Zhang

et al., 2011). Interestingly, it has been observed that greater flow can lead

to a higher number of bacteria being deposited onto a surface (Rijnaarts

et al., 1993).

In many cases, cell attachment depends on the motility of the bacteria, for

example on the presence of flagella. Regulation of motility is often important

for successful initial attachment (Blair et al., 2008). In foodborne Campylobac-

ter and Salmonella, a positive correlation between motility and biofilm-

forming ability has been shown (Wang et al., 2013). In contrast, no such link

was observed for E. coli O157 or L. monocytogenes (Di Bonaventura et al.,

2008; Goulter et al., 2010).

However, other properties of bacterial cells besides motility have been

identified to be important for initial attachment. For example motility-

independent, attachment-deficient mutants have been identified in Pseudo-

monas aeruginosa (Ramsey andWhiteley, 2004). The genes involved in sens-

ing and responding to external stimuli were disrupted in these mutants,

implying a significant impact of external factors on the biofilm developmen-

tal pathway (Ramsey and Whiteley, 2004). In addition, lipopolysaccharide

(LPS), an important component of the bacterial outer membrane, also plays a

role in initial surface attachment for P. aeruginosa (Davey andO’Toole, 2000)

as well as for E. coli (Genevaux et al., 1999). A study by Ryu et al. showed

that exopolysaccharide (EPS) overproduction can inhibit attachment of

E. coli O157:H7 to stainless steel coupons (Ryu et al., 2004).

Initial attachment is an important factor for successful biofilm develop-

ment. Understanding the factors that contribute to the attachment of

bacteria to food or food-environment surfaces presents an important
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opportunity to control biofilms. For example, modification of a surface

could lead to the disruption of the bacteria’s attachment ability. In general,

once a biofilm is established on a surface, it is harder to clean and sanitize.

After initial adhesion cells become irreversibly attached to the surface and

start to mature into microcolonies. Cell-to-cell communication was shown

to play a role during biofilm formation and also for the differential structure

of the biofilm. Spatial architecture causes heterogeneous conditions for the

cells and appears to be linked to the functional properties of the biofilm (Sala

et al., 2015). Several factors were found to play a role in the development

of different biofilm architectures and thicknesses, including the type of

microorganism, type and roughness of the surface and the available nutrients

(Sala et al., 2015).

3.2 Biofilm regulation and dispersal
The last step during biofilm differentiation is the dispersal stage. During this

stage, attached bacteria can revert back to their planktonic, free-living life-

style. Biofilm dispersal is of particular importance for the spread of bacteria

and the colonization of new surfaces (Piriou et al., 1997; Walker et al.,

1995). Because of this, there is a body of research investigating the dispersal

process of biofilms with a focus on its regulation. Understanding the spread

and dispersal process of biofilm bacteria presents a good opportunity for bio-

film control strategies.

Dispersal can occur as a passive shedding of biomass from the attached

biofilm usually due to shear forces such as increased flow rates, but mechan-

ical properties of the biofilm also play a role (Stoodley et al., 2001, 2002). In

addition to passive dispersal, bacteria can actively detach from biofilms when

conditions become unfavourable. Specific cell-surface molecules produced

by bacteria as well as regulatory elements and environmental nutrient con-

ditions have all been identified as modulating dispersal in different bacterial

species. For example, changes in nutrient availability (Sauer et al., 2004),

quorum sensing (Rice et al., 2005), the production of endogenous enzymes

(Boyd and Chakrabarty, 1994; Kaplan et al., 2004), surfactants (Boles et al.,

2005) and phage expression (Hui et al., 2014; Webb et al., 2003; Mai-

Prochnow et al., 2015b) have been demonstrated to influence biofilm

dispersal.

Recently, B�en�ezech and Faille (2018) investigated the roles of mechan-

ical (shear stress) and chemical (NaOH) actions on the detachment kinetics

during cleaning-in-place of biofilms of Pseudomonas fluorescens at a pilot-plant

scale. The study suggested a two-phase model of detachment with initial
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quick removal of biofilm matrix and cell aggregates from both mechanical

and chemical stress, and a second, slower removal of remaining single cells

and small aggregates. Interestingly, the bacteria in direct contact with

the substrate surface appear to be highly resistant to chemical effects

(B�en�ezech and Faille, 2018). It was also shown that both DNase and protein-

ase K were successful in dispersing established biofilms of L. monocytogenes

when grown on plastic or stainless steel (Nguyen and Burrows, 2014).

During biofilm formation, many important changes in gene expression

occur. These changes are often regulated by signaling systems between cells

known as quorum sensing (Fuqua et al., 1994; Swift et al., 2001). In a pop-

ulation, cells can sense their density and number through the presence of

small signaling molecules which diffuse freely across cell membranes and

between cells. When a certain population density is reached and enough sig-

naling molecules have been produced, an auto-induced positive feedback

mechanism is used to induce the appropriate phenotypes required for

responding to a particular environmental condition or for proceeding with

the differentiation process of the population (Kjelleberg and Molin, 2002).

Another signaling system that plays a role for biofilm formation, and in

particular, the switch from planktonic to sessile lifestyle, is bis-(30–50)-cyclic
dimeric guanosine monophosphate (c-di-GMP). C-di-GMP is synthesized

by diguanylate cyclase (DGC) and hydrolyzed by phosphodiesterase (PDE)

activities, respectively (Simm et al., 2004). Proteins that are responsible for

either activity have been identified in many bacteria and their role in biofilm

development investigated (Romling et al., 2005).

Understanding the role of these signaling systems in biofilm formation

and investigating how CAP might influence these cell communication

mechanisms can be an important tool in controlling biofilms.
4 Biofilms on food and in the food environment

The Food and Agriculture Organization of the United Nations (FAO)

declared that approximately 1.3 billion tons of food is wasted or lost due

to spoilage annually (Gustavsson et al., 2011). Additionally, the World

Health Organization estimates that each year approximately 600 million

people become sick and 420,000 die due to foodborne diseases world-wide

(WHO, 2015).

A large proportion of food contamination can be attributed to biofilm

formation (Shi and Zhu, 2009). Biofilms can grow directly on food and

on surfaces in the food processing environment. Many studies focus on
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single-species laboratory strains. While these studies provide important

information, they do not take into account the complexity of biofilms,

including those that comprise of more than one bacterial strain/species

and/or additional substances, such as proteins or fats that can be present

on food preparation areas due to insufficient cleaning. In multi-species bio-

films, bacteria can promote each other’s survival and often show different

growth characteristics depending on other species present (Da Silva Fer-

nandes et al., 2015; Mai-Prochnow et al., 2016). Moreover, multi-species

biofilms also demonstrate different resistance responses to antimicrobial

agents (Mai-Prochnow et al., 2016; van der Veen and Abee, 2011; Zameer

and Gopal, 2010).

In addition to the influence of multiple species being present in a biofilm,

the choice of substrate and surrounding conditions have to be taken into

account when investigating biofilms. Conditions in a food-processing envi-

ronment vary greatly due to the nature of the food-processing operation, the

natural microflora that may be present, and the food product that is being

processed.
4.1 Good and bad biofilms in food
There are many instances where the development of pathogenic biofilms

can lead to disease in consumers. Biofilm formation by two major bacterial

food pathogens, C. jejuni and L. monocytogenes, are discussed in more detail

below (see Sections 4.2 and 4.3). However, there are also cases where

microorganisms produce by-products that can add value to food. One

example is fermentation, in which bacteria or yeasts use sugar to produce

lactic acid, butanol or ethanol in the absence of oxygen. It has been dem-

onstrated that a better and more productive fermentation process occurs

when the microorganisms are immobilized. Cells can either be actively

immobilized in a polymer matrix or through covalent binding onto a surface

(Shuler and Kargi, 2002), or they can form a biofilm on a suitable surface.

Biofilms are often preferred in bioreactors because the community life-

style provides a more stable environment for the microbes that in turn leads

to higher productivity. For example, it was shown that yeast has a higher

alcohol production and higher ethanol tolerance when cultured in a contin-

uous biofilm fermentation reactor compared to in a batch reactor (Demirci

et al., 1997). Similarly, production of organic acids such as vinegar, lactic or

fumaric acid was also found to be improved in biofilm reactors compared to

stirred-tank reactors (Horiuchi et al., 2000; Cao et al., 1997). Cultivating
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microorganisms in biofilms for the production of by-products leads to pos-

itive outcomes, particularly with repetitive use and no loss of microbial

activity.

There are many examples of natural biofilms on fruit and vegetable

plants. For instance, there are beneficial biofilms on plant roots that help

cycle nutrients and can also protect from pests and disease, thus improving

crop productivity (Morikawa, 2006). Another example of beneficial bacteria

in biofilms are microbes that are used to make cheese. They are essential for

the development of the characteristic flavours and properties of the food

and are found in the rind of the cheese. The bacterial and fungal biofilms

are intentionally introduced via starter cultures or via the environment

where the cheese is made. Once the cheese is colonized, these beneficial

biofilms can then prevent the colonization of other potentially harmful

microorganisms that may cause disease (Guillier et al., 2008; Winkelstro-

eter et al., 2015).
4.2 Campylobacter jejuni
Bacteria of the speciesCampylobacter are Gram-negative, motile, non-spore-

forming, microaerophilic, curved or spiral rods (Skirrow, 1990). They range

in size from 0.2–0.5 μm wide to 0.5–5 μm long (Kline, 1948). The species,

C. jejuni, is recognized as one of the leading causes of bacterial gastroenteritis

in humans, with an incidence rate of 14.3 per 100,000 population and

representing 90% of all human cases of Campylobacter-associated illness

(Campylobacteriosis) (Gilliss et al., 2013). The main source of the pathogen

is improperly handled or undercooked poultry (Friedman et al., 2004), with

other sources including raw or unpasteurized milk (Wood et al., 1992), fresh

produce (Gardner et al., 2011) and contaminated drinking water in devel-

oping countries (Rao et al., 2001).

C. jejuni has the ability to form biofilms directly on food but the organ-

ism has also been isolated frommany different surfaces, including food con-

tact surfaces. Joshua et al. demonstrated that C. jejuni is capable of forming

different types of biofilms when grown as a monoculture. These types are

(a) attached to a surface, (b) unattached aggregates (flocs) and (c) unattached

pellicles at the liquid-gas interface. These various community growing

modes confer an advantage in resisting environmental stress and possibly

contribute to the persistence and a high incidence of Campylobacter-

associated foodborne diseases ( Joshua et al., 2006). Moreover, it was

recently shown that exposure to sub-lethal concentrations of biocides
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had a marked effect on the subsequent biofilm architecture ofCampylobacter

(Techaruvichit et al., 2016).

A range of different C. jejuni strains have been tested for their biofilm

forming ability andmost strains readily formed biofilms on the surfaces tested

(Teh et al., 2010). However, the biofilm-forming ability appears to be

strain-specific with different morphologies observed for different strains

(Teh et al., 2010). Interestingly, no correlation between pathogenicity

and biofilm development has been shown (Reeser et al., 2007).

Several studies have explored the ability of C. jejuni to form biofilms

together with other species (mixed species biofilms) relevant in the food

industry. Mixed species biofilms lead to inter- and intra-species interactions

that can influence the survival of particular microorganisms within the bio-

film community. Ica et al. (2012) found that C. jejuni cultured in a mixed

biofilm with P. aeruginosa were more robust, i.e., able to withstand higher

flow rates and stayed in a culturable physiological state for longer compared

to mono-species biofilms.

Because of the high incidence rate of Campylobacter infections and

increasing antibiotic resistance, reliable and safe mechanisms to control this

microorganism in food processing environments are necessary. Several

studies exploring the effectiveness of CAP toward C. jejuni have been con-

ducted. These are discussed in Section 5.1.1.
4.3 Listeria monocytogenes
L. monocytogenes is a Gram-positive, non-spore-forming, rod-shaped bacte-

rium that measures 0.4–0.5 μm by 0.5–2.0 μm (Kline, 1948). It is prevalent

in animals, soil, vegetation, water and has also been isolated from floors,

drains and wet areas of food processing facilities. L. monocytogenes is the cause

of the disease listeriosis. In healthy adults, listeriosis is usually a mild disease,

but it can have severe consequences for unborn children when the pregnant

mother becomes infected, and can also lead to severe, even fatal disease in

immunocompromised people (Schuchat et al., 1991).

Studies have shown that L. monocytogenes is particularly persistent in food

processing environments, colonizing various surfaces, including processing

equipment (Ferreira et al., 2014). Its persistence has been attributed to sev-

eral factors, including its ability to form biofilms, withstand disinfection,

adapt to cold environments and its resistance to bacteriophages.

The ability of L. monocytogenes to form biofilms depends on a range of

factors, including serotype, genotype and the origin of the strain but also
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on a number of environmental conditions, including pH, type of substrate,

nutrient availability, temperature and the presence of other bacteria (Folsom

et al., 2006; Mraz et al., 2011; Kadam et al., 2013). Initial attachment can

occur in only 3–5 s for some L. monocytogenes strains (Takhistov and George,

2004). According to Pilchova et al. initial biofilm formation by

L. monocytogenes into 2-dimensional structures can be divided into 4 steps:

(i) cell cluster formation with attached cells side-by-side (ii) branch elonga-

tion by cell division (iii) open geometric forms connected through branches

and (iv) honeycomb-like structure (Pilchova et al., 2014). This formation of

the primary structure of attached cells is critical for the development of a

complex biofilm. It was demonstrated that the primary attachment can be

greatly influenced by environmental conditions and thus prevent the forma-

tion of more complex and ultimately more persistent structures. Following

the formation of initial 2D structures, a more complex 3D architecture with

water-channels and pores for nutrient exchange and waste product removal

has been observed (Rieu et al., 2008).

A recent study by Piercey et al. (2016) identified the genes involved in

cold-adapted L. monocytogenes biofilm formation. Mutants with enhanced

ability to form biofilms were detected and were found to have a disruption

in genes related to cell wall biosynthesis, motility, metabolism, stress

response and cell surface associated proteins. Mutants with diminished

biofilm-forming ability were found to have disruptions in genes coding

for peptidoglycan, teichoic acid, or lipoproteins.

Because L. monocytogenes has a pronounced ability to persist and is resis-

tant to surface sterilization methods, it is an ideal candidate for targeted inac-

tivation by cold plasma technology. Several studies have been conducted

investigating the ability of CAP to inactivate L. monocytogenes on food

and food processing surfaces. Please refer to Section 5.1.1.
5 Cold plasma effects on microbial cells and biofilms

Most studies involving cold plasma test its efficiency on planktonic cells.

However, it is commonly known that inactivation of biofilm cells is likely

to require different approaches than for planktonic cells due to the greater

resistance of biofilm cells (Costerton et al., 1999). While the mechanisms

of higher resistance are not completely understood, studies suggest that an

altered metabolic state, the presence of an extracellular matrix, oxidative

stress response, differential gene or protein expression, and the presence

of persister cells, all play a role (Hoiby et al., 2010; Lewis, 2001; Seneviratne
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et al., 2012). This stronger resistance means that biofilm inactivation often

requires longer treatment times than inactivating planktonic cell cultures of

the same species, which has been shown in a direct comparison ( Joaquin

et al., 2009; Mai-Prochnow et al., 2016; Jahid et al., 2014).

Intervention strategies to control biofilms can either focus on preventing

biofilm formation or removing attached cells from a surface. Inhibiting bio-

film formation can be achieved by modifying surfaces that are prone to cell

attachment. More details are provided in Section 5.2.

Plasma is a physical treatment that can affect the extracellular polymeric

substance (EPS, see Section 5.1.2) and is also capable of changing the micro-

environment through the formation of reactive species. EPS acts as the

house of biofilm cells and represents a protective diffusion barrier (Branda

et al., 2005). After cells have attached and a biofilm is formed, disruption

can be achieved by physical removal, the degradation of the EPS matrix, tar-

geting the establishment of pathogenic microenvironments (low pH or hyp-

oxia) and social interactions (in mixed-species biofilms), as well as by the

elimination of dormant cells (Koo et al., 2017).

Chen et al. (2014) developed a plasma-biofilm penetration model show-

ing that penetration depends on liquid phase chemistry, i.e., which domi-

nant species are in the plasma and are responsible for the antimicrobial

effect. Penetration is modelled to reach up to 50 μm deep into the biofilm.

A study by Ferrell et al. (2013) investigated a range of structural changes

in P. aeruginosa and Staphylococcus aureus biofilms upon exposure to CAP.

Results showed that biofilm thickness, bio-volume, roughness and porosity,

all changed significantly as a result of exposures to CAP between 30 s and

2 min generated in ambient air. The authors also suggested that the stage

of biofilm development (e.g., early attachment or mature microcolonies)

does not significantly limit the biocidal effectiveness of exposure to CAP

for bacterial biofilms (Ferrell et al., 2013). Previously, Joaquin et al.

(2009) demonstrated that the biofilm structure is lost, with cells becoming

diffuse and scattered upon plasma exposure.

Several studies that investigate cold plasma-biofilm interaction have

focused on decontamination of surfaces, either in medical or environmental

contexts. Thus, the studies are based on cell interactions with inert surfaces,

including stainless steel, glass and plastic. In the context of microbial inac-

tivation on foods, the interaction of the microbes and the surface to which

they are attached to has to be taken into account (Molha et al., 2004). Dif-

ferent interactions between the surface and the microbes are feasible. Similar

to abiotic surfaces, microorganisms can become adsorbed on the food
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surfaces and simply remain attached during processing. Alternatively, the

food surface can provide nutrients to the attached microbes, which then

leads to cell growth and biofilm formation on the surface. When a biofilm

develops, the formation of extracellular polysaccharides will provide an

additional barrier for effective decontamination methods.
5.1 Cold plasma effect on microbial cells
Recently, Lunov et al. (2016) have suggested that depending on the voltage

and dose of the plasma discharge programmed cell death (PCD) or physical

destruction of the bacterial cell is triggered. Generally, three different mech-

anisms of action have been proposed for plasma-mediated bacterial cell inac-

tivation (Moisan et al., 2002) (Fig. 4.2):

(1) direct permeabilization of the cell membrane or cell wall, leading to

leakage of cellular components, including potassium, nucleic acid and

proteins;

(2) critical damage of intracellular proteins from oxidative or nitrosative

species; and

(3) direct chemical damage of DNA (Vatansever et al., 2013).

Direct permeabilization of the cell wall was demonstrated in a recent study

by Tero et al. (2016), which showed that plasma-generated ROS led to the

formation of nanopores in an artificial phospholipid bilayer. Interestingly,

the protrusions were visible on the membrane before nanopore formation

occurred. Specifically, it was shown that the morphological changes were

due to two-step oxidation of lipid that was initiated by hydroxyl radical

(Tero et al., 2016). Previously, a model of electrostatic disruption of the cell

membrane was proposed: the membrane will rupture when it has acquired a

sufficient electrostatic charge whereby the outward electrostatic stress

exceeds its tensile strength (Mendis et al., 2000).

Excessive ROS in the cell can damage intracellular proteins. Interactions

mainly occur via the redox regulation of redox-reactive cysteine (cys) res-

idues of the proteins (Vatansever et al., 2013). Oxidative changes or mod-

ifications of protein residues will lead to structural changes and often alter the

function of the protein or completely destroy it and ultimately lead to cell

death (Roos and Messens, 2011).

Cold plasma has been shown to cause DNA damage in bacterial cells.

Damage such as single and double strand breaks and DNA base lesions have

been observed both for chromosomal and plasmid DNA (Kudo et al., 2015;

Ken-ichi et al., 2015). ROS and, in particular, hydroxyl radicals have been
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Fig. 4.2 Effect of plasma treatment on bacterial cells. (Modified from Mai-Prochnow, A.,
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implicated in being the major cause of DNA damage from CAP (Sahni and

Locke, 2006; Kadowaki et al., 2009). However, UV damage to DNA is a

well-known concept. UV can induce a variety of mutagenic and cytotoxic

DNA lesions as well as DNA strand breaks by interfering with genome

integrity (Rastogi et al., 2010). It was demonstrated that the amount of

DNA damage is plasma-dose dependent and also is inversely correlated with

the distance of the bacterial cell from the plasma exposure (Privat-

Maldonado et al., 2016; Ken-ichi et al., 2015).
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5.1.1 CAP effect on food pathogens
Several studies using different cold plasma equipment with varying inactiva-

tion efficiencies have been conducted for food pathogens L. monocytogenes

andC. jejuni. Dirks et al. (2012) showed a 2.45 and 3.11 log10 colony form-

ing unit (cfu) reduction ofC. jejuni on boneless, skinless chicken breast and

chicken thighs with skin, respectively, after 3 min of CAP exposure. Kim

et al. (2014) investigated the effect of different plasma gases on the inacti-

vation of C. jejuni. It was demonstrated that similar to other microorgan-

isms, plasma generated in air or with oxygen was more effective than

plasma generated from nitrogen in inactivating C. jejuni (Kim et al.,

2014). As part of a recent study investigating the reduction of poultry-

associated spoilage and pathogenic bacteria, a 120 s CAP treatment with

ambient air was shown to completely inactivate C. jejuni that had been

grown in liquid culture at an initial concentration of up to 108 cfu/mL

(Rothrock et al., 2017).

Noriega et al. (2011) observed an up to 3 log10 cfu/g reduction of Listeria

innocua (a non-pathogenic surrogate for L. monocytogenes) when inoculated

on chicken muscle and subjected to 4 min helium-oxygen CAP.

A 1.6 log10 cfu/g reduction was observed for a ready-to-eat meat product

when a 1 min CAP treatment using 70% argon and 30% oxygen mixture

was delivered into sealed polyethylene bags (Rod et al., 2012). This study

also investigated the effect on food appearance and composition after plasma

treatment. With increased power, treatments and storage time the concen-

trations of thiobarbituric acid reactive substances (TBARS) increased in the

ready-to-eat meat sample and were significantly higher than those of con-

trol samples after 1 and 14 days of storage at 5 °C. However, the levels were

low and beneath the sensory threshold level. Some surface color changes

(loss of redness) occurred after plasma treatment but was deemed to be sim-

ilar to the control under the same storage conditions (Rod et al., 2012).

Ziuzina et al. (2014) observed complete inactivation of 6.7 log10 cfu/g

L. monocytogenes on tomatoes with a short (10 s), high voltage (70 kV)

plasma treatment. A longer treatment time of 300 s was necessary to inac-

tivate L. monocytogenes on strawberries, presumably due to the more com-

plex surface topology of the strawberries compared to tomatoes. As has

been shown for other bacteria, planktonic L. monocytogenes cells are more

sensitive to inactivation by CAP than biofilm cells are, or even cells that are

internalized in food tissue (Ziuzina et al., 2015). It was proposed that

organic matter may protect microbial cells from the effect of CAP-induced

ROS (Ziuzina et al., 2015).
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As mentioned above, biofilms often exist in mixed species communities

that demonstrate different resistance responses to antimicrobial agents

including CAP (Mai-Prochnow et al., 2016; van der Veen and Abee,

2011; Zameer and Gopal, 2010). Only a limited number of studies investi-

gated the effect of CAP on multi-species biofilms in the food industry. One

example recently showed that S. Typhimurium grown in a mixed culture

with other indigenous microbiological strains on lettuce leaves showed

much higher resistance to cold plasma treatment compared to when grown

as a monoculture ( Jahid et al., 2015).

Furthermore, the effect of cold plasma in combination with other san-

itizing or antibacterial agents has been studied. Synergistic inactivation was

noted for planktonic L. monocytogenes using CAP combined with lemon-

grass, sodium dodecyl sulfate (SDS) and lactic acid (Trevisani et al.,

2017; Cui et al., 2017). Cui et al. (2016) showed that synergistic treatment

of essential oil and cold nitrogen plasma was more effective against biofilms

on different food-contact surfaces than plasma treatment alone. Similarly, a

combined treatment of vitamin C and CAP led to a stronger reduction in

viable cells of pathogens E. coli, S. epidermidis and P. aeruginosa (Helgadóttir

et al., 2017).

5.1.2 Role of the extracellular matrix
Most biofilms are embedded in an extracellular matrix. The biofilm matrix

can contribute up to 90% of the biofilm dry mass and thus plays an important

role in the biofilm structure. The matrix ensures that bacterial cells stay in

close proximity to one another and facilitates cell-to-cell communication.

The composition of the matrix depends on the biofilm-forming species,

but it mostly consists of EPS, including polysaccharides, lipids, proteins

and nucleic acids (Flemming and Wingender, 2010). EPS forms a barrier

for chemicals and reactive species, such as those generated by CAP. Only

when reactive species have penetrated the matrix are cells of the interior

biofilm structure exposed to their effect (Mai-Prochnow et al., 2014).

It was recently shown that CAP treatment directly reduces areas of bio-

film matrix, probably through oxidation/peroxidation of the EPS by the

reactive agents, mostly free radicals, present in the plasma. It was demon-

strated that CAP significantly affects the biofilm structure and adhesiveness

by reducing the matrix as opposed to changing bacterial cell morphology

(Vandervoort and Brelles-Marino, 2014). Traba and Liang (2011) suggested

that CAP-induced damage of the EPS plays a crucial role in weakening the

architecture of the biofilm and the release of biofilm cells from the surface of
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the solid substratum. Moreover, Vandervoort and Brelles-Marino (2014)

showed that loss of biofilm viability of P. aeruginosa was linked to a decrease

of the biofilm matrix adhesiveness. It was suggested that the amount of EPS

varies for different areas of the biofilm structure leading to different degrees

of adhesiveness. Subsequently, areas with only small a amount of matrix

would be most susceptible because bacteria are less adhesive after the treat-

ment (Vandervoort and Brelles-Marino, 2014).

A significant portion of the biofilm matrix is water. Treatment with

plasma torches and jets is often accompanied by a large gas flow and thus

will lead to drying of the matrix before interior biofilm cells are reached

by active plasma species. It is also feasible that radicals or superoxides (hydro-

gen peroxide, H2O2), molecular ions (O2
+), atomic oxygen and some

oxides (e.g., NO, NO2, O3) can be formed or reinforced by interactions

of precursor species with water from within the biofilm and in particular

from the biofilm matrix. Such a scenario has been suggested by Marchal

et al. (2012).

5.2 Plasma-enabled alteration of surface properties to
prevent attachment
As a first step to control biofilm-associated problems, methods to prevent or

limit cell attachment are desirable. CAP and its ability to alter surface prop-

erties or environmental conditions is a valuable tool that can be used to con-

trol initial attachment and thus prevent biofilm formation. If biofilm cells fail

to attach to a surface, a mature biofilm cannot develop and contamination

problems can often be prevented. A range of materials has been modified

using plasma technology. Many of these materials were tested for use in

medical devices but some plasma-altered coatings have relevance for surfaces

in the food-processing environment.

Plasma-assisted coating using trimethylsilane (TMS) was used as a mono-

mer to coat the surfaces of 316L stainless steel and grade 5 titanium alloy. The

coating was shown to inhibit the attachment of S. epidermidis cells to the

TMS-coated surfaces during the early phase of biofilm development. More-

over, it was discovered that bacterial cells on the TMS-coated surfaces were

more susceptible to antibiotic treatment than their counterparts in biofilms

on uncoated surfaces (Ma et al., 2012).

Several studies investigate the effect of generating poly-(ethylene glycol)

(PEG)-like structures on surfaces as a method to prevent biofilm attachment

of microorganisms. PEG deposition under radio-frequency plasma condi-

tions made the surface smoother and more hydrophilic. Modified surfaces
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significantly reduced bacterial attachment and biofilm formation of single

(L. monocytogenes) and mixed cultures of S. Typhimurium, S. epidermidis,

and P. fluorescens compared to the unmodified surfaces. Interestingly, surface

modification also influenced the chemical characteristics of the biofilm

(Denes et al., 2001; Wang et al., 2003).

Another approach has focused on thin silver coatings. Silver-based com-

posite materials have extended time-release properties. Plasma-mediated

thin films (�170 nm) containing silver nanoparticles have been embedded

in an organosilicon matrix and can be deposited onto stainless steel. They

were shown to limit initial bacterial adhesion and/or kill microorganisms

upon contact (Mercier-Bonin et al., 2010).
5.3 Effects of different gases, plasma equipment configuration
and treatment conditions
While it is now evident that CAP is able to inactivate and kill a range of

microorganisms, it is also clear that the potency of CAP-induced antimicro-

bial action depends greatly on the plasma equipment, type of microorganism

and operating conditions. In particular, the CAP-producing equipment and

mode of operation contribute to great variation in effectiveness. Studies that

compare different gases, voltage or other parameters are useful to identify

optimal operating conditions. A range of different commercial equipment

and prototype laboratory-scale devices have been used to study CAP

inactivation of biofilms of food pathogens or food-spoilage organisms

(Table 4.1).

In many cases, treatment time provides the biggest variable for the out-

come, with higher treatment times generally leading to higher inactivation

rates (Critzer et al., 2007; Kim et al., 2015; Yong et al., 2014).

Interestingly, several studies demonstrate that the addition of oxygen

leads to higher killing rates. Kim et al. (2011) showed that the addition of

oxygen to helium could increase the inactivation of a range of microorgan-

isms, including L. monocytogenes,E. coli, and S.Typhimurium from 1 to 2 log

to 2–3 log10 cfu/g when inoculated on bacon. It can be speculated that a

higher level of oxygen will lead to the generation of more reactive oxygen

species, including ozone, that has a strong antibacterial effect. However, a

study by Connor et al. (2017) determined that an optimal oxygen gas addi-

tion of between 0% and 0.5% was required to increase killing of Clostridium

difficile spores but no further decrease in cell numbers was noted after the

oxygen concentration was increased above 0.5%.



Table 4.1 Examples of CAP equipment used for inactivation of biofilm organisms

Plasma equipment Microorganisms and substrate
Processing conditions and
inactivation results Reference

Dyne-A-Mite HP, AC gliding

arc plasma

Enercon Corp. (WI, United

States)

Salmonella sp. and Escherichia coli

O157:H7 on almonds

• Air or nitrogen

• Up to 1.34 log10 cfu/mL

reduction after 20 s treatment

• Enumerated on tryptic soy agar

(TSA)

Niemira

(2012b)

In-package dielectric-barrier

discharge (DBD), High-

voltage atmospheric cold

plasma (HVACP) system

80kVRMS

E. coli O157:H7 and Staphylococcus

aureus cell suspension in

phosphate-buffered saline (PBS)

• Ambient air

• 5 min treatment led to complete

(up to 8 log10 cfu/mL) reduction

• Enumerated on TSA

Han et al.

(2016)

Salmonella Typhimurium and Listeria

monocytogenes biofilms on lettuce

• Ambient air

• Up to 5 log10 cfu/sample

reduction of biofilms from initial

7 log10 cfu/sample after 300 s

treatment

• Enumerated on TSA overlay

Ziuzina et al.

(2015)

Biozone Photoplasma, Induct,

ID 60

Biozone Scientific

International Inc. (FL,

United States)

Indigenous microorganisms biofilms

on lettuce

• Ambient air

• Up to 4.11 log10 cfu/cm
2

reduction from initial

7 log10 cfu/cm
2 for mono-culture

biofilms after 300 s treatment

Jahid et al.

(2015)
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• Enumerated on Reasoner’s 2A

agar (R2A)

Resistive barrier discharge

(RBD) prototype

Salmonella enteritidis, S.

Typhimurium biofilms on

eggshells

• Ambient air

• Up to 4.5 log10 cfu/mL reduction

from initial 6.3 log10 cfu/mL for

S. enteritidis and up to

3.5 log10 cfu/mL reduction from

initial 6 log10 cfu/mL for S.

Typhimurium after 90 min

treatment

• Enumerated on TSA

Ragni et al.

(2010)

One atmosphere uniform glow

discharge plasma

(OAUGDP)

E. coli O157:H7, Salmonella sp.,

L. monocytogenes inoculated

mixtures on apples, cantaloupe,

and lettuce

• Ambient air

• >2 log10 cfu/apple sample (E. coli)

reduction from initial 7 log10 cfu/

sample after 2 min treatment

• >3 log10 cfu/cantaloupe sample

(Salmonella) and >5 log10 cfu/

lettuce sample (L. monocytogenes)

reduction from initial 7 log10 cfu/

mL after 5 min treatment

• Enumerated on TSA

Critzer et al.

(2007)

kINPen plasma jet

Neoplas tools GmbH

(Greifswald, Germany)

E. coliO104:H4 and E. coliO157:H7

on corn salad leaves

• Argon feed gas at 5 slm

• 3.3 log10 cfu/cm
2 reduction of

E. coli O104:H4 after 2 min

Baier et al.

(2015)
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Table 4.1 Examples of CAP equipment used for inactivation of biofilm organisms—cont’d

Plasma equipment Microorganisms and substrate
Processing conditions and
inactivation results Reference

treatment and a 3.2 log10 cfu/cm
2

reduction of E. coli O157:H7 after

1 min treatment from initial

4 log10 cfu/cm
2

• Enumerated on CHROMagar

Bacillus subtilis NCIB 3610, E. coli

UTI 89, P. aeruginosa and

Staphylococcus epidermidis biofilms

on cover slips

• Compressed air at 4.5 slm

• 100% (B. subtilis) reduction from

initial 6.5 log10 cfu/cover slip after

30 min treatment and 88.47%

(E. coli), 99.65% (P. aeruginosa) and

83.5% (S. epidermidis) reduction

from initial 8.5 log10 cfu/coverslip

after 60 min treatment

• Enumerated on Luria Bertani

(LB) agar

Helgadóttir

et al. (2017)

P. aeruginosa, P. libanensis, Enterobacter

cloacae, Kocuria carniphila, Bacillus

subtilis, S. epidermidis biofilms on

stainless steel coupons in CDC

biofilm reactor (BioSurface Tech.,

MT, United States)

• Argon at 4.2 slm

• 3.5 log10 cfu/coupon reduction

from initial 5 log10 cfu/coupon

after 10 min treatment for

P. aeruginosa, P. libanensis and

E. cloacae

• 2 log10 cfu/coupon reduction

from initial 7 log10 cfu/coupon

Mai-

Prochnow

et al. (2016)
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after 10 min treatment for

K. carniphila

• 0.5 log10 cfu/coupon reduction

from initial 3 log10 cfu/coupon

after 10 min treatment for

B. subtilis

• 1 log10 cfu/coupon reduction

from initial 5 log10 cfu/coupon

after 10 min treatment for

S. epidermidis

• Enumerated on nutrient agar (NA)

kHz atmospheric pressure

DBD jet

Clostridium difficile spores, dried in

microtitre plate wells

• Helium with up to 1% oxygen

• Complete inactivation of

3 log10 cfu/100 μL after 5 min

treatment

• Enumerated on Brazier’s agar

Connor et al.

(2017)

P. aeruginosa biofilms on peg lid of

Calgary Biofilm Device

(Innovotech Inc., Edmonton,

Alberta, Canada)

• Helium with 0.5% oxygen

• 4 log10 cfu/peg reduction from

initial 6 log10 cfu/peg after 240 s

treatment

• Enumerated on MHA

Alkawareek

et al. (2012)

Arc plasma APP jet E. coli O157:H7, L. monocytogenes

and S. Typhimurium biofilms on

• Nitrogen (6 lpm) and oxygen (10

sccm)

Kim et al.

(2015) and

Continued
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Table 4.1 Examples of CAP equipment used for inactivation of biofilm organisms—cont’d

Plasma equipment Microorganisms and substrate
Processing conditions and
inactivation results Reference

collagen casing (CC),

polypropylene (PP) and

polyethylene terephthalate (PET)

food container materials

• 3–4 log10 cfu/cm
2 reduction from

initial 8–10 log10 cfu/cm
2 after

10 min treatment

• Enumerated on TSA (E. coli and

L. monocytogenes) and NA (S.

Typhimurium)

Yong et al.

(2014)

E. coliKCTC 1682 on chicken breast • Nitrogen (6 lpm) and oxygen (10

sccm)

• 1.85 log10 cfu/mL reduction from

initial 4 log10 cfu/cm
2 after

10 min treatment

• Enumerated on TSA

Yong et al.

(2014)

Atmospheric pressure glow

discharges (APGD)

Pantoea agglomerans biofilms on bell

peppers

• Helium (5 slm) and oxygen

(5 sccm)

• 3.2 log10 cfu/mL reduction for a

12 h biofilm after 1 min treatment

Vleugels et al.

(2005)

Atomflo reactor

Surfx Technologies (CA,

United States)

Chromobacterium violaceum biofilms in

microtitre plates

• Helium (20.4 L min�1) and

nitrogen (0.305 L min�1)

• 100% inactivation of a 7 day old

biofilm after 60 min treatment

• Enumerated on tryptic yeast agar

(TYA)

Joaquin et al.

(2009) and

Abramzon

et al. (2006)

P. aeruginosa biofilms in CDC biofilm

reactor (BioSurface Tech., MT,

United States)

• Helium (20.4 L min�1) and

nitrogen (0.135 L min�1)

• Complete inactivation from an

initial 8 log10 cfu/mL after 30 min

treatment

• Enumerated on TSA

Vandervoort

and Brelles-

Marino

(2014)
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Plasma Prep III

SPI Supplies (PA, United

States)

S. aureus (ATCC 29213), E. coli

(ATCC 25404) and S. epidermidis

(NJ 9709) biofilms on

polyethylene terephthalate (PET)

films, on silicon wafers, and on

LabTek 8-well cover-glass

chambers

• Oxygen, nitrogen or argon

(2.4 ft3 h�1)

• 100% inactivation of biofilms on

all surfaces after 30 min treatment

• Evaluated using Live/Dead

staining and confocal microscopy

Traba et al.

(2013)

DC microjet Candida biofilms in microtitre plates • Helium/oxygen mix (2%) at

2.5 slm

• 100% inactivation after 1 min

treatment

• Enumerated on sabouraud

dextrose agar (SDA)

Zhu et al.

(2012)

Floating-electrode dielectric-

barrier discharge (FE-DBD)

Drexel Plasma Institute (NJ,

United States)

E. coli and S. aureus (MRSA) on

cover slips

• Ambient air

• 100% inactivation after 150 s

treatment

• Quantified by XTT assay

Joshi et al.

(2010)

MicroPlaSter b device P. aeruginosa, Burkholderia cenocepacia,

E. coli, Streptococcus pyogenes,

S. aureus, S. epidermidis and

Enterococcus faecium biofilms on

cover slips

• Argon

• Complete inactivation from initial

5 log10 cfu/mL of P. aeruginosa,

B. cenocepacia and E. coli after 5 min

treatment

• 17% survival for S. pyogenes and up

to 10% survival for S. aureus,

S. epidermidis and E. faecium after

5 min treatment

• Enumerated on NA

Ermolaeva

et al. (2011)
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Table 4.1 Examples of CAP equipment used for inactivation of biofilm organisms—cont’d

Plasma equipment Microorganisms and substrate
Processing conditions and
inactivation results Reference

Plasma flashlight (handheld,

battery operated)

Enterococcus faecalis biofilms on cover

slips

• Ambient air

• Almost complete inactivation of

25 μm thick biofilms after 5 min

treatment

• Evaluated using Live/Dead

staining and confocal microscopy

Pei et al.

(2012)

Surface micro discharge (SMD)

plasma device

Candida albicans biofilms inmicrotitre

plates

• Ambient air

• 6 log10 cfu/mL reduction from

initial 7 log10 cfu/mL after 8 min

treatment

• Enumerated on SDA

Maisch et al.

(2012)

DC HV plasma jet Weissella confuse biofilms of cellulose

ester membrane

• Ambient air

• 3.3 log10 cfu/mL reduction from

initial 6.5 log10 cfu/mL after

30 min treatment

• Enumerated in De Man, Rogosa

and Sharpe (MRS) agar

Marchal et al.

(2012)
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In addition to gas composition, the effect of relative humidity (RH) has

been investigated. A higher RH possibly leads to the formation of more

hydroxyl radicals which are known to cause oxidative damage to nucleic

acids and proteins. Ragni et al. (2010) showed that increasing RH from

35% to 65% increased inactivation of S. enteritidis from 2.5 to 4.5 log10 cfu/g

when inoculated on eggshells. However, Matthes et al. (2014) conversely

reported that increasing the RH of the carrier gas does not lead to greater

antimicrobial efficacy.

Studies have also found that the pre-treatment incubation temperatures

of food to be treated with CAP has an impact on the inactivation of attached

biofilms. For example, Aeromonas hydrophila biofilms grown on lettuce

showed significantly enhanced resistance to CAP treatment when the lettuce

leaves were stored at higher temperatures (�15 °C) compared to cooler

temperatures (�15 °C) before CAP treatment ( Jahid et al., 2014). It was

speculated that a higher temperature stimulates internalization and biofilm

formation in stomata of lettuce leading to a protective effect and a lower

inactivation rate by CAP.

Varying the frequency of high-voltage treatment can lead to different

inactivation efficiency. A study on Salmonella biofilms investigated bacterial

inactivation of 48 and 72 h old biofilms using 5, 10 or 15 s treatment times, 5

or 7.5 cm distance from plasma emitter head and a pulse frequency of 24 or

48 kHz. It was demonstrated that the inactivation patterns were not consis-

tently correlated with the pulse frequency. The frequencies at which the

highest cfu reductions were obtained were not necessarily the same for each

of the time and distance combinations (Niemira et al., 2014). However,

another study showed a distinct correlation between the increase of input

power (from 75 to 125 W) of the CAP-producing equipment leading to

an increase in cfu reduction of S. Typhimurium (Kim et al., 2011). Inter-

estingly, this study also noted an increase in temperature with increasing

input power which has to be taken into account when directly comparing

inactivation rates. In fact, not all studies record possible temperature changes

during CAP treatment. But heating often occurs as a side effect with many

available plasma devices. Thus, care has to be taken to separate any observed

antimicrobial effects of CAP from effects that result from sample heating.

In addition, the type of plasma discharge play a role in microbial inacti-

vation. Three types of DC discharges (streamer corona, transient spark and

glow discharges) and its effect on S. Typhimurium were investigated by

Machala et al. (2009). The discharges differ in their electrical characteristics

and emission inducing various chemical and biological effects that play a role
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in bio-decontamination. The study showed that transient spark discharge

was most effective in killing S. Typhimurium under flow conditions.

The least efficient discharge was the streamer corona, presumably because

it was the least energetic and only had a small active region in close proximity

to the discharge needle.

5.4 Plasma-activated liquids
Plasma-activated liquids can be generated by producing a plasma discharge

directly in the liquid or closely above the liquid’s surface, leading to the gen-

eration and/or transfer of reactive species in the liquid. Plasma-activated

solutions can then be used as antibacterial washing solutions to decontam-

inate fresh produce. The most-studied plasma-activated liquid is plasma-

activated water (PAW). Previous studies have established the antibacterial

effects of PAW (Ma et al., 2015; Traylor et al., 2011). However, attributing

the antibacterial effects to specific agents can be difficult because of the com-

plexity of the PAW solutions, in which multiple chemical components exert

varying biological effects on different time scales.

Traylor et al. (2011) demonstrated a long-term antibacterial effect of

PAW on E. coli. Exposure times of 15 min or 3 h with freshly prepared

PAW yielded a 5 log10 cfu reduction. The PAW was then stored for up

to 7 days and cultures exposed again for 15 min or 3 h, resulting in a neg-

ligible antimicrobial activity for the 15 min exposure and a 2.4 log10 cfu

reduction for the 3 h exposure. Moreover, the composition of the PAW

solution varied greatly over the course of the 7-day treatments with hydro-

gen peroxide and nitrite diminishing within a few days, during which the

antibacterial efficacy of 15 min exposures decreased significantly.

Recently, different plasma-activated solutions, including deionized

water, saline, and citrate solution were produced by exposure to a micro-

hollow cathode discharge. The three solutions showed different antibacterial

activities against E. coli and S. aureus, with PAW and plasma-activated saline

being much more potent than plasma-activated citrate solution, presumably

due to the buffering capacity of the citrate solution (Chen et al., 2017).

Interestingly, while bacteria were inactivated and cell membrane damage

was shown, the biofilm structure was not affected (Chen et al., 2017).
6 Conclusions

Several studies have shown that CAP is a promising processing intervention

for combating biofilms on food and in the food processing environment.

CAP treatment shows good inactivation for major foodborne pathogens
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or spoilage microorganisms, including C. jejuni, L. monocytogenes, E. coli and

Pseudomonas spp. The effectiveness of CAP as a critical control point in some

food processing situations, where minimum log10 reductions may be

required, are yet to be established.

Plasma can be used (1) to alter surfaces to prevent biofilm attachment, (2)

to produce plasma-activated liquids with antibacterial properties or (3) as a

direct physical removal method for existing biofilms. To achieve higher

microbial inactivation synergistic or sequential treatment with other anti-

bacterial methods has been found to be helpful. Further, the effect of

CAP treatment on microorganisms differs greatly depending on the operat-

ing conditions, type of microorganisms, plasma equipment and treatment

environment. In addition, the biofilm state of growth presents another chal-

lenge for achieving consistent inactivation results because of the diverse

resistance mechanisms of biofilms compared to planktonic cultures.

A recent study has highlighted the potential for resistance to low dose

CAP treatments for P. aeruginosa biofilms (Mai-Prochnow et al., 2015a).

It would be valuable to the field to define a standardized CAP treatment

and/or inactivation units (dosimetry) to ensure that the required microbial

inactivation could be achieved without negatively affecting the food or sub-

strate. Discussions related to defining dosimetry have already commenced:

for example, a special group discussion session was recently held at the 2016

International Conference on Plasma Medicine (ICPM-6) in Bratislava.

However, the diversity of plasma producing equipment and operating con-

ditions could also be viewed as a strength, where versatility in potential

applications of CAP (e.g., in-package application, conveyor belt DBDs,

floating electrodes) will provide flexibility to effectively control microor-

ganisms in a number of scenarios relevant to food processing.
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1 Introduction

According to the Centers for Disease Control and Prevention (CDC), sev-

eral of the most recent foodborne outbreaks in the last 5 years have been

related to high-moisture food products such as fresh produce, eggs, chicken,

pork and beef products, seafood, and some dairy products such as cheese

(Fig. 5.1). The common microorganisms involved in these outbreaks are

Escherichia coli, Listeria monocytogenes, Salmonella spp., Campylobacter jejuni,

Vibrio spp., some other microorganisms such as parasites (Cyclospora), and

viruses such as Hepatitis A. The presence of water in the product, besides

the rich composition of each food, makes an ideal medium growth for

microorganisms. The high resistance of pathogens to conventional disinfec-

tion methods in addition to the search for chemical-free processes used in

food products are some of the reasons that led food scientists to explore addi-

tional disinfection technologies such as cold plasma.
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Fig. 5.1 Distribution of foodborne outbreaks between different food groups in the last
5 years according to the CDC (2019). Meat products include beef, pork, chicken, turkey,
and lamb; dairy products include mainly different kinds of cheeses.
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Cold plasma is a novel technology in the area of food safety with impor-

tant results in microbial inactivation. Plasma is considered the fourth state of

matter and it is an ionized gaseous mixture of active species that has an

antimicrobial effect. The active plasma species, such as electrons, positive

and negative ions, free radicals, or excited molecules, are generated mainly

when an electrical discharge is applied into a gas (pure or mixture) between

two electrodes. This mixture of active species is often called plasma glow and

contains UV radiation and photons; moreover, that affects microbial sur-

vival. Due to these active species not being in thermodynamic equilibrium,

the temperature of the plasma glow is low (<60°C). Because of that, it is

called cold plasma and is considered a nonthermal technology.

The production of reactive species during plasma processing depends on

the working gas, which can be a pure gas or a gaseous mixture. Some of the

common feeding gases in cold plasma research for food safety and preserva-

tion include air, oxygen, nitrogen, argon, and helium as well as some mix-

tures between them. The reactive oxygen species (ROS) include ozone,

atomic oxygen, singlet oxygen excited oxygen, and superoxide anion,

among others. Meanwhile, the reactive nitrogen species (RNS) include

atomic nitrogen, excited nitrogen, and nitric oxide, to cite few. These active

plasma species will act on the microorganisms to promote cellular death
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during the interaction with cell membranes and organelles. Furthermore,

processing conditions related to the equipment and the unique characteris-

tics of each food matrix can affect the degree of microbial survival. All of

them need to be explored and fully understood before cold plasma can be

considered an option in industry settings. For example, the microbicidal

effect of cold plasma can be affected because of the presence of humidity

in the working gas and/or moisture on the product because of the formation

of potent antimicrobial compounds and free radicals coming from water

molecules such as OH, H+, and H2O2. The topography of the product,

besides the level of microbial contamination, can also affect the cold plasma

effectiveness. Recently, cold plasma has been tested in liquid products, and

as in other technologies, the efficiency is strongly affected by the level of

penetration of the active plasma species into the liquid. Last but not least,

the use of plasma-activated water (PAW) has been tested as an alternative

to the conventional plasma treatment to wash and disinfect vegetables with

promising results.

This chapter presents an update on the disinfection with cold plasma of

high-moisture food products, discussing the advantages of the technology. It

also highlights some research that is required for evaluation to minimize

quality effects in specific food items, such as oxidation processes, in some

products with high fat content. The manuscript also includes some of the

latest results on research conducted with fruits and vegetables, poultry

and meat products, liquids, and other miscellaneous products. A short intro-

duction to PAW is presented at the end of this chapter with a few experi-

mental results because of the novelty of this plasma approach to disinfect

fruits, vegetables, and other products.
2 Fruits and vegetables

Fresh produce is commonly disinfected with chlorine solutions. However,

the presence of chlorine residues in the food product after disinfection is

associated with compounds that can be precursors of carcinogenic effects

on the human body (Allende et al., 2008; Martin-Diana et al., 2007). Fur-

thermore, the incidences of organic loads on fruits and vegetables affect the

efficiency and availability of free chlorine to inactivate microorganisms,

representing a potential health risk (Luo et al., 2018; Chen and Hung, 2017).

Several alternative disinfection technologies and methodologies are cur-

rently under evaluation to eliminate pathogenic microorganisms and viruses

from fresh produce while preserving their freshness (Cossu et al., 2018;



150 Advances in cold plasma applications for food safety and preservation
Huang et al., 2018; Marti et al., 2017; Guo et al., 2017; Thorn et al., 2017;

Goodburn and Wallace, 2013). Some of these methodologies combine dif-

ferent conventional preservation factors to ensure effective microbial inac-

tivation because of synergistic effects, but others present innovative and

unique approaches. Cold plasma is one of the newest technologies tested

in the food science arena with different purposes. In this book, cold plasma

is discussed as a novel technology for food safety and preservation. In the area

of fresh produce, this novel technology has been extensively tested because

of the benefits compared to other disinfection technologies. Cold plasma is a

chemical-free process without residues on the product. It is also a waterless

and environmentally friendly process that has been shown to maintain the

freshness of several fruits and vegetables after processing.
2.1 Fresh produce
The variety of fresh produce in terms of surface and composition represents

a huge challenge when disinfection technologies are tested. Resistance of

microorganisms to common sanitizing agents, the formation of biofilms,

and the search for chemical-free agents are other challenges. Besides, the

migration of microorganisms to find safe places against antimicrobial agents

in fruits and vegetables, such as scars, pores, or wrinkled surfaces, makes it

difficult to find an ideal and efficient disinfection technology. However, cold

plasma presents interesting results in terms of penetration and efficiency on

microbial inactivation, even in porous or irregular food surfaces. So far, the

research on cold plasma has been focused on the inactivation of emerging

pathogens such as E. coli, Salmonella spp., and L. monocytogenes, as shown

in Table 5.1. There is a wide diversity in the kinds of plasma devices and

processing conditions tested. The inactivation degree has been very depen-

dent on these, mainly on the composition of the working gas; some of these

works are discussed in the following paragraphs.

Cold nitrogen plasma was used to inactivate E. coliO157:H7 cells depos-

ited as a biofilm in fresh vegetables such as cucumbers, carrots, and lettuce.

The experiment involved the sequential use of cold plasma treatment

(400 W, 2 min) with a further phage treatment (5%, 30 min) to remove

the bacterial cells. Results showed that both treatments when applied one

after other resulted in a 5.71 log-reduction of E. coli O157:H7 cells. Cold

plasma was able to degrade the biofilm matrix, allowing E. coli cells to be

exposed to the phage treatment with a further death of the pathogenic cells.

Sensory evaluation was conducted on the treated vegetables and there were



Table 5.1 Inactivation of selected microorganisms on fresh produce and fresh-cut by cold plasma.

Product Microorganism
Processing
conditions

Microbial
inactivation

Changes in the
product Reference

Red

delicious

apples

E. coli O157:H7 OAUGDP,a 9 kV,

6 kHz, 25°C,
2 min

>2 log-reduction Not reported Critzer et al. (2007)

Golden

delicious

apples

Salmonella Stanley

and E. coli

O157:H7

Gliding arc cold

plasma, 60 Hz,

15 kV, 40 L/min,

3 min

2.9–3.7 and 3.4–3.6
log-reduction,

respectively

Not reported Niemira and Sites

(2008)

Granny

Smith

apples

L. monocytogenes Plasma jet, 36 kV,

40 s, air, plus a

further treatment

with a nisin-based

antimicrobial

solution (180 s

and 3600 s)

2.5 and 4.6 log-

reduction,

respectively

Changes in

apple surface

structure

Ukuku et al. (2019)

Fresh-cut

Granny

Smith

apple skin

E. coli ATCC

11775 and

L. innocua

ATCC 33090

Low-pressure cold

plasma, 29.6 W,

from 3 to 20 min,

Ar, N, O2, and

Ar-O2 mixture

1.68 (O2) and 0.88

(N2), respectively

after 20 min

Changes in

surface

wettability

Segura-Ponce et al.

(2018)

Cantaloupe Salmonella spp. OAUGDP,a 9 kV,

6 kHz, 25°C,
1 min

>2 log-reduction Not reported Critzer et al. (2007)

Continued 151
D
isinfection

of
high-m

oisture
food

using
cold

plasm
a



Table 5.1 Inactivation of selected microorganisms on fresh produce and fresh-cut by cold plasma.—cont’d.

Product Microorganism
Processing
conditions

Microbial
inactivation

Changes in the
product Reference

Cabbage L. monocytogenes Microwave-

powered cold

plasma,

400–900 W,

667 kPa,

1–10 min,

helium-oxygen

mixture

0.3–2.1 log-

reduction,

depending on

time

Not reported Lee et al. (2015)

Cabbage

and

lettuce

S. typhimurium Microwave-

powered cold

plasma, 900 W,

10 min, nitrogen

1.5 log-reduction Not reported Lee et al. (2015)

Red

chicory

E. coli and

L. monocytogenes

DBD,b 19.15 V,

15 min plus

pretreatment with

sodium dodecyl

sulfate and lactic

acid

4.78 log-reduction

with 5 min of

pretreatment and

3.77 log-

reduction with

15 min of

pretreatment,

respectively

Unpleasant odor

and low

overall

acceptability

during

storage

Trevisani et al. (2017)

Baby kale

leaves

E. coli O157:H7 DBD mist, air,

26 kV, 2500 Hz,

300 s

Not detectable Browning on

leaves after

600 s of

treatment

Shah et al. (2019)
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Romaine

lettuce

E. coli O157:H7 DBD,b 2400 Hz,

42.6 kV, 10 min,

air 1, 3, 5, and 7

layers inside a

clam shell

package

From 0.4 to 0.8 log-

reduction when

1–5 layers were

used; 1.1 log-

reduction when

seven layers were

used

No important

changes

observed

Min et al. (2017)

Iceberg

lettuce

L. monocytogenes OAUGDP,a 9 kV,

6 kHz, 25°C,
3–5 min

3–5 log-reduction,

respectively

Not reported Critzer et al. (2007)

Mandarins P. italicum Microwave-

powered cold

plasma, 0.7 kPa,

900 W, N2,

10 min

84% reduction in

disease incidence

Increase in total

phenolic

contents and

antioxidants

on peel

Won et al. (2017)

Mangoes

and

melons

E. coli,

Saccharomyces

cerevisiae,

Pantoea

agglomerans,

Gluconacetobacter

liquefaciens

Cold plasma pen,

12–16 kV,
30 kHz, He/O2,

seconds

Below detection

limits after 2.5 s,

except for E. coli

(5 s) and

S. cerevisiae

(10–30 s)

Not reported Perni et al. (2008)

Pumpkin

puree

E. coli ATCC

25922

Cold plasma corona

discharge, 17 kV,

Ar, 20 min

3.62 Decrease in pH,

carotenoid

content, and

a* value

Santos Jr. et al. (2018)

Tomato E. coli ATCC

25922

DBD,b 15 and

60 kV, from 5 to

30 min

6 log-reduction at

60 kV and after

15 min

Extended

storage in

sealed bag

Prasad et al. (2017)

Continued
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Table 5.1 Inactivation of selected microorganisms on fresh produce and fresh-cut by cold plasma.—cont’d.

Product Microorganism
Processing
conditions

Microbial
inactivation

Changes in the
product Reference

Cherry

tomatoes

Aerobic bacteria,

yeasts and

molds, and

coliforms

ICDPJ,c 8 kV,

2–4 A, 2 min

2 log-reduction to

nondetectable

using 4 A

No changes on

color,

firmness,

taste, flavor,

texture, or

overall

acceptability

Shelf-life

extended to

10–15 days at

25°C

Lee et al. (2018)

Radish

sprouts

S. typhimurium Microwave-

powered plasma,

900 W, 667 Pa,

from 2 to 20 min,

N2

2.6 log-reduction

after 20 min

Decrease in the

moisture

content

Oh et al. (2017)

Strawberries Aerobic bacteria

and yeasts and

molds

DBD,b 60 kV,

50 Hz, 42%

relative humidity,

5 min

2 log-reduction No changes in

respiration

rate, color, or

firmness

Misra et al. (2014)

aOAUGDP, one atmosphere uniform glow discharge plasma.
bDBD, dielectric barrier discharge.
cICDPJ, intermittent corona discharge plasma jet.
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no significant differences between the control and the treated samples in

terms of color, appearance, taste, and overall acceptability. Analytical mea-

surements of color and texture did not show differences compared with con-

trol (Cui et al., 2018). In a similar study, E. coliO157:H7 cells inoculated in

lettuce, treated with cold nitrogen plasma (400 and 600 W) and short

processing times (up to 3 min), were successfully inactivated. However,

to increase the efficacy of the treatment, clove oil was used in different con-

centrations (1, 2, and 4 mg/mL). Clove oil showed an important inactiva-

tion effect on microorganisms because of the disruption of cell membranes

and the further release of cellular components. A strong synergistic effect was

observed between plasma and clove oil, inactivating about 6 log-reduction

of E. coli cells. However, one of the main drawbacks of this experiment was

related with the sensory quality of lettuce after treatment. After the combi-

nation between plasma and clove oil, the color of the lettuce changed, show-

ing a brown coloration; sensory evaluation scores showed a decrease in the

appearance of the treated leaves (Cui et al., 2016b).

In another study related to fresh produce, radicchio leaves were tested

under cold plasma to inactivate L. monocytogenes and E. coli O157:H7.

A dielectric barrier discharge cold plasma device was used at 15 kV, using

air as the working gas and during 15 and 30 min. Results showed a higher

resistance from L. monocytogenes. The reason could be that Listeria cells are

a gram-positive microorganism with a strong cell wall compared to E. coli,

which is a gram-negative. Listeria was inactivated at 2.2 log cfu/cm2 after

30 min; meanwhile E. coli cells were inactivated at 1.35 log MPN/cm2 after

15 min. The antioxidant activity was quantified after cold plasma on the radic-

chio leaves and no changes were reported. However, there were color

changes on the dark part of the leaves, but no changes on the white and

red areas. Sensory evaluation showed that after one day of storage at 4°C,
the radicchio leaves changed considerably in quality attributes; after three days

of storage, the sensory characteristics such as freshness, color, odor, texture,

and overall acceptability were not satisfactory (Pasquali et al., 2016).

Although the very first experiments using cold plasma to inactivate

microorganisms in fresh produce were focused exclusively on the degree

of inactivation, further studies have been conducted to study the optimiza-

tion of the process and ensure that the quality of the fresh produce is not

degraded because of the contact of the plasma species with fresh vegetables.

For example, in the study conducted on corn salad, cucumber, apple, and

tomato to inactivate E. coli using an atmospheric pressure plasma jet, results

showed a good degree of cell inactivation as follows: 4.1, 4.7, 4.7, and 3.3
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log-reduction, respectively, after 60 s using Ar as the feeding gas. However,

it was observed that the inactivation is limited to the first 20–30 s of treat-
ment and a prolonged exposure of the vegetable in the plasma glow is not

reasonable. Furthermore, vegetables were able to keep the color and texture

after the short treatment without damage if the plasma jet filaments are kept

at least 5 mm away from the vegetable surface (Baier et al., 2014).

A study using cold plasma in some native vegetables from Korea known

as kumquat fruits was conducted using an intermittent corona discharge

plasma jet (ICDPJ) at several voltages and processing times. Fruits are known

because of the high content of aerobic bacteria and yeasts and molds. The

initial counts were 3.46 and 3 log, respectively, and after the cold plasma

treatment at 4 A and 2 min of treatment, none of these microorganisms

was detected on the fruits, the shelf life was considerably extended, and

no changes were observed on the color, texture, or sensory properties of

the vegetables (Puligundla et al., 2018).

Blueberries were processed using a cold plasma jet device testing differ-

ent processing times up to 120 s. The working gas was just atmospheric air.

Evaluations on the aerobic microorganism counts showed a reduction just

after processing and during storage. Berries were stored at 4°C for seven days

showing a 1.5 log less aerobic plate count (APC) growth compared to the

untreated fruits. However, when blueberries were treated for longer than

60 s, important effects were observed on quality such as loss of firmness

because of the collision between berries and the working reactor, a reduc-

tion in anthocyanins, and color degradation (Lacombe et al., 2015).

Several tests have been conducted with apples and the three emerg-

ing pathogens, E. coli, Salmonella spp., and L. monocytogenes, as shown in

Table 5.1. I and it has been possible to inactivate these microorganisms

on the apple surface (>2 log-reduction). Recently, apple quality has been

tested after plasma processing, showing some changes on the surface. One

of the main drawbacks of cold plasma used to disinfect fresh produce is

related to the color change of some products, for example, leafy vegetables

tend to turn brown after plasma processing, mainly if oxygen is used in the

working gas because of the oxidation reactions taking place on the vegetable.

An example of this negative effect is shown in Fig. 5.2, when baby kale

leaves were treated under cold plasma mist to inactivate E. coli O157:H7

cells. If the treatment was short (120 s), the green kale leaves kept their color

after processing (Fig. 5.2A), but when the processing time was extended to

600 s, the leaf surface turned brown because of possible oxidation between

the oxygen coming from the processing air and the components of the leaves



Fig. 5.2 Baby kale leaves treated for (A) 120 s and (B) 600 s, showing browning in the
middle of the leaf after a long processing time (dielectric barrier discharge plasma mist,
26 kV, 2500 Hz, air). (Adapted from Shah, U., Ranieri, P., Zhou, Y., Schauer, C.L., Miller, V.,
Fridman, G., Sekhon, J., 2019. Effects of cold plasma treatments on spot-inoculated
Escherichia coli O157:H7 and quality of baby kale (Brassica oleracea) leaves. Innov.
Food Sci. Emerg. Technol. https://doi.org/10.1016/j.ifset.2018.12.010 (web archive link).
Copyright (2019) with permission from Elsevier.)
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(Fig. 5.2B). However, authors found 300 s to be enough time to reduce

E. coli cells in kale leaves below detection limits without compromising

the color of the product (Shah et al., 2019). Some of the published work

about cold plasma show a similar trend. On the one hand, oxygen is required

because of its potent oxidizing effect on microbial cells, but on the other

hand, oxygen greatly affects the quality of some vegetables. Additional

effects of cold plasma in the quality of the products are related to the decrease

of bioactive compounds such as carotenoids or undesirable changes on sen-

sory properties, as shown in Table 5.1.
2.2 Fresh-cut
Fresh-cut vegetables are minimally processed to provide some stability during

storage, but often these products are associated with high microbial risk

because of all the operations taking place until the vegetables reach the con-

sumer. These operations are peeling, slicing, dicing, or shredding, which are

conducted before packaging (Martin-Diana et al., 2007). The correct han-

dling of the vegetables during these steps, avoiding any kind of cross contam-

ination between the food product, surfaces, or water, will reduce considerably

themicrobial contamination of the product. However, frequently the shelf life

of the product is short because of quick microbial growth due to the environ-

mental conditions of the product. Many disinfection technologies have been

tested on fresh-cuts such chlorine-based solutions, organic acids, hydrogen

https://doi.org/10.1016/j.ifset.2018.12.010
https://doi.org/10.1016/j.ifset.2018.12.010
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peroxide, ozone, modified atmosphere packaging, or blanching, but most of

them generated problems in the fresh-cut quality or leave chemical residues

on the product (Martin-Diana et al., 2007).

Cold plasma has also been tested in fresh-cut vegetables to inactivate

pathogens but also to reduce the regular microbial flora that shorten the shelf

life of the product. In a study evaluating the use of plasma on fresh-cut

melon, a dielectric barrier discharge was used to treat the slices of the

product for 15 and 30 min on each side to account for final treatment times

of 30 and 60 min, respectively. Then, the fresh-cut were packed and stored

for four days (10°C). The best treatment was the shortest (15 min each side),

in which a couple of enzymes were slightly inactivated (peroxidase 17% and

pectin methylesterase 7%). The shelf life was also extended because of the

growth delay of mesophilic and psychrotrophic flora and minor changes

were observed in quality parameters such as titratable acidity, soluble solid

content, dry matter, color, and texture (Tappi et al., 2016).

Another fresh cut that was studied under cold plasma treatment was

dragon fruit (Hylocereus) inoculated with cells of E. coli, S. typhimurium, and

L. monocytogenes. The radio-frequency cold plasma treatment (20–40 W,

20–600 kHz, argon) was combined with the addition of green tea extract

(5%) to the surface of the dragon fresh cut by dipping the chunks. Microbial

growth of the pathogens was fully inhibited for 15 days because no cells of any

of these pathogens were detected using conventional microbiological

methods. The growth of aerobic mesophilic and psychrotrophic bacteria

was also delayed when samples were stored at 4°C for 30 days. The combi-

nation between cold plasma treatment and green tea extract extended the shelf

life of dragon fresh cut for 15 days; meanwhile, the untreated samples had a

shelf life shorter than five days at the same storage conditions. However, when

cold plasma was applied without the addition of green tea extract, the effect

was different. It is likely probable that the antioxidants in the green tea extract

and the generation of the free radicals during cold plasma treatment enhanced

the microbicidal effect. Samples also exhibited an increase in the phenolic

content after the combination of the two preservation factors applied together

(Matan et al., 2015).

In general, cold plasma seems to be an alternative to disinfect fruits and

vegetables, as shown in these examples. However, research should be

focused not only on improving the microbial inactivation, but also on the

detailed study of those physical-chemical changes that are affecting the

sensory and nutritional quality of the products. As was mentioned before,

some studies are now looking to optimize the processing of the products
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by playing with several variables such as the working distance between the

plasma electrode and the product, using direct or indirect treatment, using a

very diverse gas composition for the inlet, or using combined methods with

plasma, to cite only few of them.
3 Poultry products

Eggs and chicken meat have been in the spotlight for many years because of

the high incidence of Salmonella spp. on these products that are commonly

related to foodborne outbreaks, as shown in Fig. 5.1, besides other poultry

products such as turkey (CDC, 2019). Egg shells have been widely studied

under cold plasma processing because of the research need to find alterna-

tives to conventional disinfection methodologies that are showing a lack of

efficiency in sanitizing and controlling the presence of Salmonella. Other

plasma studies have been focused on the inactivation of pathogens on

chicken meat and chicken skin, which often offer protection to the micro-

bial cells against common disinfection agents. Some examples on the use of

cold plasma in poultry products are discussed in the following paragraphs and

additional examples are cited in Table 5.2.

S. enteritidis and S. typhimuriumwere inoculated on egg shells (5.5–6.5 log/
eggshell) and treated under a resistive barrier discharge (RBD) cold plasma

device at 15 kV. Different relative humidities (RH) were used in the working

gas (35% and 65%) during several processing times. Active species that were

detected on the plasma glow were N2
+, OH, and NO radicals. Inactivation

for S. enteritidis was about 2.5 log-reduction after 90 min using the air at

35% RH; meanwhile, inactivation was enhanced to 4.5 log-reduction when

the RH was 65%. Authors suggested the effect of oxygen active compounds

coming from humidity present on the air having a microbicidal activity

(Ragni et al., 2010). Similar results were found by Georgescu et al. (2017),

when treated S. enterica cells were inoculated on egg shells under cold plasma

processing. This research team used a DBD with the processing conditions

mentioned in Table 5.2. Inactivation was higher when theRH (80%)was also

higher in the processing air because of the presence of moisture that breaks

in hydroxyl radicals during the treatment, having a lethal effect on microbial

cells. Cells were below the detection limit after 10 min of direct treatment

and after 25 min of indirect treatment. No quality changes were observed in

the treated eggs.

The effect of the gas composition was also studied on chicken egg shells

inoculated with S. enteritidis using a high-voltage atmospheric cold plasma



Table 5.2 Examples of microbial inactivation in poultry products, meat products, and fish under cold plasma processing.

Product Microorganism Processing conditions Microbial inactivation
Changes in the
product Reference

Poultry products

Chicken skin,

breast fillet

Campylobacter jejuni Cold plasma jet,

30–180 s, 1 MHz,

2–3 kV, argon, air

0.78–2.55 cfu/cm2 for

argon;

0.65–1.42 cfu/cm2

Higher luminosity

(L*) in the meat

after using argon,

longest time and

shorter distance

(8 mm)

Rossow

et al.

(2018)

Chicken breast

and chicken

thigh with

skin

Salmonella enterica

subsp. enterica

serovar Typhi

ATCC 19214

Air cold plasma, ambient

pressure, 30 kV,

0.5 kHz,

0.15 W/cm2, from 0

to 180 s, low and high

inoculation level

1.5 and 1.7 log-

reduction in chicken

breast and chicken

thigh with skin,

respectively, under

high inoculation

level (104)

No changes reported Dirks et al.

(2012)

Chicken breast

and chicken

thigh with

skin

C. jejuni RM1849 Air cold plasma, ambient

pressure, 30 kV,

0.5 kHz,

0.15 W/cm2, from 0

to 180 s, low and high

inoculation level

1.5 and 0.9 log-

reduction in chicken

breast and chicken

thigh with skin,

respectively, under

high inoculation

level (104)

No changes reported Dirks et al.

(2012)
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Chicken meat

and chicken

skin

L. innocua DBDa plasma jet,

30 kHz, 16 kV, He

+ O2

1 log-reduction in skin

after 8 min; >3 log-

reduction in muscle

after 4 min

Not reported Noriega

et al.

(2011)

Egg shells Salmonella enteritidis HVACP,b 85 kV,

60 Hz, dry air, and

MA65 (65% O2, 30%

CO2, 5% N2), from 5

to 15 min, direct and

indirect treatment

5.53 log-reduction after

15 min, direct and

MA65 treatment

No changes in the

studied parameters

Wan et al.

(2017)

Egg shells Salmonella enteritidis

and Salmonella

typhimurium

Cold nitrogen plasma

(400 W, 20 min) plus

thyme oil (0.5 mg/

mL, 1 min)

Below 10 cfu/egg Extended shelf life up

to 14 days

(4, 12, and 25°C)

Cui et al.

(2016a,b)

Egg shells Salmonella enterica

serovar

Typhimurium

DBD,a 25–30 kVp-p,

10–12 kHz, direct

treatment (He/O2),

and indirect

treatment (air)

Below 102 cells per egg

after 10 min direct

treatment and after

25 min indirect

treatment

Not changes on egg

quality (pH,

Haugh unit, Yolk

Index)

Georgescu

et al.

(2017)

Pork and beef

Pork slices Aerobic total plate

count

Microwave-powered

plasma, 2.45 GHz,

1.2 kW, air, indirect

treatment,

2 � 2.5 min and

5 � 2 min

Remained 102–103

during storage

(20 days at 5°C)

Changes in color,

increase in a* and

decrease in b*

Fr€ohling
et al.

(2012)

Continued
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Table 5.2 Examples of microbial inactivation in poultry products, meat products, and fish under cold plasma processing.—cont’d.

Product Microorganism Processing conditions Microbial inactivation
Changes in the
product Reference

Fresh and

frozen pork

E. coliO157:H7 and

L. monocytogenes

Corona discharge

plasma jet, 20 kV,

58 kHz, 0–120 s

1.5 and >1.0 log-

reduction,

respectively

Changes in color and

appearance and

sensory changes in

fresh pork

Choi et al.

(2016)

Pork loin E. coli and

L. monocytogenes

DBD, 30 kHz, 3 kV, He

and He + O2, 10 min

0.55 and 0.59 log-

reduction

respectively, when

treated with He

+ O2

Decrease in L* value,
changes in pH,

generation of lipid

oxidation, changes

in sensory

attributes

Kim et al.

(2013)

Bacon L. monocytogenes

KCTC3596,

E. coli

KCTC1682,

Salmonella

typhimurium

KCTC 1925

DBD,a 13.56 MHz,

125 W, He + O2,

90 s

2.6, 3.0, and 1.73 log-

reduction,

respectively

Increase in L* value Kim et al.

(2011)

Fresh pork butt L. monocytogenes,

E. coli O157:H7,

and Salmonella

typhimurium

Flexible thin-layer DBD

plasma, 15 kHz,

100 W, 10 min,

N2 + O2

2.04, 2.54, and 2.68

log-reduction,

respectively

Reduction in a*
value (loss

redness),

promoted some

lipid oxidation,

and change in taste

Jayasena

et al.

(2015)
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Fresh beef loin L.monocytogenes,

E. coli O157:H7

and Salmonella

typhimurium

Flexible thin-layer DBD

plasma, 15 kHz,

100 W, 10 min,

N2 + O2

1.90, 2.57, and 2.58

log-reduction,

respectively

Reduction in a*
value (loss

redness),

promoted some

lipid oxidation,

and change in taste

Jayasena

et al.

(2015)

Bresaola L. innocua Atmospheric plasma,

15.5, 31, and 62 W,

from 2 to 60 s, 30%

O2/70% Ar

0.8-1.6 log-reduction Increase in TBARSc

values, change in

color, loss of

redness after 1 day

(40%), and 14 days

(70%) of storage

Rød et al.

(2012)

Fish

Asian sea bass

slices

Pseudomonas

aeruginosa, Vibrio

parahaemolyticus,

S. aureus,

L. monocytogenes,

E. coli

DBD HVACP, 50 Hz,

80 kVRMS,

2.5–10 min, Ar/O2

Limited inactivation,

required

posttreatment time

to have some

inactivation

Lipid oxidation and

protein

degradation

Olatunde

et al.

(2019)

Atlantic herring Total aerobic

mesophilic,

psychrotrophic

bacteria, lactic

acid bacteria,

Pseudomonas,

Enterobacteria

DBD, 50 Hz,

70–80 kV, 5 min, air

Lower microbial loads

after plasma

processing

comparing to control

samples

Reduction in

trapped water in

the myofibrillar

network

Albertos

et al.

(2017b)

Continued
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Table 5.2 Examples of microbial inactivation in poultry products, meat products, and fish under cold plasma processing.—cont’d.

Product Microorganism Processing conditions Microbial inactivation
Changes in the
product Reference

Fish balls

(surimi,

bacterial

suspension)

Psychrobacter

glacincola,

Brochothrix

thermosphacta,

Pseudomonas fragi

Gas phase surface

discharge plasma,

75 Hz, 12.8 kV,

6.5 L/min, 300 s

6.87, 4.81, and 3.32

log-reduction,

respectively

Not reported Zhang et al.

(2019)

Fish balls

(surimi,

bacterial

suspension)

Psychrobacter

glacincola

Pulsed discharge plasma,

50 Hz, 20 kV, 3 L/

min, 4 min

Fully inactivated

(5 log-reduction)

Not reported Zhang et al.

(2019)

aDBD, dielectric barrier discharge.
bHVACP, high voltage atmospheric cold plasma.
cTBARS, 2-thiobarbituric acid reactive substances.
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(HVACP) device at 85 kV under direct and indirect treatment, and two dif-

ferent feeding gases, dry air and modified atmosphere gas (65% O2, 30%

CO2, and 5%N2). The higher inactivation was observed when the modified

atmosphere was used because of the higher concentration of oxygen com-

pared to dry air. Also, the processing time influenced inactivation, as the

longer the time, the higher the inactivation because the plasma active species

were in higher concentration to inactivate the cells (5.53 log-reduction after

15 min). Several parameters related to egg quality were tested after plasma

processing such as the Haugh unit, weight, albumen pH, yolk pH, and color,

and vitelline membrane strength; no significative differences were found

compared to control samples (Wan et al., 2017).

Matan et al. (2014) studied the use of essential oils clove, sweet basil, and

lime oils and the main components of each one, eugenol, β-ocimene, and

D-limonene (5–20 μL/mL), respectively, together with cold plasma to inac-

tivate target pathogens on egg shells. Cells of E. coli, S. typhimurium, and

Staphylococcus aureus were inoculated on egg shells and dried. Then, the

essential oils or main components were added to the shells by dipping the

eggs in each solution. Finally, the eggs were treated with radio-frequency

cold plasma (20–40 W, 10 min, 20–600 kHz, argon) and the cells were

counted. The use of clove oil (10 μL/mL) or its main component, eugenol

(5 μL/mL), together with the cold plasma treatment at 40 W was able to

inactivate the pathogenic cells. No viable cells were detected on the egg

shells only after combining cold plasma and clove oil or eugenol.

A similar study was conducted by Cui et al. (2016a,b) using thyme oil

and nitrogen plasma against S. enteritidis and S. typhimurium inoculated on

egg shells. Both preservation factors showed a synergistic effect when applied

together, using 0.5 mg/mL of thyme oil for 20 min followed by 1 min of

cold nitrogen plasma (400 W); <10 CFU/egg were detected after the pro-

cess. However, this combination of treatments allowed extending the shelf

life of eggs without important microbial growth under different tempera-

tures (4°C, 12°C, and 25°C) for up to 14 days.

Besides Salmonella cells, another microorganism that is frequently found in

foodborne outbreaks related to chicken is C. jejuni. This microorganism was

inoculated on chicken skin and breast fillet and treated under a cold plasma

jet using argon and air as feeding gases. Processing conditions were 1 MHz

and 2–3 kV from 30 and 180 s. Microbial inactivation was higher with argon,

achieving from 0.78–2.55 cfu/cm2 while the inactivation with air was only

0.65–1.42 cfu/cm2. Inactivation was easier on the breast fillet rather than the

chicken skinbecauseof the irregular skin surfaceprotecting themicroorganisms
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from the plasma reactive species. The temperature of the sample during argon

processing reached 61°C,which suggests a possible denaturationbecause of the
meatmyofibrillar, connective tissue, and sarcoplasmic protein present denatur-

ation and dehydrationwhen the temperature is>45°C.The color of the breast
fillet was increased in terms of luminosity when treated with Ar during 180 s,

suggestingapossible denaturationeffect (Rossowet al., 2018). Ingeneral terms,

microbial inactivation in chicken meat using cold plasma has been limited

under the tested conditions, as shown in Table 5.2.
4 Meat

Some of the pathogens of concern in the meat industry are L. monocytogenes,

E. coli, Salmonella spp., andC. jejuni (Misra and Jo, 2017). Reports about the

presence of the three first pathogens in beef and pork products are listed only

in the food recalls during 2018 on the CDC website (CDC, 2019), showing

the high incidence of these microorganisms.

Cold plasma has been used to inactivate mainly pathogenic microorgan-

isms in different meat products, as shown in Table 5.2. It is difficult to com-

pare between treatments and inactivation levels because of the diversity of

plasma devices used to treat, for example, pork: DBD, corona discharge, and

microwave-powered plasma. However, the inactivation of the pathogens in

pork has been between 1 and 2 log-reduction and in a wide part of the pub-

lished work, a feeding gas mixture including oxygen has been used. The

research done by Rød et al. (2012) in Breasola (a beef product) used a lower

concentration of oxygen (30%) combined with argon (70%). The main

point here is the oxidation problem observed in meat after processing with

cold plasma because of the action of oxygen active species on lipids and meat

pigments. The oxidation process results in the generation of hydroxyl acids,

keto acids, short-chain fatty acids, and aldehydes which are responsible for

the generation of off-flavors and odors (Critzer et al., 2007). On the other

hand, the loss of redness in meat is because of the interaction between myo-

globin and hydrogen peroxide forming choleglobin, increasing the color

parameter a on the plasma-treated meat products.

Some of the reactive oxygen species (ROS) that have been detected

when oxygen is used in cold plasma processing include but are not limited

to hydrogen peroxide (H2O2), ozone (O3), superoxide anion (O2
•�Þ,

hydroperoxyl (HO2
•), alkoxyl (RO•), peroxyl (ROO•), singlet oxygen

(1O2), hydroxyl radical (•OH), and carbonate anion radical (CO3
•�)

(Misra and Jo, 2017). In fact, oxygen has a potent microbicidal effect on cells

of pathogens and often is required to enhance the inactivation, but on the
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other hand, the effect of this component and combination with meat com-

ponents reduces drastically the quality of the product.

In a lower degree, the inactivation of spoilage microorganisms in

meat products has been explored using cold plasma. Although these micro-

organisms are not pathogens, their presence in meat products are related to

quality deterioration of the food during storage and contamination in proces-

sing areas. One of these microorganisms is Brochothrix thermosphacta, which

has been treated under cold plasma in lamb chops. A dielectric barrier

discharge atmospheric plasma device was used to inactivate attached cells of

B. thermosphacta in lamb chops, and after 5 min, about a 2 log-reduction was

observed in cells. This study also included the treatment of lamb chops packed

in plastic trays under modified atmosphere conditions (30% CO2 + 70%O2);

the samples were stored up to 13 days at 4°C.Results showed that cold plasma

treatment inapackageof lambchops reduced themicrobial growthduring stor-

age when compared with untreated samples, extending the shelf life of the

product (Patange et al., 2017).

Althoughmicrobial inactivation inmeat using cold plasma is a reality, it is

worth conducting research with other working gases, avoiding the presence

of oxygen. Quality problems such as loss of color and lipid oxidation can be

decreased, but microbial quality must be assessed using different gases and/or

processing conditions. The use of higher voltages in cold plasma devices

could also be explored as an alternative to keep the quality of meat but

eliminate microbial problems in the products.
5 Fish

Few studies have been conducted on fish products using cold plasma.

Although this food is considered lean meat, comparing with pork or beef,

fish still contains fatty acids that can be easily oxidized using cold plasma pro-

cessing. Some of the few available published studies on microbial inactiva-

tion of fish are presented here. Atlantic mackerel was treated under dielectric

barrier discharge plasma to reduce the natural flora present on the fillets. Fish

was packaged and sealed on polyethylene terephthalate trays; cold plasma

was applied at 50 Hz, 70–80 kV for up to 5 min. Atmospheric air (50%

RH, 15°C) was used as the feeding gas. The effect on the lipid oxidation

parameters such as peroxide value (PV) and dienes was observed after cold

plasma because of the presence of free radicals that can enhance the oxidation

process. After processing, the luminosity of the fish fillets decreased and there

were some changes in the fish structure matrix, releasing some of the trapped
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water (Albertos et al., 2017a). In another study usingHerring fillets that were

packed and then treated with DBD cold plasma, two different voltages were

tested (70 and 80 kV) during 5 min. Results showed that with the higher

voltage, the microbial inactivation was best and the shelf life was extended

considerably because of the reduction of mesophilic bacteria, psychro-

trophics, Pseudomonas, lactic acid bacteria, and Enterobacteriaceae. However

there were some quality issues in terms of oxidation and color change. How-

ever, when the lower voltage was used, the microbial inactivation was still

acceptable, and the quality was good. There was a reduction of the trapped

water in the myofibrillar network (Albertos et al., 2017b).
6 Liquid foods

Experiments using cold plasma were formerly focused on the disinfection of

solid products as mentioned before. Some authors suggest that inactivation of

microorganisms is easier when the cells are deposited on a solid surface rather

than inside a liquid medium because of the direct contact of microorganisms

with the active species of plasma (Kim et al., 2014). However, in the last few

years, there have been several reports of cold plasma used to inactivate

microorganisms in liquid foods, as shown in Table 5.3. As can be observed,

the products such as tangerine, apple, orange, or tomato juice, in which a

pathogen was tested such as E. coli, presented a limited inactivation, lower

than 5 log-reduction. The exception is the study related to Salmonella in

orange juice in which the inactivation was higher than 5 log-reduction.

E. coli and Salmonella are both gram-negative microorganisms and the

response to cold plasma could be expected to be similar in alike products.

However, the inactivation is different because of the processing conditions,

in the case of Salmonella a rich oxygen mixture (65% O2) was used as the

feeding gas, enhancing considerably the cellular death. Another study was

focused on the inactivation of Citrobacter freundii in apple juice. This micro-

organism belongs to the Enterobacteriaceae family and it is an opportunistic

pathogen. During treatment with a plasma jet for 480 s and using argon plus

0.1% oxygen as the feeding gas, a 5 log-reduction was observed. The direct

effect of plasma was not directly on the cells. It was observed that because of

the production of free radicals during plasma processing, such as H2O2 and

hydroperoxyl radicals, and a further storage period with a low pH in the

product, these compounds were responsible for cellular death because of

DNA degradation (Surowsky et al., 2014). In the case of milk, there are

few reported studies using cold plasma; the ones presented in Table 5.3 show



Table 5.3 Inactivation of microorganisms in liquid food products using selected processing conditions of cold plasma.

Product Microorganism
Processing
conditions

Microbial
inactivation Changes in the product Reference

Tangerine juice E. coli

ATCC700891

30 kV, 40 MHz,

25°C, 2 min

4.8 log-reduction Minor changes in

acidity, phenols, and

ascorbic acid

Yannam

et al.

(2018)

Apple juice E. coli DBD,a 30–50 W,

40 s,

3.98–4.34
log-reduction,

respectively

Strongest conditions

(50 W, 10 s)

produced significant

changes in pH,

titratable acidity,

color, and total

phenolic contents

Liao et al.

(2018a)

Apple juice Zygosaccharomyces

rouxii LB and

1130

Gas-phase surface

discharge plasma

spray reactor,

50 Hz, 21.3 kV,

30 min, air

6.58 and 6.82

log-reduction,

respectively

Not reported Wang et al.

(2018)

Apple juice

12°Brix, 36°
Brix, 60°Brix

Zygosaccharomyces

rouxii LB

Gas-phase surface

discharge plasma

spray reactor,

50 Hz, 21.3,

30 min, air

5.60, 3.76, 3.05

log-reduction,

respectively

Slight reduction in pH,

color changes.

Titratable acidity,

reducing sugars, and

volatile compounds

remained without

change

Wang et al.

(2019)

Apple, orange,

and tomato

juice and sour

cherry nectar

E. coli ATCC 25922 Plasma jet, 25 kHz,

650 W, dry air,

120 s

4.02, 1.59, 1.43,

and 3.34

log-reduction,

respectively

Changes in apple juice

color, increase

(10–15%) in phenolic

content, and no

changes in pH

Dasan and

Boyaci

(2018)

Continued
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Table 5.3 Inactivation of microorganisms in liquid food products using selected processing conditions of cold plasma.—cont’d.

Product Microorganism
Processing
conditions

Microbial
inactivation Changes in the product Reference

Coconut water Salmonella enterica

serovar

Typhimurium

LT2

HVACPb-DBD,a

60 Hz, 186 W,

120 s, dry air

1.3 log-reduction Decrease in pH and

titratable acidity,

increase in L*, b*.
Presence of H2O2 in

the product. No

changes in ascorbic

acid content

Mahnot

et al.

(2019)

Grape juice Saccharomyces

cerevisiae

HVACP,b 80 kV,

60 Hz, air, 4 min

7.4 log-reduction Decrease in total

phenolics, total

flavonoids, DPPH

free radicals

scavenging, and

antioxidant capacity

Pankaj et al.

(2017)

Orange juice Salmonella enterica

serovar

Typhimurium

HVACP,b direct

and indirect

treatment,

25 mL, 30 s, air

and MA65 (65%

O2/30% CO2,

5% N2), 90 kV

>5 log-reduction 22% reduction in

vitamin C, PME 74%

(air; 82% MA65),

120 s, and direct

treatment

Xu et al.

(2017)

Whole,

semiskimmed,

and skimmed

milk

E. coli ATCC 25922 Corona air

discharge, 9 kV,

35°C, from 3 to

20 min

4.1 log-reduction

after 20 min

No changes in pH or

color

Gurol et al.

(2012)
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Milk Aerobic bacteria,

E. coli

KCTC1682,

Listeria

monocytogenes

KCTC 3569,

Salmonella

typhimurium

KCTC 1925

Encapsulated air

DBD,a 250 W,

15 kHz, 5 and

10 min

2.4 log-reduction

after 10 min

for pathogenic

bacteria; no

viable aerobic

bacteria after

10 min

Decrease in pH, increase

in L* and b*; decrease
in a*

Kim et al.

(2015)

Tiger nut milk Aerobic bacteria,

molds, and yeasts

DBD,a 30 V, 1.22

A, 12 min, air

Not detectable

after 12 min

Decrease in pH

(1.6 units), increase in

titratable acidity, lipid

oxidation, and

decrease in protein

content

Muhammad

et al.

(2019)

Tomato-based

beverage

Aerobic bacteria,

molds, and yeasts

DBD,a 60 kV,

50 Hz, 260 V,

10 min, air

2 log-reduction Minor changes in

bioactive

compounds. Changes

in color parameters,

L*, a*, b*

Mehta et al.

(2019)

Distilled water Salmonella enterica

serovar

Typhimurium

LT2

HVACPb-DBD,a

60 Hz, 186 W,

120 s, dry air

Complete

inactivation

(>9 log-

reduction)

Decrease of pH from

6.91 to 3.35

Mahnot

et al.

(2019)

aDBD, dielectric barrier discharge.
bHVACP, high voltage atmospheric cold plasma.
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a limited inactivation of pathogens after long processing times (10 and

20 min). Nevertheless, with the preliminary results shown in Table 5.3 about

pathogenic inactivation, it is difficult to claim pasteurization standards for

fruit juice or milk. According to the US Food and Drug Administration

(FDA), a minimum of 5 log-reduction of a pathogen should be achieved

in fruit juice or milk with the novel technology to claim pasteurization

(FDA, 2019). Currently, the main drawback of cold plasma to process liquids

is the lack of adequate equipment to ensure a homogeneous mixture of the

liquid with the plasma reactive species and achieve the required inactivation.

A different scenario has been observed for spoilage microorganisms such as

yeasts, where inactivation was higher than 6 log-reduction in the studied

cases presented in Table 5.3. The design of appropriate cold plasma devices

to process liquids is a current challenge for those working in the technology.

With all the information generated in the last 10 years about microbial inac-

tivation and product quality, it is expected that in the coming years we will

have a piece of equipment that will allow the required 5 log-reduction in

fruit juices and milk using cold plasma. Parallel to that, further studies on

changes in the product quality are still needed to ensure that vitamins are

not degraded in fruit juices or lipid oxidation is not observed in milk.
7 Other high-moisture food products

There are other food products that have been tested under cold plasma pro-

cessing for microbial inactivation. Some of them are presented in Table 5.4.

Cheese has been one of the most tested products, mainly because of the pres-

ence of L. monocytogenes found in several cheese products during the last

several years in foodborne outbreaks. It is difficult to compare between

the works presented in Table 5.4 because experimental conditions are very

different in addition to different types of plasma devices. However, the work

done by Lee et al. (2012) and Yong et al. (2015) reported unpleasant sensory

conditions in the cheese slices after plasma processing. The work done by

Wan et al. (2019) in queso fresco focused on inactivating L. innocua showed

a 3.5 log-reduction in the product, although changes in product quality

were not reported.

Finally, the last work presented in Table 5.4, shows the research done on

sushi to reduce its microbial flora and to extend the shelf life of this product.

Often, these products have a reduced shelf life or present microbial risks

because of the use of raw ingredients such as vegetables or fish. Although

microbial reduction was low (1–1.5 log-reduction) using the specific



Table 5.4 Inactivation of microorganisms in miscellaneous products under selected processing conditions of cold plasma.

Product Microorganism
Processing
conditions Microbial inactivation Changes in the product Reference

Cheese

(sliced)

E. coli KCTC 1682, S. aureus

KCTC 11764

DBD,a 3.5 kVp-p,

50 kHz, He

and He/O2,

from 1 to

15 min

1.98 log-reduction

(He/O2) for E.coli;

0.91 log-reduction

(He/O2) for

S. aureus

Decrease in L*, increase in b*.
Slices were damaged after

10 min. Poor sensory

properties in terms in flavor,

odor, and acceptability and

surface presented damage

after 10 min

Lee et al.

(2012)

Cheese

(sliced)

Listeria innocua Atmospheric

plasma, from

75 to 150 W,

from 60 to

120 s

Not viable cells (>8

log-reduction) after

testing 125 and

150 W

Not reported Song et al.

(2009)

Cheddar

cheese

(sliced)

E. coli O157:H7

(ATCC43894), Salmonella

typhimurium (KCTC1925),

Listeria monocytogenes

(KCTC3569)

Flexible thin-

layer DBD,a

250 W,

15 kHz, from

2.5 to 10 min

3.2, 5.8, and 2.1 log-

reduction,

respectively after

10 min

Decrease in pH and L* value;

increase in b* and

thiobarbituric acid values.

Reduction in flavor, overall

acceptability, and generation

of off-odors

Yong et al.

(2015)

Queso fresco L. innocua DBD,a 60 Hz,

100 kV, dry

air, 5 min

3.5 log-reduction Not reported Wan et al.

(2019)

Sushi (nigiri

and

hosomaki)

Aerobic microorganisms DBD,a 70 and

80 kV, 5 min

1–1.5 log-reduction No changes in moisture,

protein, or fatty acids

content. Increase in TBA

index, mainly for hosomaki

Kulawik et al.

(2018)

aDBD, dielectric barrier discharge.
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processing conditions in this work, this decrease in bacteria loads can be

enough to extend the shelf life of the sushi few days more, comparing to

the untreated product.
8 Plasma-activated water (PAW)

Recently, some alternatives to conventional cold plasma have emerged to

improve the positive effects of the technology and minimize some draw-

backs. One of these is the use of water treated with cold plasm, which is

known as plasma-activated water (PAW), plasma-treated water (PTW),

or plasma-processed water (PPW). This can be used as a disinfectant in food,

allowing a better penetration of the active plasma species in the product

while enhancing microbial inactivation and minimizing quality problems

(Xiang et al., 2019a,b).

PAW is characterized for a low pH because of the presence of strong

acids after the water has been treated with plasma. The acidic environment

is ideal for microbial inactivation. The published studies using PAW showed

an average pH around 3; however, in some works the pH is as low as 1.9.

The primary species presented in PAW are atomic oxygen, singlet oxygen,

superoxide, ozone, hydroxyl radicals, and excited and atomic nitrogen.

Meanwhile, the secondary species are hydrogen peroxide, peroxynitrite,

nitric oxide, nitrates, and nitrite ions. A detailed list of those chemical reac-

tions taking place during the production of PAW is presented by Thirumdas

et al. (2018).

Some of the latest published works showing the antimicrobial effects of

PAW are presented in Table 5.5. Most of the research has been done on

vegetables because of the feasibility of washing them using water with a

potent antimicrobial mixture. Minor or not, important changes have been

detected in the vegetables that have been studied using PAW. In Fig. 5.3,

there is a clear example of the positive effect of PAW to treat vegetables.

Mung bean sprouts were treated with PAW (processing conditions are men-

tioned in Table 5.5) and compared to an untreated or control sample and

some sprouts washed only with sterile distilled water. After processing, all

samples presented the same physical characteristics, but mesophilic bacteria

and yeasts and molds were reduced in the sprouts when PAW was used to

wash them. No changes were reported between the PAW-treated samples

and control regarding total phenolic compounds, flavonoids, or sensory

characteristics. However, after six days of refrigerated storage, the difference

between PAW-treated and untreated sprouts is evident, as shown in Fig. 5.3.



Table 5.5 Inactivation of microorganisms in food products using plasma-activated water (PAW).

Product Microorganism
Processing conditions to
generate PAW Microbial inactivation Changes in the product Reference

Beef Aerobic bacteria Atmospheric pressure

micro plasma array,

8 kHz, 10 kV, 24 h

3.1 log-reduction Extension of shelf-life (4–6 days), no
significant changes in quality when beef

was treated for 24 h or less

Zhao et al.

(2019)

Chinese cabbage

(shredded and

salted)

Aerobic bacteria, LAB,a

yeasts and molds,

coliforms

AC bi-polar pulsed power

supply, 14.3 kHz,

18 kV, 120 min

2, 2.2, 1.8, and 0.9 log-

reduction

respectively

No changes in moisture content,

reducing sugar content, hardness, or

color

Choi et al.

(2019)

Chinese cabbage

(shredded and

salted)

Listeria monocytogenes

and Staphylococcus

aureus

AC bi-polar pulsed power

supply, 14.3 kHz,

18 kV, 120 min with a

sequential mild heating

(60°C) for 5 min

3.4 and 3.7

log-reduction,

respectively

No changes in moisture content,

reducing sugar content, hardness, or

color

Choi et al.

(2019)

Iceberg lettuce

and red leaf

lettuce

Salmonella

typhimurium

Microplasma system (EP

water purifier), 3 min

3 and 2.6 log-reduction,

respectively

No important changes in color, and

minor changes in kaempferol and

quercetin

Khan and

Kim

(2019)

Shrimp Aerobic bacteria DBD,b 30 W, 10 min Extended shelf-life

(4–8 days)
No changes in pH; changes in color and

hardness were delayed; production of

volatile basic nitrogen was reduced

during storage; no changes in the

protein

Liao et al.

(2018a,b)

Mung bean

sprouts

Aerobic bacteria, yeasts,

and molds

APPJ,c 5 kV, 40 kHz,

750 W, 30 s

Microbial population

decreased by 2.32

and 2.84 log-

reduction,

respectively

No changes in antioxidant potential, total

phenolic, flavonoids, sensory properties

Xiang et al.

(2019a)

aLAB, lactobacillus.
bDBD, dielectric barrier discharge.
cAPPJ, atmospheric pressure plasma jet.



Fig. 5.3 Comparison between (A) control sample, (B) sterile distilled water (SDW), and
(C) plasma-activated water (PAW) treated mung bean sprouts during refrigerated
storage. Top line shows samples just after processing, middle line shows samples
after four days of storage, and bottom line shows sample after six days of storage.
PAW was prepared using an atmospheric pressure plasma jet at 5 kV, 40 kHz, 750 W,
30 s. Samples were treated with SDW and PAW for 30 min. (Adapted from Xiang, Q.,
Liu, X., Liu, S., Ma, Y., Xu, C., Bai, Y., 2019a. Effect of plasma-activated water on
microbial quality and physicochemical characteristics of mung bean sprouts. Innov.
Food Sci. Emerg. Technol. 52, 49–56. Copyright (2019) with permission from Elsevier.)
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Those samples that were washed with PAW did not show important phys-

ical changes and kept a similar appearance to the fresh product. The control

sample and the one treated with sterile distilled water showed changes in

color and firmness after six days of refrigerated storage (Xiang et al.,

2019a,b). Although the microbial reduction of PAW-treated sprouts was

only about 2.32 log-reduction for mesophilic bacteria and 2.84 log-

reduction for molds and yeasts, the removal of these microbial loads allowed
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the sprouts to extend the shelf life for a few days. That could represent an

option for other vegetables without changing nutritional or sensory charac-

teristics after being treated with PAW.

In a recent work, a plasma jet device (60 W, 20 kHz, 3–4 kV) was used
to produce PAW and study the effect on a spore solution of Colletotrichum

gloeosporioides, a fungus that reduces the shelf life of fruits such as mango,

banana, citrus, and papaya. Two gases were tested in the device, air and pure

oxygen, and the long-lived RONS were quantified in the PAW.

A complete physicochemical characterization of air-PAW and O-PAW

was also conducted. The highest spore inactivation was observed in the

air-PAW experiment because of the formation of compounds coming from

the nitrogen in the air, such as NO, NO2, and NO3, besides the radicals

coming from the oxygen (Wu et al., 2019).

A clear example of the advantages of using PAW compared to cold

plasma in some products is related to the preservation of proteins. Seafood

is an excellent source of protein, but often its shelf life is limited because of

the quick microbial growth on these products and the lack of efficient

methods to delay it during storage without damaging some characteristics

of the product, mainly the protein content. King prawns have been previ-

ously studied under cold plasma, but the reported studies are dealing more

with the changes in the proteins after processing. ROS and RNS coming

from plasma processing had an important effect on the protein structure

of prawns, reducing protein solubility and degradation of the secondary

structure (Ekezie et al., 2019). However, the use of PAW in a similar seafood

product such as shrimp was able to reduce the aerobic bacteria count and

extend the shelf life of the product by 4–8 days using PAW ice. The com-

position of PAW for this work (processing conditions are presented in

Table 5.5) had an important concentration of antimicrobial compounds such

as H2O2 (2.15 mg/L), ozone (8.6 mg/L), and nitrate (78.2 mg/L). The

studies conducted on some of the proteins on PAW-treated shrimp showed

that the active species dissolved in water were able to delay their degradation

(Liao et al., 2018b).

An interesting study was conducted by Xiang et al. (2019b) about the

effect of organic matter using PAW to disinfect food products. It is well

known that the chlorine solutions used to disinfect fruits and vegetables

can reduce their antimicrobial efficiency if there are important loads of

organic matter in the product or in the solution, as mentioned previously

in this chapter. The experiment conducted by Xiang et al. (2019b) added

beef extract and peptone to the PAW solutions (plasma jet, 750 W,
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0.18 MPa, 60 s) used against E. coliO157:H7 and S. aureus.When the solu-

tion was free of organic matter, the inactivation of these pathogens was 3.7

and 2.32 log-reduction, respectively. However, when there was the pres-

ence of beef extract or peptone, inactivation was dependent on the concen-

tration of these compounds, and was drastically compromised because of the

interaction between organic matter and antimicrobials coming from PAW,

reducing the oxidation-reduction potential of NO2
� and increasing the pH

of the PAW solution.
9 Conclusions

Cold plasma is a novel technology that has potential as a disinfection alter-

native in high-moisture food products. Emerging pathogens have been inac-

tivated because of the active plasma species in different food products.

However, some of the current limitations on the use of this technology

are related to some quality changes in the product after processing. Oxygen

is responsible for the enhancement in the microbial inactivation under cold

plasma, but it presents challenges because of the oxidation reactions promot-

ing loss of color and nutrients in some vegetables, lipid oxidation in those

products containing fat such as meat, or degradation of some bioactive com-

pounds in specific food products. Plasma-activated water (PAW) is showing

promising results in microbial inactivation without compromising the

quality of the product. The optimization of cold plasma equipment and pro-

cessing conditions in the coming years, besides a fully detailed chemical anal-

ysis of those changes in food, will provide enough information to minimize

these drawbacks and be able to transfer the technology to industry settings.
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1 Introduction

The consumption of fresh produce cultivated from seeds has increased

worldwide since there has been a shift to consume healthy, convenient foods

that are minimally processed and preserved. However, there is also a grow-

ing number of foodborne outbreaks associated with such products (Beuchat,

2002; National Advisory Committee onMicrobiological Criteria for Foods,
185
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1999a; Olaimat and Holley, 2012; Warriner et al., 2009). Sprouts, such as

alfalfa, clover, radish, cress, mung or soybean, have particularly become

the center of attention since they meet the above-mentioned criteria but

have also been linked with several serious outbreaks of foodborne illnesses

(National Advisory Committee on Microbiological Criteria for Foods,

1999b; Sikin et al., 2013; Taormina et al., 1999). This is due to the fact that

there are multiple points of entry for microbial contamination and cross-

contamination during seed and sprout production, and as a result a multifar-

ious microbial flora, including fecal coliforms, is found. Furthermore,

considering that sprouting conditions are warm, humid and nutrient-rich,

the proliferation of this native microflora is strongly supported, and an initial

low contamination can reach high levels within few hours of storage. More-

over, these conditions also support the proliferation of foodborne pathogens

like Salmonella, pathogenic Escherichia coli and Listeria monocytogenes, which

are frequently detected and reported. Consequently, the severity of the

problem becomes eminent when sprouts are often consumed raw or min-

imally processed without a decontamination treatment such as heat.

Likewise, cereal grains such as wheat can also be naturally contaminated

by air, dust, water, soil, animal feces and pollution during transport and pro-

cessing, and a great variety of molds and bacteria, including pathogens, can

be found (Laca et al., 2006). Although the incidence of foodborne illnesses is

low since wheat is usually processed before consumption, certain bacteria

and molds can produce heat-tolerant (myco)toxins that can cause foodborne

intoxication (Viedma et al., 2011). Additionally, several Bacillus species can

deteriorate the quality of the food product due to rope spoilage (Valerio

et al., 2012), and deterioration of product quality as well as food spoilage

are substantial economic issues. To illustrate this point, wheat is one of

the world’s most favored staple food with an annual utilization in season

2017/2018 of approximately 740 metric tons (around 500 metric tons for

food), and an estimated 34% of the cultivation might be lost due to disease,

animal pest and weeds as evaluated for the years 1988–90 (Oerke

et al., 1994).

It becomes quickly apparent that food safety and preservation of sprout

seeds as well as cereal grains is an important issue. Consequently, numerous

methods have been investigated for the decontamination of seeds and grains

including chemical intervention (chlorine-based solutions, ozone, organic

acids, electrolyzed water), biological intervention (protective cultures, bac-

teriocins, bacteriophages) and physical intervention (thermal inactivation,

microwave, radio frequency and gamma irradiation, UV light, high
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pressure, super critical CO2 treatment). However, to date none of these

methods has achieved sufficient inactivation of pathogens on seeds and

grains on an industrial scale while maintaining product properties and quality

(Sikin et al., 2013; Sun, 2005; Bermúdez-Aguirre and Barbosa-Cánovas,

2011, 2013). For example, heat treatment often deteriorates food properties,

many chemical agents are not compatible with food products due to their

toxicity or adverse effects on sensory properties, and gamma radiation is

not accepted by consumers.

To solve this challenge, cold plasma treatment has been proposed as a

promising alternative for seed and grain decontamination. It offers high reac-

tivity at moderate temperatures which is required to treat temperature-

sensitive substrates like plant materials, yet does not produce any toxic

residues if properly engineered. Moreover, plasma-generated species only

act on the surface of the substrate, where typically most of the microbial con-

tamination is found, and therefore ensures efficient decontamination with-

out affecting the bulk properties.

The application of plasma for decontamination has already been inves-

tigated since 1968 (Menashi, 1968) and has been reviewed by, e.g., Boudam

et al. (2006), Lerouge et al. (2001) and Moisan et al. (2001). The majority of

studies focus on the treatment of flat model substrates but there have also

been studies using cold plasma for the decontamination of packaging mate-

rial and medical devices, degradation of pollutants in air, water and soil as

well as treatment of wounds and cancer. In addition, there is a growing num-

ber of articles about plasma decontamination of food (e.g., meat and ham,

fruits and vegetables, cheese and eggs as well as liquids such as orange juice)

as summarized by Shama and Kong (2012) and Surowsky et al. (2015).

Despite the abundance of papers investigating biological applications of

plasma treatments, few studies have been done on plasma decontamination

of granular food products such as seeds and grains. This chapter will intro-

duce plasma setups suitable to treat such granular substrates, discuss the

mechanisms and influencing parameters involved in plasma decontamina-

tion and evaluate the effect of plasma treatment on quality parameters.
2 Plasma technology and experimental setups applicable
for the decontamination of granular foods

In the following section, the mechanisms of plasma inactivation of micro-

organisms will be briefly discussed (details on inactivation mechanisms

can be found in the corresponding chapter about microbial inactivation).
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Afterwards, several plasma systems suitable for the treatment of food will be

introduced and examples will be given for their application in the decontam-

ination of granular food products like grains, seeds and nuts to present the

potential of this technology. An overview of available studies on plasma dis-

infection of granular food products is also given in Table 6.1.
2.1 Mechanisms of plasma inactivation of microorganisms
Cold plasma is a partially ionized gas and is a complex mixture of reactive

species including charged and excited particles, reactive neutrals and UV

photons. Due to these various species, different microbial inactivation

mechanisms are possible in this plasma environment, and the predominant

mechanism depends on the discharge type (e.g., excitation principle and dis-

charge geometry), operating parameters (e.g., gas pressure, process gas com-

position, power input), substrate (material, geometry, surface structure,

moisture content) and the microbial contamination (species, concentration).

Charged particles are often considered to play a major role in the destruc-

tion of microorganisms. Ion bombardment can cause membrane damage as a

result of the mechanical impact upon collision with the microorganism

(Fridman, 2008), or the deposition and accumulation of charges can cause

electrostatic forces which rupture the outer membrane (Laroussi et al.,

2003). Furthermore, electrons and ions can induce a chemical effect through

the formation of reactive species. Outside of the plasma zone, the recombi-

nation of charges occurs rapidly so that there is no effect from charges in

remote locations.

Reactive oxygen species (ROS), such as O, O2(
1Δg), O3, OH, and reac-

tive nitrogen species (RNS), such as NO, NO2, are formed upon the col-

lision of charged particles with the background gas or moisture in the gas

phase, substrate or microorganism. These reactive neutrals can disintegrate

cell walls and membranes of microorganisms through oxidation. Among

ROS, there are highly reactive short-lived species (e.g., O and OH) and

more stable, long-living species (e.g., O3) which can be still active in remote

locations (Fridman, 2008). A combined pathway of charged particles and

ROS, called chemical sputtering, creates defects in the outer layer of micro-

organisms through ion bombardment, which is followed by the interaction

of oxygen species with these defects to form volatile compounds like CO,

CO2 and H2O and deep etch channels. Apart from vegetative bacteria, this

mechanism was also demonstrated to be effective against resistant bacterial

endospores (Rauscher et al., 2010).



Table 6.1 Overview of available studies on plasma disinfection of granular food products

Pressure regime Type of discharge Power settings Process gas
Treatment
time Substrates Microorganisms Disinfection efficiency Other findings Reference

Low pressure

(500 mTorr)

Inductively

coupled

plasma

Sinusoidal

1 kHz

20 kV

approx.

300 W

Air

SF6

5–20 min Wheat, barley,

oat, lentil,

rye, corn,

chickpea

Aspergillus parasiticus

spores

Penicillium spores

�3 log (both gases,

20 min, wheat, both

fungal species)

Substrate surface structure

influences

disinfection efficiency

No degradation of quality

parameters

(germination, cooking time,

water uptake, gluten content,

gluten index,

sedimentation)

Selcuk et al.

(2008)

Low pressure

(500 mTorr)

Inductively

coupled

plasma

Sinusoidal

1 kHz

20 kV

approx.

300 W

Air

SF6

5–20 min Hazelnut,

pistachio,

peanut

Aspergillus parasiticus

spores

Aflatoxins

1–2 log (air, 20 min,

hazelnut, Aspergillus

parasiticus)

�6 log (SF6,

20 min, hazelnut,

Aspergillus parasiticus)

�5 log (SF6,

20 min, pistachio,

Aspergillus parasiticus)

�4 log (SF6, 20 min,

peanut, Aspergillus

parasiticus)

50% (air, 20 min,

hazelnut, aflatoxins)

20% (SF6, 20 min,

hazelnut, aflatoxins)

Substrate surface structure

influences disinfection

efficiency

No degradation of quality

parameters (color, odor,

texture)

Basaran et al.

(2008)

Low pressure

(�10 mbar)

Inductively

coupled

plasma

integrated in

circulating

fluidized bed

13.56 MHz

700–900 W
Ar + O2

(5–10%)
12–74 s Wheat grains Bacillus

amyloliquefaciens

endospores

�2 log (�30 s)

2.6 log (74 s)

Disinfection was not a thermal

effect

No degradation of quality

parameters (flour, dough and

baking properties)

Butscher

et al.

(2015)

Low pressure

(�2 mbar)

Inductively

coupled

plasma

integrated in

circulating

fluidized bed

13.56 MHz

500 W

Air

Ar

N2

O2

and

mixtures

7–38 s Wheat grains Bacillus

amyloliquefaciens

endospores

B. atrophaeus

endospores

up to 1.5 log (air, 25 s,

B. atrophaeus

endospores)

Disinfection was not a thermal

effect

No degradation of quality

parameters (flour, dough and

baking properties)

Butscher

(2016)

Continued



Table 6.1 Overview of available studies on plasma disinfection of granular food products—cont’d

Pressure regime Type of discharge Power settings Process gas
Treatment
time Substrates Microorganisms Disinfection efficiency Other findings Reference

Reduced

pressure

(300 mbar)

Dielectric

barrier

discharge

Sinusoidal

5.7 kHz

8.7 kV

Ar 10 min Rapeseed B. atrophaeus

endospores

0.7 log Viability of seeds not affected Schnabel

et al.

(2012b)

Atmospheric

pressure

Plasma jet Pulsed

47 kHz

549 W

Dry air

N2

10–20 s Almonds E. coli

Salmonella

Up to 1.34 log (air, 20 s,

E. coli)

Better reduction with air than

nitrogen

Niemira

(2012)

Atmospheric

pressure

Plasma jet 30 W Air 2.5–15 min Black

peppercorns

Native microflora

B. subtilis spores

B. atrophaeus

spores

Salmonella enterica

0.6 log (15 min, spores

from native

microflora)

0.7 log (15 min,

total mesophilic

aerobes from native

microflora)

0.8 log (15 min,

B. subtilis)

1.3 log (15 min,

B. atrophaeus)

2.7 log (15 min,

Salmonella)

No effect on quality parameters

(color, essential oil content,

piperine content)

Hertwig

et al.

(2015b)

Atmospheric

pressure

Plasma jet 58 kHz

20 kV

1.5 A

Air 0.5–3 min Broccoli seeds Native microflora

(aerobic bacteria,

B. cereus, E. coli,

Salmonella spp.,

molds and yeasts)

2.3 log (3 min, aerobic

bacteria)

2.0 log (3 min,

E. coli)

1.8 log (3 min,

Salmonella)

1.5 log (3 min,

molds and yeasts)

1.2 log (3 min,

B. cereus)

Improvement in quality parameters

(germination and growth,

physicochemical and sensory

properties) with mild treatment

(�2 min), degradation with

longer treatment

Kim et al.

(2016)

Atmospheric

pressure

Plasma jet 58 kHz

20 kV

1.5 A

Air 0.5–3 min Rapeseed Native microflora

(aerobic bacteria,

B. cereus, E. coli,

Salmonella spp.,

molds and yeasts)

2.2 log (3 min, aerobic

bacteria)

2.0 log (3 min,

E. coli)

2.0 log (3 min,

molds and yeasts)

1.8 log (3 min,

Salmonella)

1.2 log (3 min,

B. cereus)

Improvement in quality parameters

(germination and growth,

physicochemical and sensory

properties) with mild treatment

(�2 min), degradation with

longer treatment

Puligundla

et al.

(2017a)



Atmospheric

pressure

Plasma jet 58 kHz

20 kV

1.5 A

Air 0.5–3 min Radish seeds Native microflora

(aerobic bacteria,

B. cereus, E. coli,

Salmonella spp.,

molds and yeasts)

2.2 log (3 min, aerobic

bacteria)

2.0 log (3 min,

E. coli)

1.7 log (3 min,

Salmonella, molds

and yeasts)

1.2 log (3 min,

B. cereus)

Improvement in quality parameters

(germination and growth,

physicochemical and sensory

properties) with mild treatment

(�2 min), degradation with

longer treatment

Puligundla

et al.

(2017b)

Atmospheric

pressure

Remote

microwave

discharge

2.45 GHz

1.1 kW

Air 5–15 min Rapeseed,

radish, carrot,

parsley, dill,

wheat and

black pepper

B. atrophaeus

endospores

Between 1.7 log

(15 min, black

pepper) and >6 log

(15 min, wheat)

Treatment efficiency depends on

substrate surface structure

Schnabel

et al.

(2012a)

Atmospheric

pressure

Remote

microwave

discharge

2.45 GHz

1.2 kW

Air 5–15 min Rapeseed B. atrophaeus

endospores

2.4 log (5 min)

>5.2 log (15 min)

Viability of seeds not affected Schnabel

et al.

(2012b)

Atmospheric

pressure

Remote

microwave

discharge

2.45 GHz

1.2 kW

Air 2.5–30 min Black

peppercorns

Native microflora

B. subtilis spores

B. atrophaeus

spores

Salmonella enterica

1.7 log (30 min, spores

from native

microflora)

2.0 log (30 min,

mesophilic aerobes

from native

microflora)

2.4 log (30 min,

B. subtilis)

2.8 log (30 min,

B. atrophaeus)

4.1 log (30 min,

Salmonella)

No effect on quality parameters

(color, essential oil content,

piperine content)

Hertwig

et al.

(2015b)

Atmospheric

pressure

Remote

microwave

discharge

2.45 GHz

1.2 kW

Air 5–90 min Black

peppercorns

Native microflora 3.0 log (30 min,

mesophilic aerobes

and spores)

3.0 log (60 min,

total spore count)

4.0 log (60 min,

total mesophilic

aerobic count)

Only minor impact on color Hertwig

et al.

(2015a)

Continued



Table 6.1 Overview of available studies on plasma disinfection of granular food products—cont’d

Pressure regime Type of discharge Power settings Process gas
Treatment
time Substrates Microorganisms Disinfection efficiency Other findings Reference

Atmospheric

pressure

Dielectric

barrier

discharge

Sinusoidal

1–25 kHz

16–30 kV

Air 10–30 s Almonds E. coli Up to 5 log (30 s, 2 kHz,

30 kV)

Disinfection efficiency increased

with increasing voltage or

frequency

Deng et al.

(2007)

Atmospheric

pressure

Dielectric

barrier

discharge

Unipolar 500 ns

square pulses

5–15 kHz

6–10 kV

Ar 1–60 min Wheat grains Geobacillus

stearothermophilus

endospores

1.0 log (10 min)

3.1 log (60 min)

Microorganisms are protected by

the complex surface of wheat

grains

Disinfection increased with

increasing power input

(voltage, frequency)

Disinfection was not caused by

thermal, mechanical or

electrical stress but plasma

generated species

No degradation of quality

parameters (Falling number,

gluten content)

Butscher

et al.

(2016b)

Atmospheric

pressure

Dielectric

barrier

discharge

Unipolar 500 ns

square pulses

2.5–10 kHz

6–10 kV

Ar 2–15 min Alfalfa, cress,

radish,

onion seeds

E. coli

Native

microflora

1.4 log (10 min, onion,

E. coli)

2.0 log (10 min,

radish, E. coli)

3.0 log (10 min,

alfalfa, E. coli)

3.4 log (10 min,

cress, E. coli)

Disinfection efficiency depends on

substrate surface complexity

Disinfection efficiency varies

with type of microorganism

Disinfection efficiency depends

on substrate moisture content

(optimum found)

Disinfection increases with

increasing power input

(voltage, frequency)

Disinfection was not caused by

thermal, mechanical or

electrical stress but plasma

generated species

Improvement in germination

with mild treatment,

degradation during harsh

conditions

Butscher

et al.

(2016a)



Atmospheric

pressure

Coplanar surface

barrier

discharge

Sinusoidal

14 kHz

10 kV

370 W

Air 30–300 s Maize seeds Epiphytic

filamentous fungi

�1 log (30 s) Increase in vigor for short

treatment (�60 s) and decrease

with longer treatment time

Zahoranová

et al.

(2013)

Atmospheric

pressure

Coplanar surface

barrier

discharge

Repetitive

voltage cycle

17 kV for 2

ms, 5 kV for

8 ms, 0 kV

for 10 ms

10 mW/cm2

Air 0.5–5 min Chickpea Native microflora �2 log (5 min) Improvement in quality parameters

(germination, vigor) with mild

treatment

Degradation (germination,

surface roughness) during harsh

conditions

Mitra et al.

(2014)

Atmospheric

pressure

Coplanar surface

barrier

discharge

Sinusoidal

14–18 kHz

20–30 kV
80–400 W

Air 50–600 s Lentils E. coli 3.5 log (400 W, 3 min)

5.1 log (400 W,

10 min)

Disinfection increases with

increasing power input

Disinfection efficiency depends

on substrate moisture content

(optimum found)

Improvement in germination

with mild treatment (�2 min),

degradation with longer

treatment

Waskow

(2017)
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Besides the formation of charged particles and reactive neutrals, plasma

also generates photons, such as UV photons, which are produced when

energetic electrons collide with the background gas particles. The sterilizing

effect of UV photons is well-known and is based on the formation of DNA

lesions in microorganisms. The most efficient spectrum is said to be the

UV-C range (100–280 nm) since the energy, which decreases with wave-

length, is high enough to break chemical bonds and the penetration depth,

which increases with wavelength, is sufficient (Fridman, 2008). UV-C is

predominantly emitted from excited nitric oxide (NO) in the NOγ band

(�200–285 nm). However, its generation either requires low pressure con-

ditions or very precise dosage of nitrogen- and oxygen-containing gas with

no impurities (Boudam et al., 2006). UV photons can also be emitted from

the argon excimer Ar2* at 126 nm (Heise et al., 2004). At higher wave-

lengths (UV-B: 280–315 nm and UV-A: 315–400 nm) UV photons can

be generated from the NOβ band (�200–285 nm) (Boudam et al., 2006)

and the N2 second positive system (�290–410 nm) (Pollak et al., 2008).

The action of UV requires a direct “line of sight” to the microbial contam-

ination and might be able to reach remote locations, but UV below 200 nm

is blocked by atmospheric pressure air. It is controversially discussed whether

UV photons or reactive species play the predominant role in plasma inacti-

vation of microorganisms, but a synergistic effect between both components

has also been reported. It is suggested that microorganisms are ultimately

killed by UV irradiation but an erosion mechanism (intrinsic photodesorp-

tion or etching by reactive species) is required to remove dead layers of

microorganisms to make covered layers accessible for UV attack (Moisan

et al., 2001; Philip et al., 2002).

Finally, it is important to consider the effect of heat even though cold

plasmas are applied for the treatment of temperature-sensitive substrates.

While cold plasmas normally operate from room temperature to about

70°C, higher temperatures are possible depending on reactor configuration,

excitation method and operating conditions. Also, the type of microorgan-

isms plays an important role in this aspect since inactivation temperatures can

range from around 60 °C for most vegetative bacteria, yeasts and molds to

more than 130 °C for thermophilic bacterial endospores (Kr€amer, 2011).

Even in cases where heat is not detrimental by itself, it has a synergistic effect

and can enhance the efficiency of other mechanisms, such as charged parti-

cles or reactive species (Fridman, 2008).

In general, the multitude of inactivation mechanisms and their synergis-

tic combinations is advantageous since it provides the versatility to
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adequately treat a variety of substrates and microorganisms and likely coun-

teracts the evolution of bacterial resistance which might otherwise emerge

over time if only one inactivation mechanism was applied (Shama and

Kong, 2012).
2.2 Low pressure plasma systems and their applications in
plasma decontamination
The key feature of cold plasmas is that they produce energetic electrons,

which ensures high reactivity, yet the heavy particles possess low energy,

which ensures overall low gas temperature. This low temperature feature

is especially useful in treating temperature-sensitive substrates like food.

The artificial generation of cold plasma can easily be achieved by applying

an external electric field to a low pressure atmosphere. Low pressure con-

ditions are favorable because the mean free path between gas particles is

extended, so that electron acceleration in the electric field dominates over

elastic collisions with the heavy particles, which would otherwise heat

the background gas (Cobine, 1958). In addition to low pressure conditions,

the formation of cold plasma is also supported by applying an alternating

electric field in the radio frequency (RF) range. At these frequencies, energy

is transferred to the electrons which can follow the oscillation whereas the

heavy particles cannot due to their inertia, and thus, radio frequency exci-

tation supports the unique feature of cold plasma with energetic electrons

and low-energy heavy particles (Tendero et al., 2006).

Another advantage of RF excitation is that it does not induce a conduc-

tion current but a displacement current so that charges only oscillate within

the electric field and therefore do not flow to the electrodes. For this reason,

electrodes can be positioned outside of the low pressure compartment which

in turn enhances reliability, reproducibility and extends the lifetime of the

reactor (Roth, 1995). The coupling of energy to the plasma can be done

through capacitance (plates) or inductance (coil). Inductively coupled

plasmas (ICP) are frequently used in technical applications where cold

plasma is required, like mass spectrometry, plasma etching, surface modifi-

cation as well as microbial decontamination. They are normally operated at

pressures in the order of 1–103 Pa and with frequencies in the range of

1–50 MHz (Hippler et al., 2008).

Selcuk et al. (2008) applied a tubular ICP reactor for the inactivation of

fungi (Aspergillus spp. andPenicillium spp.)whichwere artificially depositedon
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various seeds (wheat, barley, oat, corn, rye, lentil, bean, chickpea, soybean,

tomato). Their reactor, with dimensions of 5 mm in diameter and 40 mm

in length, was filled with 67 Pa of air or SF6 and ignited by a sinusoidal

300 W source connected to a helical coil around the tube. Within a

20 min treatment time, they achieved approximately a 3 log-reductionwhile

germination and other quality parameters were not affected. With a similar

setup except with a reactor diameter of 12 mm, Basaran et al. (2008) treated

different nuts (hazelnut, peanut and pistachio). Within a 20 min treatment,

they reduced artificially deposited Aspergillus parasiticus by up to 2 log or 6

log,with air andSF6, respectively, and itwas evenpossible to reduce aflatoxins

by up to 50% while quality parameters were not affected.

A considerably larger tubular ICP reactor for the treatment of powders

and granular particles was introduced by Roth et al. (2011) (see Fig. 6.1,

left). The double wall glass construction, which was water-cooled in the

annulus, had a length of 1.5 m and an inner diameter of 4 cm. It was pow-

ered by a 13.56 MHz RF-generator delivering up to 1000 W and a match-

ing network to adjust the complex impedance of the discharge to 50 Ohms.

These components were connected to a water-cooled copper coil which

was wound helically around the glass tube. The setup allowed the ignition

of a relatively large plasma volume (several liters) in various gases like argon,

air, oxygen and nitrogen at pressures in the order of 10–103 Pa.
This tubular plasma reactor, which in principle is scalable to industrial

dimensions, can be incorporated into a circulating fluidized bed system,

which can pneumatically convey substrate particles through the treatment

zone (see Fig. 6.1, center and right). With the closed loop system design,

an adequate treatment time can be realized using multiple circulations of

the product through the system while at the same time restricting the ther-

mal load from the plasma to short periods. In this plasma circulating fluidized

bed reactor (PCFBR), particles are lifted by a process gas flow through the

riser tube and are subsequently separated from the gas flow in a cyclone so

that the particles can be collected in a storage tube. From there, they are

repeatedly conveyed to the riser by means of an aeration gas flow or a screw

conveyor. A filter is connected to the gas exit of the cyclone and a vacuum

pump establishes the low pressure level in the system. The plasma treatment

zone can either be integrated in the riser tube (riser configuration) (Butscher

et al., 2015) or between the cyclone and storage tube (downcomer config-

uration) (Butscher, 2016). Results from plasma decontamination experi-

ments with this setup will be discussed in more detail in Section 3.



Fig. 6.1 (Left) Double wall glass tube construction with the low pressure plasma zone in the center and cooling water in the annulus. (Center)
process flow diagram and (right) image of low pressure plasma circulating fluidized bed reactor in riser configuration (RF ¼ radio frequency
generator, MN ¼matching network, PI ¼ pressure indicator, PIC ¼ pressure indicator controller, TI ¼ temperature indicator, FIC ¼ flow
indicator controller). (Adapted from Butscher, D., 2016. Non-Thermal Plasma Inactivation of Microorganisms on Granular Food Products (Ph.
D. thesis). ETH Zurich. Available from: https://doi.org/10.3929/ethz-a-010626028 (web archive link) and Butscher, D., Schlup, T., Roth, C.,
M€uller-Fischer, N., Gantenbein-Demarchi, C., Rudolf von Rohr, P., 2015. Inactivation of microorganisms on granular materials: reduction of
Bacillus amyloliquefaciens endospores on wheat grains in a low pressure plasma circulating fluidized bed reactor. J. Food Eng. 159, 48–56.) 197
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2.3 Atmospheric pressure plasma discharges and their
applications in plasma decontamination
To avoid the high expenses of vacuum equipment used in low pressure sys-

tems, research has recently focused on atmospheric pressure plasma devices.

Based on Paschen’s law, which states that the voltage required for plasma

ignition is a function of pressure and distance between electrodes and in

certain limits is roughly proportional to their product, it becomes clear that

atmospheric pressure plasmas are limited in space and require higher exci-

tation voltages in comparison to low pressure systems (Paschen, 1889;

Raizer et al., 1991). Atmospheric pressure plasmas are prone to heating

due to the increase in collision frequency of electrons and heavy particles

(Cobine, 1958), unless the system is specifically designed to maintain low

gas temperatures (Ehlbeck et al., 2011; Surowsky et al., 2015; Sch€utze
et al., 1998).

Corona discharges, for example, locally ignite an atmospheric pressure

cold plasma near sharp-edged electrodes where the electric field strength

is strongly augmented, but near the larger plate-like counter-electrode

the field strength is low which prevents electrical breakdown and arcing.

While their construction and operation is relatively simple and inexpensive,

the plasma is rather weak, inhomogeneous and restricted in space. Corona

discharges have not been applied for granular foods so far, but disinfection of

vegetables (Bermúdez-Aguirre et al., 2013) and liquid food systems

(Surowsky et al., 2015) are reported.

Atmospheric pressure plasma jets are pen-like constructions which can

also ignite cold plasma at atmospheric pressure. While there are many

options for the arrangement of the electrodes, they all generate an electric

arc with an alternating high voltage source and the reactive species are then

directed at the substrate by a fast-flowing gas. Since the treatment area of

these plasma jets is limited, an arrangement of several jets must be applied

for the treatment of larger areas. To demonstrate the efficiency of a plasma

jet in plasma decontamination of almonds, Niemira (2012) used a 549 W

plasma jet operated with air or nitrogen to inactivate E. coliO157:H7 or Sal-

monella. The highest reduction of 1.34 log was found for E. coli treated with

air plasma for 20 s. Hertwig et al. (2015b) applied a 30 Wplasma jet operated

with argon to decontaminate whole peppercorns from various microorgan-

isms. With a 15 min treatment, the native microflora was reduced by 0.7 log

(total mesophilic aerobic counts) and 0.6 log (total spore count), while arti-

ficially deposited Bacillus subtilis endospores, Bacillus atrophaeus endospores

and Salmonella enterica were reduced by 0.8 log, 1.3 log and 2.7 log,



199Disinfection of granular food products using cold plasma
respectively. In other studies, a corona discharge plasma jet streamed with air

was applied to treat naturally contaminated broccoli seeds (Kim et al., 2016),

rapeseeds (Puligundla et al., 2017a) and radish seeds (Puligundla et al.,

2017b). After 3 min of treatment, a reduction of 2.2–2.3 log in aerobic bac-
teria, 2.0 log of E. coli, 1.5–2.0 log of molds and yeasts, 1.7–1.8 log of

Salmonella and 1.2 log of B. cereus was found. Quality parameters (e.g., ger-

mination) could be improved with mild treatment (� 2 min), but degrada-

tion was observed with longer exposure to plasma.

Atmospheric pressure microwave plasmas are not ignited by an electric

field but instead by microwaves guided to a gas volume. Since in this type of

discharge the gas temperature typically exceeds room temperature by a con-

siderable amount, it is frequently used for plasma decontamination in an

indirect afterglow configuration. This implies that high amounts of long-

living reactive species are generated in the plasma zone and are transported

by a guided gas flow to a remote location, where treatment takes place in a

colder environment. Schnabel et al. (2012a,b) introduced a microwave-

driven plasma torch operated with air, where 1.2 kW powering resulted

in a gas temperature of about 4000 K. The plasma processed air was then

guided by a metal tube to a remote location where it cooled down to

approximately 150 °C, and into a glass bottle where it was said to reach room
temperature. For the inactivation of B. atrophaeus endospores on model

substrates and various seeds (rapeseed, radish, carrot, parsley, dill, wheat

and black pepper), a 15 min treatment resulted in reductions of 0.5 log to

more than 6 log depending on substrate while viability, which was tested

for rape seeds, was not adversely affected. Hertwig et al. (2015a,b) used

the same setup to decontaminate whole black pepper from various micro-

organisms. A 30 min treatment reduced the native microflora by 1.7 log

(total mesophilic aerobic counts) and 1.4 log (total spore count), B. subtilis

endospores by 2.4 log, B. atrophaeus endospores by 2.8 log and S. enterica by

4.1 log without showing adverse effects on quality parameters. With a

60 min treatment, the total mesophilic aerobic count could be reduced

by 4.0 log and the total spore count by 3.0 log with only minor impact

on the pepper seed’s color.

A dielectric barrier discharge (DBD) is a frequently used technique to

generate atmospheric pressure cold plasma (Kogelschatz, 2003; Wagner

et al., 2003). DBDs consist of two electrodes connected to an alternating

power supply and separated by at least one dielectric barrier in between

the electrodes, as well as a gas space between or above the electrodes. While

a setup with uncovered electrodes would result in electrical breakdown of
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the gas gap and arc formation that could potentially destroy the power supply

through short circuiting, dielectric barriers prevent this since they cannot

pass a direct current. Instead, DBDs are self-regulating since sparks are ter-

minated by charge accumulation on the dielectric barriers which compen-

sates the external field. As a result, many individual microdischarges are

distributed over the gas gap which is referred to as filamentary discharge.

DBDs are easy to construct and operate, provide a comparably large, homo-

geneous, cold plasma volume (as compared to plasma jets, corona discharges

or microwave plasmas) and can easily be scaled up in horizontal dimensions

to comply with industrial requirements. Because of these advantages, DBDs

are frequently used for plasma inactivation of microorganisms on food prod-

ucts. For example, Deng et al. (2007) applied a DBDwith a 10 mm air gap to

inactivate E. coli on almonds. After a 30 s treatment, the inactivation effi-

ciency ranged from 1 log- to 5.6 log-reduction where the large variation

was attributed to the change in excitation frequency (1–2.5 kHz) and volt-

age (16–25 kV) of the sinusoidal power supply.
In addition to voltage and frequency, the waveform of the alternating

current source also influences the dynamics of gas ionization. As an alterna-

tive to the standard sinusoidal waveform applied in many setups, pulsed

powering provides advantages with respect to power consumption, produc-

tion of reactive species and discharge homogeneity so that a more homoge-

neous, glow-like discharge can be ignited (Laroussi et al., 2004; Walsh et al.,

2006; Williamson et al., 2006). This type of pulsed powering was used in a

DBD suitable for the treatment of granular materials like seeds and grains, as

shown in Fig. 6.2 (Butscher et al., 2016b). Fast high-voltage unipolar nano-

second square pulses (2.5–10 kHz, 6–10 kV, 500 ns) were generated with a

special transistor switch circuit (Peschke et al., 2011). The power supply was

connected to two parallel aluminum electrodes with dimensions of

100 mm � 200 mm, each covered with a polymeric dielectric barrier with

a thickness of 2 mm. Electrodes were separated by a 5 mm gas gap between

the dielectric layers where plasma was ignited in an argon atmosphere and

treatment of the substrates took place. The DBD was mounted on a vibrat-

ing table to ensure continuous movement of particles, thereby ensuring

homogeneous treatment. The experimental results on plasma decontamina-

tion obtained with this setup (Butscher et al., 2016a,b) will be discussed in

Section 3 in detail.

DBDs can generate volumetric plasmas in a gas gap, but they can also be

configured as surface discharges to form a thin sheet of plasma. Two fork-

like interdigitating electrodes, connected to a high-voltage alternating
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Fig. 6.2 Schematic of experimental setup: Dielectric barrier discharge streamed with
argon, powered with pulsed power supply and mounted on vibrating table (Butscher
et al., 2016b).
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power supply or ground, respectively, are embedded in a dielectric material,

and plasma ignites on top of the dielectric material. This type of discharge,

frequently called diffuse coplanar surface barrier discharge (DCSBD), gen-

erates a stable and intense plasma, which can be ignited in air or other process

gases. While direct plasma contact is limited to a thin sheet, the treatment of

larger substrates is possible since the discharge can be operated openly

(Cernák et al., 2009). With this type of setup, Henselová et al. (2012), Sto-

lárik et al. (2015), Zahoranová et al. (2014) and Zahoranová et al. (2013)

investigated the reduction of various fungi (Fusarium nivale, Fusarium cul-

morum, Trichothecium roseum and Aspergillus flavus) on several seeds (mainly

maize, pea and wheat) and also studied the influence of the plasma treatment

on seed germination and growth. The fungal contamination could be

reduced by approximately 1 log within a treatment time of 1 min. The ger-

mination as well as seedling growth could be slightly improved with mild

treatments, but negative effects (e.g., germination percentage, root and

shoot length and seedling weight) were observed with long treatment times.

Similar results were obtained by Mitra et al. (2014). Waskow (2017) used a

DCSBD to inactivate artificially deposited E. coli on lentil seeds. A 10 min

plasma treatment achieved a 5 log-reduction but negatively affected the ger-

mination probability. With a shorter treatment time of 2 min, 2 log-

reduction was achieved, the germination probability was maintained, and
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germination was even accelerated. Therefore, research findings suggest that

plasma treatment can decontaminate granular food products and maintain or

even improve quality parameters when dosed adequately.
3 Influencing parameters on cold plasma inactivation of
microorganisms

In the preceding section, different plasma discharge configurations were

introduced, and examples were given for the inactivation of microorganisms

on various granular food products, demonstrating that results range from 0.5

log- to more than 6 log-reduction. However, a direct comparison of the

studies available is hardly possible since they differ in many aspects such as

the type of discharge, power supply (power input, voltage, frequency, wave-

form), gas feed (pressure, type of gas, flow rate), moisture (in gas phase, sub-

strate or microorganism), substrate (material, geometry, surface structure)

and microflora (native or artificial, type of microorganism, quantity). To

gain a better idea of the influences of these parameters, they will be individ-

ually discussed in the following sections, focused mainly on microbial inac-

tivation in grains and seed.

3.1 Influence of power supply settings on decontamination
efficiency
The influence of power input on the inactivation of microorganisms is an

important aspect in plasma decontamination. In general, increasing the

plasma power input produces more energetic electrons, which enhances

the plasma chemistry and the production of reactive species, and therefore

leads to an improvement in inactivation efficiency (Lerouge et al., 2001).

The power input to a plasma discharge is mainly determined by the voltage

and frequency of the alternating current power supply and increases with

higher frequency and higher voltage. Experiments with Bacillus amylolique-

faciens endospores on wheat grains in the PCFBR (riser configuration) dem-

onstrated that the endospore reduction can be improved with a higher

plasma power input from the RF power supply as shown in Fig. 6.3

(Butscher et al., 2015).

When considering atmospheric pressure DBDs, most discharges ignite in

the so-called filamentary mode, where the plasma consists of a multitude of

microdischarges. Even though some DBDs seem to ignite a homogeneous

plasma on a macroscopic and large time scale, they might still consist of a

multitude of individual microdischarges on a microscopic scale.
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Furthermore, when considering a nanosecond resolution, it becomes evi-

dent that microdischarges occur when the breakdown voltage is reached,

and the plasma extinguishes shortly after due to charge accumulation on

the dielectric barriers until the voltage is reversed. If the voltage is elevated,

there is an increase in the number of microdischarges per discharge cycle.

Frequency instead determines the duration between the discharges, so aug-

menting the frequency reduces the lag time and increases the number of dis-

charge cycles per unit time. Evidently, the combination of both parameters

affects the number of microdischarges per unit time, and thus the power

density in the discharge which ultimately influences the plasma inactivation

efficiency (Kogelschatz, 2002).

Experimental studies with an artificial E. coli contamination on alfalfa

seeds confirm this assumption as shown in Fig. 6.4 (Butscher, 2016).
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Samples were treated in the DBD, which was streamedwith argon and pow-

ered with high-voltage unipolar nanosecond square pulses at different com-

binations of pulse voltage (6–10 kV) and frequency (2.5–10 kHz). Similar

results were obtained for naturally contaminated alfalfa seeds treated under

the same conditions (Butscher et al., 2016a). In both experimental series, the

microbial contamination could be reduced further by increasing the pulse

voltage and the pulse frequency, respectively.

These findings are in line with results fromDeng et al. (2007) who found

an increase in inactivation efficiency with higher frequency and higher volt-

age when they treated E. coli on almonds in a DBD. The influence of power

input on gas temperature and a possible impact on substrate quality param-

eters was however not in the focus of their research. Higher power density

has shown to be beneficial for plasma decontamination but it simultaneously

increases the gas temperature in plasma discharges, so it has to be carefully

https://doi.org/10.3929/ethz-a-010626028
https://doi.org/10.3929/ethz-a-010626028
https://doi.org/10.3929/ethz-a-010626028
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evaluated whether the thermal impact contributes to the inactivation of

microorganisms and whether the germination ability of seeds is negatively

affected. These questions will be addressed in Section 4.
3.2 Influence of gas feed on decontamination efficiency
Gas pressure is another important parameter in the design of plasma systems.

As explained in Section 2, igniting large volumes of plasma while maintain-

ing low gas temperature is preferably done at low pressure, whereas atmo-

spheric pressure allows the operation of plasma systems without complex

and expensive vacuum equipment. Rising pressure in a plasma system causes

two competing effects where first, it increases the gas density and with it the

concentration of reactive species, but then the concentration of reactive spe-

cies drops due to enhanced recombination (Lerouge et al., 2001), which

affects the inactivation performance (Moreau et al., 2000). UV, in particular

Vacuum-UV (10–200 nm) being the most efficient for inactivation, can be

efficiently generated at low pressure but is suppressed at atmospheric pres-

sure by impurities or is absorbed by air. In contrast, the formation of reactive

neutrals is strongly supported at high pressure (Fridman, 2008). For example,

the production rate of atomic oxygen is proportional to the density of

molecular oxygen (Lieberman and Lichtenberg, 1994) and ozone is primar-

ily generated at high pressure since a three-body collision is required

between atomic oxygen, molecular oxygen and a third partner such as an

oxygen molecule, an argon atom or a surface (Marinov et al., 2013).

Besides gas pressure, the stimulation of one or the other inactivation

mechanism is also largely dependent on the type of gas. It determines the

efficiency of ionization, the intensity and wavelength of UV emission and

the formation of reactive species. According to Paschen’s law, noble gases

like argon can be efficiently ionized so that they give stable and strong dis-

charges and promote the inactivation effect of charged particles. Strong UV

emission is often generated from nitrogen by itself or with the addition of

oxygen-containing species to form NO but it can also be emitted from

the argon excimer (see Section 2.1). Strong etching is attributed to the for-

mation of atomic oxygen and other ROS in oxygen-containing plasma dis-

charges. In contrast to noble gases, the addition of molecular gases like N2 or

O2 is associated with a quenching effect that results in a reduced plasma

intensity due to the decrease in the electron density. It is caused by collisional

energy losses when energy is redirected to the excitation of vibrational and

rotational energy levels, the dissociation of molecules and the formation of
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negative ions (Katsch et al., 2000; Schwabedissen et al., 1999; Wagatsuma

and Hirokawa, 1995). Ultimately, it is difficult to say which gas is best,

but it is strongly dependent on the type of discharge, its operating parame-

ters, gas pressure as well as the substrate properties and type of microbial

contamination.

In experiments using a lowpressurePCFBR(downcomer configuration),

B. amyloliquefaciens endospores on wheat grains were inactivated best with

pure argon followed by air and pure nitrogenwhile the inactivation efficiency

was lower for pure oxygen and mixtures containing high concentrations of

oxygen (Butscher, 2016).This suggests that ion bombardment is the predom-

inant inactivationmechanism since argon is ionizedmore efficiently than the

other gases. Lerouge et al. (2000) investigated plasma treatment of B. subtilis

endospores on glass in a low pressure microwave discharge and found that

inactivation by etching was performed best using O2/CF4, while the appli-

cation ofO2/Ar,O2/H2,O2/H2/Ar andCO2 resulted in considerably lower

reduction and O2 showed the poorest results. Hury et al. (1998) also investi-

gated the inactivation of B. subtilis endospores in a low pressure microwave

reactor and found that CO2 was most efficient in their application followed

byH2O2 vapor,O2 andAr. Basaran et al. (2008) achieved higher reduction of

A. parasiticuswith SF6 than with air when treating hazelnuts in a low pressure

cold plasma. Kylián et al. (2006) found the highest reduction of Geobacillus

stearothermophilus endospores in a low pressure RF ICP plasma when using

a 95% N2/5% O2 gas mixture, while other mixing ratios and pure oxygen

achieved lower reduction. For the same plasma system, Kylián et al. (2011)

proposed the application of a ternary Ar/O2/N2 mixture to simultaneously

optimize the charge density, concentration of ROS and amount of UV pho-

tons. Looking at atmospheric pressure plasmas, Niemira (2012) investigated

the inactivation of Salmonella and E. coli on almonds with a plasma jet and

found better results when using air instead of nitrogen. Laroussi and Leipold

(2004) applied a DBD to inactivate Bacillus endospores and achieved the best

reductionwith air followed by amixture of 97%He/3%O2 and lowest effect

with pureHe.Despite the availability of several studies about the role and effi-

ciency of the type of gas and different gas mixtures in plasma inactivation, a

precise understanding is not available, and this topic should be further

investigated.

Lastly, gas flow rate has an ambivalent role in the inactivation efficiency.

On one hand, inactivation can be improved by accelerating the transport of

the reactive species toward the sample surface with an increased flow rate,

but on the other hand a reduction in inactivation efficiency can occur if the
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residence time becomes too short and many reactive species are then lost via

the effluent (Lerouge et al., 2000, 2001).
3.3 Influence of moisture on decontamination efficiency
After discussing parameters related to the discharge, its power supply and the

gas feed, the focus will now be on the influence of moisture. Moisture can

either refer to the humidity of the gas phase or to the moisture content of the

substrate, which can in turn diffuse into the gas atmosphere. In both cases,

moisture can be beneficial or counterproductive for the plasma inactivation

of microorganisms.

Similar to the quenching effect of molecular gases, humidity in the dis-

charge also absorbs energy due to the molecular structure of water. This

reduces the electron energy and density, quenches excited states and finally

weakens the plasma (Bruggeman et al., 2010; Nikiforov et al., 2011). In

addition, water vapor can coat the dielectric barriers of DBDs, which

reduces their surface resistance and leads to a reduction of microdischarges

and discharge homogeneity. As a result, the yield of reactive species (e.g.,

OH, O3) is reduced (Falkenstein and Coogan, 1997; Falkenstein, 1997).

Both effects of humidity lead to a reduced efficiency of plasma treatment.

Other factors that might decrease the inactivation efficiency include reduced

transmissibility for UV radiation in humid gases or the protective effect of

water films around microorganisms, however, these aspects are only consid-

ered to play a minor role (Muranyi et al., 2008). A reduction of plasma

decontamination efficiency with increasing humidity in air was for example

observed by Muranyi et al. (2008) for the treatment of B. subtilis endospores

on PET foils in an atmospheric pressure DBD.

Despite the fact that humidity can weaken plasma, it can also support the

formation of reactive species, which are beneficial for plasma inactivation.

Many studies show that hydroxyl radicals (OH) are produced from humid-

ified air, which then can further react to form hydrogen peroxide (H2O2).

A correlation of H2O2 concentration and the reduction in viability of bac-

terial endospores was for example reported by Patil et al. (2014) and Pure-

vdorj et al. (2003). In contrast, the concentration of ozone (O3) produced in

atmospheric pressure discharges is said to reduce with increasing humidity

and is not supposed to play a major role in the inactivation of microorgan-

isms (Maeda et al., 2003; Winter et al., 2013).

Winter et al. (2013) discussed the role of unwanted or intended feed gas

humidity in plasma medical experiments and the influence on the formation
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of reactive species. Maeda et al. (2003) and Muranyi et al. (2008) found an

optimal humidity level in their plasma decontamination experiments as a

consequence of the beneficial and counterproductive aspects of humidity

which are also relevant for the treatment of granular food products.

The influence of substrate moisture content was investigated for naturally

contaminated alfalfa seeds, which were moistened with sterile water or dried

in a desiccator and then treated in theDBDstreamedwith argon andpowered

with 10 kHz, 8 kV, 500 ns pulses (Butscher et al., 2016a). When comparing

the treatment efficiency after 5 and 10 min, an optimum at approximately

17%wb (wet based) can be observed (see Fig. 6.5). This can be explained by

the twocompeting effects: enhanced formationofROS fromwater dominat-

ing at lower levels of moisture content and quenching due to the molecular

structure of water dominant at higher levels of moisture content.
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Fig. 6.5 Logarithmic reduction of the native microflora on alfalfa seeds after plasma
treatment (10 kHz, 8 kV, 500 ns pulses) for 5 or 10 min as a function of sample
moisture content prior to plasma treatment. Data points show mean value and
standard error of the mean from three independent experiments. (Adapted from
Butscher, D., Van Loon, H., Waskow, A., Rudolf von Rohr, P., Schuppler, M., 2016a.
Plasma inactivation of microorganisms on sprout seeds in a dielectric barrier discharge.
Int. J. Food Microbiol. 238, 222–232.)
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As a further indication of these two competing effects, the relative

humidity in the gas phase as well as the optical emission intensity can bemea-

sured. For conditions as applied for the experiments shown in Fig. 6.5,

Butscher et al. (2016a) observed that moisture evaporates into the gas phase

as demonstrated by the increase in relative humidity with an increase in sam-

ple moisture content. This enables the formation of ROS in the gas phase

but at the same time, quenches the plasma as shown by a reduced optical

emission intensity with increasing sample moisture content.
3.4 Influence of substrate on decontamination efficiency
Many studies on plasma inactivation of microorganisms investigate the treat-

ment of flat model substrates. Their application to the treatment of food

products is however limited since the sample system and in particular, the

substrate material, geometry and surface structure largely influence the

plasma discharge and treatment effects.

The substrate geometry can affect the electric field and consequently can

influence the plasma inactivation efficiency. Electrostatic simulations of the

electric field strength in a DBD showed that the electric field is enhanced by

objects placed in the gas gap and is especially high above and below spherical

particles (Butscher et al., 2016b). Presumably, this intensifies the formation

of reactive species and results in better inactivation. This assumption is

experimentally supported in a comparison of polypropylene granules and

flat polypropylene plates contaminated withG. stearothermophilus endospores

and plasma-treated in the DBD streamed with argon and powered with

10 kHz, 8 kV, 500 ns pulses as shown in Fig. 6.6 (Butscher et al., 2016b).

More importantly, the substrate surface structure is a key factor for the

inactivation efficiency, especially when comparing the smooth surface of

model substrates to the complex surface of natural food products like grains

and seeds. As can be seen from Fig. 6.6, there is a large discrepancy between

the inactivation of G. stearothermophilus endospores on wheat grains and

polypropylene model substrates. While bacterial endospores could be inac-

tivated by more than 4 log within 10 min when polypropylene granules

were used as a substrate, plasma decontamination of wheat grains was con-

siderably more difficult than on smooth polymeric model substrates where

reduction values in the order of 1 log were found under the same treatment

conditions. This observation is attributed to the rough surface, loose pieces

of bran and the deep crease of wheat grains that can shield or hide
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Fig. 6.6 Logarithmic reduction of G. stearothermophilus as a function of treatment time
in the DBD for wheat grains, polypropylene (PP) plates and granules. Data points show
mean value and standard error of the mean from three independent experiments.
(Adapted from Butscher, D., Zimmermann, D., Schuppler, M., Rudolf von Rohr, P., 2016b.
Plasma inactivation of bacterial endospores on wheat grains and polymeric model
substrates in a dielectric barrier discharge. Food Control 60, 636–645.)
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microorganisms from plasma-generated reactive species, and therefore

makes plasma inactivation more challenging.

Further insight into this problem can be gained from another experimen-

tal study with different types of seeds (onion, radish, alfalfa, cress), which

were artificially contaminated with E. coli and plasma-treated in the DBD

which was streamed with argon and powered with 10 kHz, 8 kV, 500 ns

pulses (Butscher et al., 2016a). When comparing the surface structure illus-

trated in Fig. 6.7 to the decontamination efficiency in Fig. 6.8, it was

observed that an increase in surface complexity (cress < alfalfa < radish <
onion) considerably reduced the plasma decontamination efficiency.

Other authors also found that the inactivation efficiency decreased with

increasing complexity in substrate structure and surface topology when they

studied the inactivation of B. atrophaeus on glass beads, glass helices, molec-

ular sieves and rapeseeds (Schnabel et al., 2012b) as well as on rapeseed,



Fig. 6.7 Scanning electron microscope images of untreated onion, radish, alfalfa and cress seeds (Butscher et al., 2016a).
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Fig. 6.8 Logarithmic reduction of E. coli as a function of treatment time for various seeds
after plasma treatment in the DBD (10 kHz, 8 kV, 500 ns pulses). Data points showmean
value and standard error of the mean from six independent experiments. (Adapted from
Butscher, D., Van Loon, H., Waskow, A., Rudolf von Rohr, P., Schuppler, M., 2016a. Plasma
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radish, carrot, parsley, dill, wheat and black pepper (Schnabel et al., 2012a) in

the afterglow of a microwave-discharge.

Another frequent observation in plasma decontamination of complex

food products is the biphasic inactivation kinetic with a fast reduction of

microbial contamination in the first phase followed by a slower inactivation

in the second phase (see Figs. 6.3, 6.4, 6.6, 6.8, and 6.9). This might be

due to varying resistances in heterogeneous cultures but it is also frequen-

tly observed with monocultures. A common explanation is the stacking

of microorganisms which is directly linked to the initial concentration

of microbial contamination. The theory states that the inactivation of acces-

sible microorganisms is relatively fast but the efficiency of plasma decontam-

ination slows down when dead layers of microorganisms need to be eroded

to uncover remaining viable layers (Moisan et al., 2002). A similar explana-

tion can be given when complex surfaces are contaminated. While some of
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the microorganisms are easily accessible to plasma-generated reactive

species and are rapidly inactivated, others might be protected by the rough

surface or sheltered in cracks and crevices so that plasma inactivation is

slowed down.
3.5 Influence of microflora on decontamination efficiency
Plasma, in principle, can inactivate all sorts of microorganisms including bac-

teria, bacterial endospores, yeasts, molds and viruses by different mechanisms

as explained in Section 2.1 and it is also said to eliminate prions and endo-

toxins through etching (Lerouge et al., 2001). However, different microor-

ganisms have a strongly varying resistance to different sterilization processes

such as plasma. For example, bacteria, yeasts and molds (including their

spores) are usually efficiently inactivated at temperatures of around
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55–65 °C while bacterial endospores can easily survive 100 °C for hours

(Kr€amer, 2011). Similarly, plasma treatment was found to be considerably

more efficient in inactivating vegetative bacteria than bacterial endospores

(Kelly-Wintenberg et al., 1999; Scholtz et al., 2010). This observation is also

true for the inactivation of vegetative bacteria (E. coli, strain ATCC 8739)

and bacterial endospores (B. amyloliquefaciens) on alfalfa seeds in a DBD

streamed with argon and powered by 10 kHz, 8 kV, 500 ns pulses as shown

in Fig. 6.9 (Butscher, 2016).

Comparing the inactivation efficiencyof artificially depositedE. coli to the

nativemicroflora foundon alfalfa seeds as shown inFig. 6.9, it becomes appar-

ent that the native microflora is more resistant to plasma treatment (Butscher

et al., 2016a).One reason could be that the nativemicroflora is embedded in a

waxy coat and is protected from plasma-generated reactive species (Sikin

et al., 2013) whereas E. coli was deposited on top of this waxy layer and

was less protected.Furthermore,E. colihas aGram-negative cellwall,whereas

the native microflora contains both Gram-negative and Gram-positive bac-

teria. While the lipid bilayer of Gram-negative bacteria is more complex and

more resistant to chemical and biological agents, the thick and strong poly-

saccharide cell wall of Gram-positive bacteria makes them more resistant

to physical attack such as ion bombardment (Montie et al., 2000). Detailed

analyses of the nativemicroflora on alfalfa seeds before and after DBD-plasma

treatment by 16S rRNA sequencing indicated that Gram-negative bacteria

were reduced by 2–4 log while Gram-positive bacteria only decreased by

1–2 log (see Table 6.2), thus confirming the higher resistance of Gram-

positive cell walls to plasma treatment in this experiment (Butscher, 2016).
Table 6.2 Phylogenetic classification of numerically predominant bacteria isolated
from untreated and plasma treated alfalfa seeds by 16S rRNA gene sequencing

Family Gram staining Untreated Plasma treateda

Enterobacteriaceae Gram-negative 105…6 CFU/g 103…4 CFU/g

Pseudomonadaceae Gram-negative 103…4 CFU/g Not detected

Staphylococcaceae Gram-positive 104…5 CFU/g 103…4 CFU/g

Bacillaceae Gram-positive 104…5 CFU/g 102…3 CFU/g

Microbacteriaceae Gram-positive 104…5 CFU/g 103…4 CFU/g

ain DBD streamed with Ar and powered with 10 kHz, 8 kV, 500 ns pulses for 10 min.
Adapted from Butscher, D., 2016. Non-Thermal Plasma Inactivation of Microorganisms on Granular
Food Products (Ph.D. thesis). ETH Zurich. Available from: https://doi.org/10.3929/ethz-a-
010626028.

https://doi.org/10.3929/ethz-a-010626028
https://doi.org/10.3929/ethz-a-010626028
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Hertwig et al. (2015b) found similar results when they compared the

inactivation efficiency of the native microflora (mesophilic aerobes and

spores) to artificially deposited B. atrophaeus endospores, B. subtilis endo-

spores and S. enterica on peppercorns. Direct plasma treatment with a plasma

jet and remote treatment with a microwave discharge both showed that

endospores are more resistant than vegetative bacteria and that the native

microflora is more resistant than artificially applied bacterial cultures. Schna-

bel et al. (2015) contaminated fresh produce with different Gram-negative

bacteria (E. coli, Pseudomonas marginalis and Pectobacterium carotovorum),

Gram-positive bacteria (L. innocua, Staphylococcus aureus), Candida albicans

fungus and B. atrophaeus endospores. Plasma treatment with their remote

microwave discharge also indicated that Gram-negative bacteria are less

resistant to plasma treatment than Gram-positive. While fungus showed

similar resistance to vegetative bacteria, the endospores were observed to

be most resistant.
4 The role of thermal, mechanical, electrical stress factors
and plasma-generated reactive species

As was demonstrated in Section 3.1, the efficiency of plasma inactivation

correlates with plasma power input, and if an alternating current power sup-

ply (sinusoidal or pulsed) is applied, power input is mainly determined by

voltage and frequency. However, an increase of power delivered into the

plasma also elevates the gas temperature in the discharge. The role of tem-

perature must be carefully evaluated for two reasons: to clarify whether tem-

perature is the predominant inactivation mechanism and to ensure that the

functional product properties are not negatively affected. Unfortunately,

many studies on plasma decontamination do not consider these aspects. Cold

plasmas normally operate at temperatures up to 70 °C and the harshest con-

ditions at decontamination experiments, as presented in Fig. 6.4, were found

to be around 82 °C after 10 min using 10 kHz and 10 kV pulses. To mimic

the influence of this temperature on the viability of microorganisms, seeds

were streamed with heated air of 85 °C for 10 min. As can be seen from

Fig. 6.10, no reduction of the native microflora on alfalfa seeds was caused

by this temperature treatment when compared to the untreated control sam-

ple. In addition to this, there was also no reduction due to mechanical stress

from the vibrating table and electrical stress from the electromagnetic field

(without plasma ignition). Also, the argon atmosphere had no influence on

the viability of the microflora (data not shown here). The sterilizing effect of
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plasma, however, can be clearly seen from the last column where plasma

treatment was applied (Butscher et al., 2016a). Similar results were obtained

for wheat grains and polypropylene granules contaminated with G. stear-

othermophilus endospores as shown in Fig. 6.10 (Butscher et al., 2016b).

Thus, it can be concluded that the viability of microorganisms in the pre-

sented experiments is not affected by thermal, mechanical and electrical

stress factors or the argon atmosphere but the inactivation is caused by

plasma-generated reactive species.

While the inactivation of microorganisms on wheat grains, alfalfa

seeds and polymeric granules in the DBD could be clearly assigned to the
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Fig. 6.11 Electromagnetic emission intensity over the 200–1000 nmwavelength range.
Spectra were recorded in the DBD filled with alfalfa seeds (17%wb moisture content),
streamed with argon and powered with 10 kHz, 8 kV, 500 ns pulses. Data were
averaged over a treatment time of 10 min. Unpublished data.
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plasma-generated species, it is still not clear which of the individual mech-

anisms described in Section 2.1 is mainly responsible for the inactivation. To

get a better insight into the plasma chemistry, the optical emission spectrum

of the plasma can be analyzed, as shown in Fig. 6.11, where the DBD was

filled with alfalfa seeds (17%wb moisture content), streamed with argon and

powered with 10 kHz, 8 kV, 500 ns pulses. A similar spectrum was mea-

sured for the treatment of wheat grains in the same setup (Butscher et al.,

2016b), and similar peaks were also produced by an atmospheric pressure

argon plasma jet in another study (Surowsky et al., 2015).

First, strong emission lines from the argon feed gas can be observed in the

700–912 nm range (Kramida et al., 2015), and argon is known to be effi-

ciently ionized in the plasma discharge so generated ions and electrons

can physically destroy microorganisms through mechanical impact. Besides

ion bombardment, argon might also generate UV photons at a wavelength

of 126 nm (argon excimer), which is said to inactivate microorganisms effi-

ciently but cannot be recorded with standard optical emission spectroscopy
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(OES) equipment. In the range of 316–410 nm, UV emission is detected

from the second positive system of nitrogen, which might emanate from

air impurities from residues, leakages or desorption from substrates and sur-

faces (Pollak et al., 2008). Even though UV above 300 nm has a low energy

which is considered to be less efficient in sterilization (Fridman, 2008), it

might still contribute to the inactivation of microorganisms. Finally, the

electromagnetic spectrum also shows emission from the OH band at

306 nm, which was presumably produced from the sample moisture content

or impurities in the gas phase (Pollak et al., 2008). In addition to its UV emis-

sion, OH also causes oxidative damage to microorganisms and it is expected

that there are other ROS that are produced from water, however, they can-

not be detected by OES.

Further elucidation of the mechanism can be drawn from scanning elec-

tron micrographs. Fig. 6.12 depicts G. stearothermophilus endospores on the

surface of a wheat grain before (left) and after (right) plasma treatment in the

DBD (10 min with 8 kV, 10 kHz, 500 ns pulses). Compared to the

untreated sample, the plasma treated sample showed strong perforations

and a reduction in endospore size. These observations point toward erosion

induced by ion bombardment. It is likely that reactive species interact with

these defects to form volatile compounds and deep etch channels in a process

called chemical sputtering (see Section 2.1). This mechanism could possibly

be supported by UV irradiation, which by itself hardly causes any visible

defects (Philip et al., 2002). Similar observations were seen with plasma

treatment of B. amyloliquefaciens endospores in the low pressure PCFBR,
1 µm 1 µm

Fig. 6.12 Scanning electron microscope images of untreated (left) and plasma treated
(right) wheat grain sample withmarked structures supposed to be G. stearothermophilus
endospores (Butscher, 2016).
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where ion bombardment and the action of ROS are supposed to play dom-

inant roles, and inactivation was also attributed to chemical sputtering

(Butscher et al., 2015).
5 Functional product properties as affected by plasma
treatment

The purpose of plasma decontamination of grains and seeds is to reduce

microbial contamination to a safe and acceptable level but at the same time,

maintain or even improve quality parameters like germination probability of

seeds or baking properties of cereal grains.

Focusing on plasma-treated wheat grains in PCFBR and DBD, no alter-

ations in color and odor were detected. For PCFBR-treated grains, flour and

baking properties were analyzed by means of farinograph (dough texture),

extensograph (dough rheology) and amylograph (dough gelatinization)

measurements. No negative effects were found and even minor improve-

ments were detected such as higher dough stability and baking volume

(Butscher et al., 2015). Wheat grains, after DBD treatment, were analyzed

using falling number (characterization of starch damage) and gluten content

(condition of the gluten protein) (Butscher et al., 2016b). Both parameters

were almost unaffected, which was in line with the expectations, since

plasma treatment only acts on the surface while the majority of the compo-

nents critical for the functional wheat grain properties are bulk properties. In

agreement to these findings, Selcuk et al. (2008) found that food quality

(e.g., gluten content and gluten index) of wheat grains and beans was not

or only marginally affected by low pressure plasma treatment.

Alfalfa seeds were then analyzed in terms of their germination probability

(Butscher et al., 2016a). Seeds were plasma treated in the argon-streamed

DBD under the variation of treatment time, excitation frequency and volt-

age, and the relative germination probability in comparison to untreated con-

trol samples was evaluated. Treatment conditions were converted to gas

temperature, which was measured with a fiber optic probe. In Fig. 6.13,

the relative germination over gas temperature is shown for the different

experimental series. The results indicate that germination can even be

improved with mild treatment conditions (up to 23% as compared to control

samples) while harsh conditions cause a strong reduction in germination

probability. Furthermore, the predominant role of temperature on the ger-

mination probability becomes apparent and is confirmed by dry heat treat-

ment experiments also presented in Fig. 6.13. Nevertheless, when
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comparing the findings from germination tests to the results from plasma

decontamination experiments presented in Section 3.1, conditions may be

established which can contribute to a reduction of the microbial contamina-

tion on sprout seeds and simultaneously improve germination probability.

In agreement to these findings, several studies are available in literature

which investigated the influence of low pressure (Filatova et al., 2009;

Jiafeng et al., 2014) or atmospheric pressure plasma (Henselová et al.,

2012; Mitra et al., 2014; Stolárik et al., 2015; Zahoranová et al., 2013,

2014) on quality, vigor and germination and growth of different seeds,

where degradation was found for harsh conditions but improvement was

possible with mild treatment. For example, Waskow (2017) observed accel-

erated germination in lentil seeds after plasma treatment with an atmospheric

pressure DCSBD. This acceleration has been observed by several authors

and it is suggested that it may be due to seed coat erosion, which can increase

the transport of gases or water, or it may be due to increased wettability,
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which influences water imbibition in seeds (Bormashenko et al., 2012; Alves

Junior et al., 2016; Puligundla et al., 2017b). Currently, research is ongoing

to better understand the underlying mechanisms of how plasma treatment

affects seeds and their development. In the meantime, it appears that func-

tional product properties can be improved if plasma treatment is dosed ade-

quately with respect to power input and treatment time.
6 Summary and outlook

The potential of direct cold plasma treatment for the inactivation of micro-

organisms on granular food products was discussed in this chapter. Cold

plasma has the potential to efficiently inactivate different types of microor-

ganisms, such as vegetative bacteria, bacterial endospores, fungi, viruses,

prions and endotoxins. While plasma is able to inactivate microorganisms

on smooth model substrates by more than 5 log, typically around 1–3 log

of microbial contamination are inactivated by cold discharges on granular

food products like seeds and grains within a treatment time of several

minutes. Other decontamination methods, including chemical, biological

and physical intervention, show on average similar reduction values. How-

ever, they often deteriorate product quality, form unwanted by-products,

and they can also not be applied on an industrial scale in many cases.

Besides the reduction of microbial contamination, care must be taken

not to deteriorate product quality through plasma treatment. With respect

to wheat grain quality parameters, no negative effects of plasma treatment

could be observed, and the results suggested that some product properties

can even be improved by plasma treatment. In the case of seed germination,

harsh conditions considerably reduce the germination potential while mild

plasma treatment is even able to improve germination and growth.

The main challenge in cold plasma decontamination of granular food

products is the complex structure with rough surface, loose pieces of bran

or cracks and crevices found in the seeds and grains,which shieldmicroorgan-

isms from the plasma-generated reactive species and in doing so, considerably

reduces the efficiency of the treatment. Furthermore,many food products are

sensitive to heat so that care must be taken that plasma gas temperature does

not exceed a certain limit which could degrade product quality.

Another challenge in the development of industrial plasma decontamina-

tion processes is the strong interaction of discharge and operating conditions

with the substrate parameters and microbial contamination. As an example,

moisture, which might emanate from the water content of the substrate or
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humidity of the process gas, strongly influences the plasma discharge and the

formation of reactive species, which has a major impact on treatment effi-

ciency. Similarly, small impurities in the gas phasemight alsohave a substantial

impact on the formation of reactive species and the decontamination result.

However, these challenges can also be turned into prospects when the

process of plasma decontamination is profoundly understood and when

parameters, like gas composition andmoisture, are carefully tuned to achieve

the optimal treatment. Additionally, plasma power input must be optimized

in such a way that decontamination is maximized while functional food

properties and quality are maintained or even improved. Apart from direct

cold plasma, the remote treatment of food products with the afterglow of a

microwave-driven air plasma (up to 4000 K) is a promising approach since

the efficient formation of long-living reactive species is combined with

acceptable treatment temperature in the remote location. Promising results

have been published but the exact mechanism of microbial inactivation is

not clear yet (Hertwig et al., 2015a,b; Schnabel et al., 2012a,b, 2015).

Looking at the scale-up potential to industrial dimensions, some limita-

tions apply. It is not straightforward to increase all types of plasma discharges

in size. In the case of plasma jets, which can only act locally, building an array

is the only option but this approach does not result in a homogeneous treat-

ment area. In contrast, low pressure discharges already feature larger vol-

umes. The tubular ICP reactor, which was incorporated in the PCFBR

and which is already suitable for the treatment of free-flowing particles,

could be further increased in diameter and length and for example imple-

mented in the conveying lines of a grain mill. Also, the DBD setup can

be easily scaled in its horizontal dimensions and an inclined vibrating table

can be installed underneath to transport particles through the DBD.

Considering plasma treatment from an economic perspective, it is ben-

eficial to operate at atmospheric pressure to avoid the high expenses of

acquiring and operating vacuum equipment. In the case of the PCFBR,

the low pressure ICP installation can for example be replaced with an atmo-

spheric pressure circularly arranged DBD configuration as proposed by

Reichen et al. (2009). Also, the type of gas is another cost that needs to

be considered. Air, which is the least expensive option, has been applied

in many studies on plasma decontamination, and so far the inactivation

results are promising. However, the ignition of air requires higher voltages

as compared to argon. For the operation of the DBD introduced here a

stronger power supply is needed and care must be taken to avoid an immod-

erate increase in gas temperature if operated with air.
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7 Conclusion

Current plasma decontamination strategies for granular food products

achieve microbial reductions comparable to those of other chemical, biolog-

ical and physical decontamination methods and further improvements in

plasma decontamination can be accomplished. The main challenge is to bet-

ter understand the complexity of the plasma treatment since many param-

eters and mechanisms are involved and are strongly interconnected.

However, once a profound understanding is obtained, plasma decontamina-

tion can be a powerful tool for granular food decontamination that can effi-

ciently inactivate microorganisms yet maintain or even improve product

properties while avoiding the production of harmful residues.
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surface barrier discharge and its applications for in-line processing of low-added-value
materials. Eur. Phys. J. Appl. Phys. 47 (2), 22806.

Cobine, J.D., 1958. Gaseous Conductors: Theory and Engineering Applications. Dover,
New York.

Deng, S., Ruan, R., Mok, C.K., Huang, G., Lin, X., Chen, P., 2007. Inactivation of Escher-
ichia coli on almonds using nonthermal plasma. J. Food Sci. 72 (2), M62–M66.

Ehlbeck, J., Schnabel, U., Polak, M., Winter, J., von Woedtke, T., Brandenburg, R., von
dem Hagen, T., Weltmann, K.D., 2011. Low temperature atmospheric pressure plasma
sources for microbial decontamination. J. Phys. D: Appl. Phys. 44 (1), 013002.

Falkenstein, Z., 1997. Influence of ultraviolet illumination onmicrodischarge behavior in dry
and humid N2, O2, air, and Ar/O2: The Joshi effect. J. Appl. Phys. 81 (11), 5975–5979.

Falkenstein, Z., Coogan, J.J., 1997. Microdischarge behaviour in the silent discharge of
nitrogen-oxygen and water-air mixtures. J. Phys. D: Appl. Phys. 30 (5), 817.

Filatova, I., Azharonok, V., Gorodetskaya, E., Mel’nikova, L., Shedikova, O., Shik, A.,
2009. Plasma-radiowave stimulation of plant seeds germination and inactivation of path-
ogenic microorganisms. Proc. Int. Plasma Chem. Soc. 19, 627.

Fridman, A., 2008. Plasma biology and plasma medicine. In: Plasma Chemistry. Cambridge
University Press, Cambridge, pp. 848–913.

Heise, M., Neff, W., Franken, O., Muranyi, P., Wunderlich, J., 2004. Sterilization of poly-
mer foils with dielectric barrier discharges at atmospheric pressure. Plasmas Polym. 9 (1),
23–33.
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1 Introduction

Enzymes are made up of proteins that enhance the chemical reactions by

catalysis. In the process of catalysis, the enzyme converts the substrates into

products. The formed products in the food are either desirable or undesir-

able which have a significant effect on nutritional composition and quality.

The well-known enzymes like polyphenol oxidases (PPO) and peroxidases
229
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(POD)which are involved in enzymatic browning reactions result in the loss

of nutritional quality. Other enzymes like pectin methylesterase, polygalac-

turonase, PPO, lipases and lipoxygenase, among others, cause a detrimental

effect on the food organoleptic quality (Surowsky et al., 2015; Khani et al.,

2017). Thermal processing unit operations like heating, blanching, steriliza-

tion, and pasteurization have been widely used to inactivate these undesir-

able enzymes over the past decades. The heating or generation of heat

through external sources may have many limitations such as excessive water

requirements, overheating, loss of heat, reduction of heat transfer efficiency,

and time-consumption in order to reach the heat to the center of food or the

cold-spot (Pereira and Vicente, 2010). Nowadays, consumers are more

concerned about the quality of the food and many of them prefer minimally

processed foods. Globally, there are severe ecological concerns and a need

for innovative, eco-friendly food processing technologies. In the last

decades, the electromagnetic technologies like ohmic heating, radio fre-

quency dielectric heating, and microwave heating gained interest among

the food processing technologies. Although, these electromagnetic technol-

ogies have limitations like temperature rise after the treatment is more than

the near-ambient room temperature. Recently, innovative non-thermal

technologies like high-pressure processing (HPP), pulsed electric fields

(PEF), ultrasound, ultraviolet light and cold plasma have drawn considerable

interest as novel food processing technologies. The use of these novel tech-

nologies avoids overheating of food, preserving most of the nutritional and

organoleptic quality attributes. Some of the novel technologies that have

been previously tested for enzyme inactivation are ultrasound (O’Donnell

et al., 2010), high-pressure processing (Terefe et al., 2017), pulsed electric

fields (Andreou et al., 2016), and pulsed light (Pellicer and Gómez-López,

2017) to mention some. Misra (2015) reported some of the limitations

related to these technologies such as high initial investment (in HPP), lack

of industrial-scale processors (in ultrasound), and incompatibility for whole

solid foods (in PEF). In the past few years, cold plasma, an innovative, novel

technology, has drawn recent interest among several researchers and food

industry.

Among non-thermal technologies, cold plasma treatment for food safety

and food quality is a very recent innovation (Misra and Jo, 2017). The

advantage of cold plasma is the ambient processing temperature.

The effect of this technology is based on the active radicals like reactive

oxygen species and reactive nitrogen species (Misra, 2015). The reactive

species can lead to inactivation of enzymes by preventing the substrate
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and/or coenzyme from binding and subsequent catalysis, mainly due to con-

formational changes around the active site and/or chemical modification of

active site residues (Rodacka et al., 2016). The present chapter discusses the

enzyme inactivation using cold plasma with a few insights on current and

past research, the effect on the amino acids and enzyme protein structure,

inactivation kinetics, and future directions.
2 What is the need for inactivation of food enzymes?

Many of the enzymes cause deterioration and loss of quality of the foods dur-

ing processing, ripening and storage. To prevent such changes in the quality

there is a need to inactivate the enzymes. Queiroz et al. (2011) have reported

that enzymatic browning reactions in fruits affect the nutritional quality and

appearance, reduce the consumer’s acceptability and therefore cause signif-

icant economic impact, both to food producers and to food processing

industries. PPOs are the enzymes containing dicopper-proteins groups,

which catalyze the oxidation of phenolics, a major cause of brown colora-

tion in fruits and vegetables. These enzymes involve the hydroxylation of

monophenols and oxidation of O-diphenols to O-quinones, which

undergoes polymerization to form dark color melanin pigments. The other

important thermostable enzymes related to enzymatic browning are perox-

idases. Peroxidases are the glycoproteins with a heme as the cofactor; the

primary function is oxidation of a wide variety of compounds in the pres-

ence of hydrogen donating compounds like hydrogen peroxides. Pectin

methyl esterase causes demethylation of pectin resulting in separation of

serum and cloudiness of the juices (Tajchakavit and Ramaswamy, 1997).

Few other enzymes involved in quality deterioration of foods are given

in Table 7.1.
3 Application of cold plasma to inactivate food enzymes

3.1 Peroxidases (PODs)
There is a recent study carried out by Khani et al. (2017) on peroxidase

enzyme activity in tomato extract and fresh-cut slices using a Dielectric Bar-

rier Discharge (DBD) plasma system. The authors observed a decrease of

90% in residual peroxidase activity in tomato extract after treatment with

air plasma for 60 s. A total decrease of 96.2% in enzyme activity was

reported at the end of 6 min treatment. A similar decrease in enzyme activity

(100–7.32% at the end of 7 min) was also found in plasma treated fresh-cut



Table 7.1 Food enzymes responsible for quality deterioration

Enzymes Substrate Type of spoilage

Lipase Oils, milk,

meat

Rancidity

Proteinase Eggs, meat,

flour

Bitter flavor, over tenderization,

reduction of shelf-life

Pectinase Fruits and

vegetables

Loss of structure, integrity and tissue

softening

Lipoxygenase Vegetables Loss of nutrients and off flavors

Cellulase Vegetables and

cereals

Loss of texture integrity and softening of

foods

Alkaline protease Milk Gelation in milk products

Ascorbic acid

oxidase

Fruit juices Loss of vitamin C

Thiaminase Marine and

meat

Degradation of vitamin A

Chlorophyllase Leaves and

green

vegetables

Discoloration of green color

Polygalacturonase Fruits and

vegetables

Depolymerization of cell wall pectin

chains and decrease in juice viscosities
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tomato slices. In both cases, there was no significant change in the color

characteristic of tomato extract and slices after the treatment. The authors

have concluded that the plasma reactive species might have changed the

chemical composition of amino acids leading to decrease in enzyme activity.

In another study conducted by Buβler et al. (2017), peroxidase enzyme

inactivation was tested in cut apples using a microwave-driven plasma torch

to generate plasma processed air. The residual activity of POD in plasma

processed (air exposed) fresh apple cuts was reduced by 50% after 10 min

of treatment due to structural changes of enzymes. But, the authors observed

an increase in the browning index (30–75) at initial treatment times, which

then reached a constant value. They have stated that a plasma-oxidative deg-

radation or polymerization of components or formation of secondary

metabolites resulted during plasma treatment may be responsible for the

increase in browning index. Similarly, a decrease in POD activity by 85%

was reported in a food model system after 6 min of treatment (Surowsky

et al., 2013). The authors employed the cold plasma jet (KINPen 09;

neoplasm tools GmbH, Greifswald Germany), to study the POD activity

extracted from the mushroom using feed gases: argon (purity >99.999%)

and a mixture of argon + oxygen (0.01–0.1%).
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A series of experiments on POD inactivation in tomato extract at

three different voltages (30, 40, 50 kV) using a DBD plasma apparatus

was conducted by Pankaj et al. (2013). The authors reported that

5 min plasma treatment decreased the POD activity to nearly zero value.

The authors inferred that at higher voltages there is a sudden drop in the

enzyme activity compared to lower applied voltages but at the end of

5 min (at all three different voltages), a similar value of enzyme inactiva-

tion was observed.

In another study, a decrease in the residual POD activity of 17% at the

end of 10 min was reported in fresh-cut melon by Tappi et al. (2016). The

authors have applied DBD air plasma at a high voltage of 15 kV (peak-to-

peak) and a dominant frequency of 12.5 kHz. A significant decrease in

peroxidase inactivation was also observed by Henselová et al. (2012) using

a diffuse coplanar surface barrier discharge ambient air plasma device. The

authors observed a 25% decrease in POD activity in the extract from the

6-day-old maize roots originated from the plasma treated maize seeds for

60 s. Ke and Huang (2013) applied arc discharge argon plasma to study

the activity of horseradish peroxidase enzyme in phosphate buffered saline

solution. The authors reported that the important reason for enzyme inac-

tivation is the destruction of heme group by plasma reactive species which is

an essential cofactor for the activity of the enzyme.
3.2 Polyphenol oxidases (PPOs)
Tappi et al. (2014) conducted tests using one of the most important enzyme

responsible for enzymatic browning (PPO) in fresh-cut Pink Lady® apples

using DBD air plasma generated at 15 kV for different treatment times. The

authors found that the residual activity of PPO in apple slices was decreased

by 42% after 30 min of treatment. The browned area in the plasma treated

samples was maintained at initial value throughout the study whereas the

browned area in untreated samples was increased by 62%. Buβler et al.

(2017) reported a decrease of 77% PPO activity in the potato cubes after

exposing to plasma processed atmospheric air at 1.2 kW power. The authors

have also observed that the similar browning index was maintained at dif-

ferent plasma treatment times. Similarly, the cold plasma treatment reduced

the PPO activity in the two-layer gellan gum plate food model system. The

PPO activity was reduced by 90% after 3 min of treatment using plasma jet

with the argon and oxygen as feed gases (Surowsky et al., 2013). They have

observed an increase in the inactivation efficiency when the argon and
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oxygen gases are used in combination than the pure argon gas. The data of

different components of combined gases was not shown.

Few other authors have tried to inactivate tyrosinase enzymes indirectly

by activating the biologically active compounds with cold plasma. A study

on the decrease in melanin synthesis by inhibiting the tyrosinase enzyme

using N2 gas plasma (generated using atmospheric plasma jet) treated euge-

nol derivatives was conducted by Ali et al. (2016). After 10 min of plasma

activation, the changes in the secondary structure of enzymes (increase in

α helix% and decrease in β sheets% compared to unmodified tyrosinase

enzyme) resulted in the decrease in the activity which might have decreased

the melanin synthesis. Similarly, activation of naringin by dielectric barrier

discharge (250 W, 15 kHz, ambient air) plasma treatment significantly

affected the enzyme activity (Kim et al., 2014). The authors have also

observed 83.3% inhibition in the tyrosinase enzymes after 20 min of

DBD plasma treatment.
3.3 Lipases and lipoxygenases
The effect of radio frequency (13.56 MHz) low pressure plasma on the qual-

ity of stored wheat flour was studied by Suthar (2016). The authors have

observed a slight decrease of 8.7% in lipase enzyme activity on the first

day of storage after the treatment. At the end of 90 days of storage, the lipase

activity was found to be decreased by 35% in 60 W 30 min treated samples

compared to untreated wheat flour. Likewise, the activity of lipoxygenase in

untreated and cold plasma brown rice was studied during storage for

3months (Chen et al., 2015). In the freshly treated samples (3 kV), the lipox-

ygenase activity was decreased from 217 to 197 AU/min compared to

untreated samples. After 90 days of storage, the maximum lipoxygenase

activity in 3 kV samples was raised to 226 AU/min whereas 251 AU/min

was recorded for untreated samples.
3.4 Catalases
The activity of catalase enzymes has been evaluated in cold plasma treated

seeds by few researchers. Henselová et al. (2012) treated maize seeds with

atmospheric air plasma generated using diffuse coplanar surface barrier dis-

charge. In 6-days-old seedling, the plasma treatment for 60 s decreased the

catalase activity by 75% compared to untreated samples. A similar decrease in

catalase activity was also reported by Pua�c et al. (2017) in radio frequency

low pressure plasma treated Paulownia tomentosa seeds. The authors observed
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a reduction in the catalase activity after treatment for 10 and 20 min at

100 W. Catalase activity in 20 min freshly treated seeds at 600 mTorr was

nearly four times lower compared to untreated samples. The authors have

also reported that the pressure used during the treatment had a significant

effect on the enzyme activity. The decrease in enzyme activity is more in

experiments conducted at 600 mTorr pressure compared to 200 mTorr

pressures.
3.5 Dehydrogenases
Dehydrogenase belongs to the group of oxidoreductases that oxidizes a

substrate by reducing an electron acceptor. The enzyme activity in a copla-

nar surface barrier discharge air plasma device was studied byHenselová et al.

(2012) in maize seeds for 60 and 120 s. The authors have observed an

inhibition of 18.5% at 60 s and 27% at 120 s treatment in comparison to

untreated samples. In another study, dehydrogenase inactivation using

helium-oxygen gas DBD plasma was examined by Zhang et al. (2015).

The authors found a steady decrease of nearly 36–37% in lactate dehydro-

genase activity after the plasma treatment for 300 s. The authors have also

reported that on storage, the activity of the enzyme was continuously

reduced up to 12 h and on further storage, there is a slight increase in the

activity. Lackmann et al. (2013) reported that glyceraldehyde 3-phosphate

dehydrogenase (GAPDH) activity is a suitable model to study protein

inactivation by cold plasma treatment. The authors dissolved GAPDH in

sterile distilled water and aliquots were placed on glass coverslips, dried

and then exposed to helium gas plasma jet. After the plasma treatment,

the proteins from glass slips were recovered using a buffer and then

in vivo GAPDH activity assay were conducted. They have observed a com-

plete reduction in the enzyme activity in their in vivo experiments after

10 min exposure to plasma jet.
3.6 Other enzymes
Takai et al. (2012) studied the influence of low frequency plasma jet helium

gas plasma on the lysozyme enzyme activity as a model enzyme in aqueous

solution. Plasma treatment up to 30 min completely decreased the activity of

lysozyme enzymes. The authors reported that unfolding of secondary pro-

tein structure is the important reason for the decrease in the enzyme’s

activity.
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Dielectric barrier discharge air plasma decreased the activity of pectin

methylesterase (PME) in fresh-cut melon pieces (Tappi et al., 2016). Plasma

treatment of 60 min (30 min on each side) decreased the pectin methyles-

terase activity by 7%. The authors observed a significant decrease

(P < 0.05) in enzyme activity without any change in quality parameters.

The activity of alkaline phosphate in raw milk was tested to measure the

proper heating during pasteurization. In the past, Shamsi et al. (2008) suc-

cessfully inactivated the alkaline phosphate enzyme in milk using pulsed

electric fields. In a recent investigation, Segat et al. (2016) employed dielec-

tric barrier discharge air plasma (at 40, 50 and 60 kV for 15–300 s) for alka-
line phosphate inactivation. A sudden decrease of 40–50% in the activity was

observed up to 2 min treatment at all the applied voltages and on further

increase in treatment time the decrease in minimized. In all treatments,

the residual activity was found below 10% at the end of 300 s.

The influence of radio frequency air and argon cold plasma on the glu-

cose oxidase enzymes activity and structure at different power levels was

studied by Dudak et al. (2007). At 40 W-30 min of exposure to argon

and air plasma, the authors observed a 60% decrease in the enzyme activity.

The air glow discharge has a more profound effect on the enzyme

activity than the argon plasma. They have observed that the decrease in

the activity was very rapid in first 10 min treatment with major changes

in the protein structure and the different power levels had no significant

effect on the activity. The authors have concluded the argument that the

fragmentation of the amino acid chains resulted in the decrease in the

enzyme activity.

From all the studies, the efficiency of enzymes inactivation mainly

depended on the plasma source, carrier gas, food matrix, the power applied

and treatment time. Additional reports on enzyme inactivation by cold

plasma are presented in Table 7.2.
4 Mechanism of cold plasma on enzyme inactivation

4.1 Effect of plasma on amino acids
To understand the mechanism of enzyme inactivation using cold plasma is

essential to know the interactions between the biological molecules like

amino acids, proteins and plasma species. Amino acids are the building

blocks of the proteins, containing amine (NH2) and carboxyl (COOH)

functional groups with a side chain (R group—aliphatic, acyclic, aromatic)

specific to each amino acid. The fundamental chemical modifications in the



Table 7.2 Recent investigations on cold plasma inactivation of food enzymes

Enzyme
Substrate-food/
model system Plasma source Feed gas

Voltage/power/
frequency
applied,
treatment time Inactivation (%) Reference

POD Fresh-cut

tomato slices

DBD Helium 10 kV, 6 min 95.3 Khani et al. (2017)

POD Phosphate buffer Glow discharge Argon 1.2 kV, 30 min 100 Ke and Huang (2013)

Chymotrypsin Buffer APPJ Dry air 60 Hz, 5 min 99 Attri and Choi (2013)

PPO Fresh-cut apple

slices

DBD Air 15 kV, 30 min 58 Tappi et al. (2014)

Lipoxyge-

nase

Brown rice DBD Air 3 kV, 30 min 9.2 Chen et al. (2015)

RNase Dried aqueous

solution

DBD He/O2 15 kV, 10 min 60 Lackmann et al. (2015)

SOD DMEM Plasma jet Helium 10 kV, 2.5 min 10.2 Chauvin et al. (2017)

Catalase Maize root Diffuse

coplanar

surface DBD

Air 10 kV, 2 min 75 Henselová et al. (2012)

Alkaline

phosphatase

Raw milk DBD Air 60 kV, 5 min 90 Segat et al. (2016)
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Table 7.2 Recent investigations on cold plasma inactivation of food enzymes—cont’d

Enzyme
Substrate-food/
model system Plasma source Feed gas

Voltage/power/
frequency
applied,
treatment time Inactivation (%) Reference

Tyrosinase Plasma activated

eugenol

derivative

APPJ Nitrogen 1.1 kV, 10 min 40 Ali et al. (2016)

PME Fresh-cut melon

pieces

DBD Oxygen 1.8 kV,

30 min—

each side

7 Tappi et al. (2016)

PPO, POD Fresh apple

slices, potato

cubes

Microwave-

driven plasma

torch

Air 1.2 kW, 10 min 62, 89 Buβler et al. (2017)

APPJ—atmospheric pressure plasma jet, DBD—dielectric barrier discharge, DMEM—Dulbecco’s Modified Eagle’s medium, PME—Pectin methylesterase, POD—
Peroxidase, PPO—Polyphenol oxidase, SOD—Superoxide dismutase.
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amino acids exposed to cold plasma are oxidation, sulfonation, hydroxyl-

ation, ring opening and amidation (Takai et al., 2014). Stadtman and Levine

(2003) reported that the mechanism of reactive oxygen species (ROS) led

chemical reactions like oxidation of free amino acids resulting in hydroxyl-

ation of aromatic groups and aliphatic amino acid side chains, nitration of

aromatic amino acid residues, nitrosylation of sulfhydryl groups, sulfoxida-

tion of methionine residues, chlorination of aromatic groups and primary

amino groups, and conversion of some amino acid residues to carbonyl

derivatives. Likewise, aromatic amino acids, cysteine, and methionine res-

idues of proteins are particularly sensitive to modification by one or other

forms of reactive nitrogen species (RNS). Misra et al. (2016) reported that

hydroxyl radicals, superoxide anion radicals, hydroperoxy radicals and nitric

oxide generated from plasma sources lead to the chemical modifications of

reactive side-chain of the amino acids causing loss of enzyme activity. Pre-

viously, the damage of few amino acids like phenylalanine, cysteine, and

glutathione by exposure to cold plasma has been reported. The decreasing

order of reactivity of amino acids groups after the plasma treatment is as fol-

lows: sulfur-containing carbon-chain amino acids > aromatic amino acid-

s > five-membered ring amino acids > basic carbon-chain amino acids

(Zhou et al., 2016). Ke et al. (2013) proposed the mechanism of glutathione

damage after exposure to cold plasma. They have reported that the break-

down of water molecules results in the formation of free radicals, hydroxyl

radical and thiyl radicals which damaged the sulfhydryl groups of glutathione

and led to decrease in the concentration.

An exposure of alanine amino acids to argon plasma (radio frequency

power of 1 kW at a pressure of 0.67–26 Pa) resulted in degradation of

the –COOH and –CNH2 groups (Setsuhara et al., 2013). The authors have

stated that the considerable molecular degradation of amino acids is due to

plasma surface etching by reactive species compared to chemical degradation

caused by ion bombardment and/or irradiation with radicals and photons.

Plasma etching generates volatile etch products from the reaction between

the material and plasma species which are removed from the surface. In

atmospheric pressure plasma jet treatment of bovine albumin serum, the

protein etching is the main effect of protein denaturation (Lackmann

et al., 2013). Similarly, Julák et al. (2011) observed a change in the surface

composition and removal of amino acids from the exposed surfaces after the

plasma treatment.

Takai et al. (2014) analyzed the chemical activity of 20 amino acids dis-

solved in ultra-pure water after exposing to low-frequency atmospheric



240 Advances in cold plasma applications for food safety and preservation
pressure cold plasma jet. The authors observed a complete degradation of

methionine after 10 min of helium gas plasma treatment. The hydroxylation

of tryptophan in the amino acid chain is the major chemical reaction

occurred due to plasma treatment (Takai et al., 2014). Zhou et al. (2016)

reported that the plasma treatment destroyed the bond between the OH

and benzene ring, and OH was oxidized and further replaced by nitrite

group which proves that plasma treatment causes hydroxylation and nitra-

tion of amino acids. Similarly, aromatic amino acids like tryptophan are sen-

sitive to ROS like hydroxyl radicals and atomic oxygen and are the primary

site for attack (Kuo et al., 2004). In another investigation, Ke et al. (2013)

observed that the sulfhydryl groups are the major target attacked by the pro-

duced reactive species during plasma treatment resulting in the formation of

disulfide bonds. The degradation studies of amino acids (methionine, tyro-

sine, tryptophan and arginine) interacting with a plasma generated using

DBD as plasma source with helium as carrier gas at 10 kV was carried by

Chauvin et al. (2017). The authors observed complete degradation of methi-

onine within 30 s and least affected amino acids was arginine. Of all the

amino acids, tyrosine was the only amino acid which undergoes nitration

during the plasma treatment (Chauvin et al., 2017). Zhang et al. (2015)

stated that the oxidation of a single amino acid in the polypeptide chain

can lead to change in the protein functionality.
4.2 Effect of plasma on enzyme structure
Before studying the inactivation of enzymes, it is necessary to examine the

action of cold plasma on the secondary structure of enzymes. In the presence

of external electric fields, disruption of α-helix secondary structure might

occur because protein possesses a strong dipole moment due to α-helix
nature (Zhao et al., 2012). The cold plasma primarily targets the secondary

structure (α-helix and β pleated sheets) of enzyme proteins (Table 7.3).

Exposure of proteins to radicals lead to physical and chemical changes to

the proteins including oxidation of side chain groups, backbone cleavage

or fragmentation, crosslinking, unfolding, changes in hydrophobicity and

conformation, altered susceptibility to proteolytic enzymes (Headlam

et al., 2006). Some of the analytical instruments employed to study the mod-

ification of secondary structures of enzymes are Fourier-transform infrared

spectroscopy (FTIR), differential scanning calorimetry (DSC), small-angle

X-ray scattering, circular dichroism (CD), dynamic light scattering, and

nuclear magnetic resonance (NMR), among others (Matsuo et al., 2012).



Table 7.3 Effect of cold plasma on the secondary structure of food enzymes

Enzyme
Plasma
source Process parameters Change in secondary structural elements Reference

α Chymotrypsin CPJ Gas: Air; Frequency:

60 Hz;

Time: 5 min

Increase in α helix (11%) and decrease in β sheet (20%) Attri et al.

(2012)

Lactate

dehydrogenase

DBD Gas: He + O2,

Voltage: 14 kV;

Time: 60 min

In direct and indirect treatment, α helix decreased by 38%,

31.7% and β sheet increase by 84.5%, 76.4%, respectively
Zhang

et al.

(2015)

PPO, POD CPJ Gas: Ar; Frequency:

1.1 MHz; Time:

6 min

α helix content of PPO decreased by 51.7% and β sheets

increased by 93.4%, POD’s α helix content decreased by

85.6% and β sheet content increased by 155.7%

Surowsky

et al.

(2013)

Alkaline

phosphatase

DBD Gas: Air; Voltage:

60 kV; Time:

5 min

Decrease in both α helix and β sheet structures Segat et al.

(2016)

Tyrosinase APPJ Nitrogen: N2;

Voltage: 1.1 kV;

Time: 10 min

A 6% increase and decrease in α helix, β sheets, respectively Ali et al.

(2016)

Lipase APGD Gas: He; Power:

180 W;

Time: 50 s

Significant change in secondary structural elements Li et al.

(2011)

RNase DBD Gas: He/O2;

Voltage: 15 kV;

Time: 1 min

α helix and β sheet structures are completely lost and CD

spectrum signals were undetectable

Lackmann

et al.

(2015)

Lysozyme LFPJ Gas: He; Frequency:

13.9 kHz; Time:

30 min

Slight change in the secondary structure Takai et al.

(2012)

APGD—atmospheric pressure glow discharge, APPJ—atmospheric pressure plasma jet, CPJ—cold plasma jet, DBD—dielectric barrier discharge, LFPJ—low frequency
plasma jet, POD—Peroxidase, PPO—Polyphenol oxidase.
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These analytical techniques measure the secondary structure related to

enzymes: α-helix, parallel and antiparallel β pleated sheets, folding,

unfolding, turn, and others. Surowsky et al. (2013) analyzed the loss of

secondary structure of enzymes introduced into the two-layer gellan

gum plate exposed to plasma using the CD spectra recorded in the range

of UV 200–250 nm. The authors observed the α-helix content of PPO

and POD decreased from 36.9% to 17.8%, and from 34.9% to 5%,

whereas the β-sheet content increased from 15.2% to 29.4%, and from

15.6% to 39.9%, respectively, after a treatment time of 360 s. Misra

et al. (2016) reported that the changes in the secondary structure in

enzymes are due to the interaction between the protein polymer and

the reactive species of plasma. A similar change in the secondary structure

is observed in CD spectra leading to denaturation of lysozyme in cold

plasma treated phosphate buffer solution was reported by Takai et al.

(2012). The β-sheet structure is closely arranged to each other forming

the bulk charged groups, any disturbance to this structure results in the

loss of the total structure (Surowsky et al., 2013). The change in the sec-

ondary structure of lactate dehydrogenase (present in DBD treated phos-

phate buffer solution) was studied using CD by Zhang et al. (2015). The

amounts of turns and α-helix structure decrease drastically (33.2–20.6%)
with treatment time, while the number of random areas and the particular

amount of β-sheet structures increased from 12.3% to 22.7%. The authors

have also reported that the reactive species of plasma play an important

role in changing conformational structure by cleaving the peptide bonds

and affecting chemical structure of amino acids particularly sulfur and

aromatic amino acids. Segat et al. (2016) used multivariate chemometric

methods to analyze the changes in the alkaline phosphates enzyme struc-

ture after atmospheric cold plasma treatment. The principal component

analysis results obtained from the data of CD spectrum is observed in

three distinct clusters (two α-helix and one β-sheet corresponds to wave-

length 200–205 nm, 246 nm, and 231 nm, respectively). The authors

observed a decrease in the α-helix and β-sheet structures and the extent

of decrease is more time-dependent compared to applied voltages. From

the results of Zhang et al. (2015), Surowsky et al. (2013) observed that the

cold plasma treatment decreased the α-helix structure and increased the

β-sheet structure but, contrastingly a decrease in both structures was

reported by Segat et al. (2016). Similarly, a decrease in the β-sheet struc-
ture from 0.45 to 0.36 after 5 min of air plasma jet treatment was reported

(Attri et al., 2012).
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Rodacka et al. (2016) reported that hydroxyl radicals are the most impor-

tant reactive oxygen species (ROS) effective in enzyme inactivationwhich has

a high rate constant in the range of 109–1011 M�1 S�1. Superoxide anion rad-

ical is another ROS, highly efficient in inactivating some enzymes and other

proteins like protein A, papain, alcohol dehydrogenase and alkaline phospha-

tase (Rodacka et al., 2010). The presence of tyrosine as the free amino acid or

in the polypeptide chain is the primary target for the ROS and RNS during

the oxidative and nitrative stress conditions (Hou�ee-L�evin et al., 2015).

Based on the presence of cysteine in the enzyme protein structure, the

enzymes are categorized into groups: thiol-dependent and non-thiol depen-

dent (Leung-Toung et al., 2002). Hou�ee-L�evin et al. (2015) reported that

thiol-dependent enzymes are easily susceptible to ROS generated from

the water molecular hydrolysis compared to non-thiol dependent enzymes

due to the presence of sulfur atoms at the active site. These sulfur atoms of

thiol groups are oxidized to sulfenic acid (R–SOH), sulfinic acid (R–SO2H)

and sulfonic acid (R–SO3H). Some of the ROS like singlet oxygen react

with amino acids, peptides and proteins result in the formation of hydroper-

oxides which are key intermediates in the inactivation of thiol-dependent

cathepsin enzymes and protein damage (Headlam et al., 2006).

It has been reported by Li et al. (2011) that the ROS and RNS cause

oxidation of amino acid side chains and protein backbones, therefore, con-

sequential oxidative damage or cross-linking of proteins. Peroxynitrite is

one of the longest-lived nitrogen reactive species formed in the plasma, gen-

erated by the reaction between nitric oxide and superoxide radicals in the

presence of nitrogen gas (Ikawa et al., 2016). Another possible protein inac-

tivation mechanism of peroxynitrite anion (ONOO�) is oxidation and sub-
sequent destruction of the heme-thiolate catalytic center and furthermore,

destruction of iron-sulfur centers by ONOO� can also lead to inactivation

of enzymes such as aconitase (Patel et al., 1999). The authors have also

reported that nitration of tyrosinase results in the irreversible inactivation

of enzymes. Inactivation of glutathione peroxidase enzymes by the action

of peroxynitrite was previously reported by Padmaja et al. (1998). FTIR

spectra showed the reductions of CdH, CdN, and NdH bonds in the

radio frequency oxygen plasma treated proteins and are oxidized to CO2,

NO2 and H2O (Hayashi et al., 2009). From the FTIR spectrum of glucose

oxidase exposed to radio frequency argon and air plasma showed an increase

in C]O bonds and decrease in CH2 and CH3 group signals suggesting the

oxidation and fragmentation of proteins occurred due to plasma treatment

(Dudak et al., 2007).
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Attri et al. (2012) investigated the changes in the tertiary structure of air

plasma treated α chymotrypsin using near-UV CD spectra (250–300 nm).

This spectral region is particularly dominated by the presence of aromatic

amino acid residues like tryptophan, tyrosine and disulfide bridges. As a

result of plasma treatment, there was a conformational change in protein

structure particularly tryptophanyl Lb which is very sensitive to such

changes. The authors have also observed unfolding of α helix subunits after

the plasma treatment. The fluorescence spectroscopy analysis showed an

increase in the maximal intensity of fluorescence in treated samples com-

pared to untreated which confirms the cold plasma act as denaturation agent.

However, the effect of plasma on the quaternary structure of proteins is

not yet reported in any of the works conducted so far on the enzyme inac-

tivation, showing the evidence that cold plasma is still a novel technology

with a lot of research scope.
4.3 Effect of UV radiation on enzyme inactivation
The role of ultraviolet (UV) photons during enzyme inactivation is minor

because of the low-level intensity of UV radiation formed during the

plasma generation. But on another hand, plasma generated over the water

surface or under the water produces a significant amount of UV radiation

(Lukes et al., 2008). Unfortunately, there is a very limited literature on

the role of UV radiation in enzyme inactivation using cold plasma. The

UV regions in the plasma is located in different wavelength ranges: vacuum

UV region (100–200 nm), UV C (200–280 nm), UV B (280–315 nm), UV

A (315–380 nm) (Surowsky et al., 2013). Zhang et al. (2015) reported that

UV radiation synergistically worked with the reactive species of plasma and

played a minor role in the enzyme inactivation. Similar results were observed

while using UV radiation in combination with other novel technologies, for

example Noci et al. (2008) reported that UV radiation treatment alone did

not significantly inhibited the PPO and POD enzymes in fresh apple juice

but affected its activity greatly in combination with pulsed electric fields.

The UV radiation decreased the browning rate in apple slices by inhibiting

enzymatic browning reactions (Manzocco and Nicoli, 2015) due to the

polyphenoloxidase photooxidation. Likewise, UV irradiation (254 nm)

applied to phosphate buffer containing the mushroom PPO for 5 min inacti-

vated 90%of enzyme activity (Haddouche et al., 2015).Molecular degradation

studies of L-alanine by the vacuumultraviolet radiation (VUV) andUV region

photons generated from argon gas plasma and direct argon plasma treatment
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was investigated by Setsuhara et al. (2013). They observed the degradation of

the L-alanine during treatments followed an order of significance: ions > VUV

photons > UVphotons � meta-stable radicals.Grist et al. (1965) reported that

UVand ionizing radiations inactivateenzymesbydisruptionof a specific cluster

of cysteine, destruction of SdS bonds in proteins and hydrogen bonds respon-

sible for maintaining active configuration. The other reason for low inactiva-

tion efficiencies is the poor penetration depth ofUV radiation.However, there

is a need for further investigations in understanding themechanism of enzyme

inactivation.
4.4 Effect of plasma on pH
It is reasonable to take in account the pH change caused by cold plasma treat-

ment on the enzyme inactivation. It is well-known fact that chemical inter-

actions between the reactive species during plasma treatment results in the

acidification due to the formation of hydrogen peroxides, nitric acid, and

peroxynitrous acid. But the inactivation efficiency of proteins is seen more

in the aqueous solutions rather than in dried state due to the barrier effect of

protein molecules on the upper surface (Tolouie et al., 2017). The low pH

after the plasma treatment may result in the chemical degradation of amino

acids (Takai et al., 2014). The authors have also reported that there is a need

for investigation of cold plasma effect on solution conditions like pH on the

chemical reaction of each amino acid. Similarly, Pua�c et al. (2017) reported
that measurement of pH after plasma treatment is necessary as the catalase

enzyme activity is greatly influenced by pH factor. Takai et al. (2012)

observed a high rate of lysozyme inactivation at pH 2 compared to pH 7

and stated that the acidification by plasma treatment might have attributed

to chemical degradation of amino acid side chains. The pH of air plasma pro-

cessed apple slices and potato cubes for 10 min decreased from 3.9 to 1.5, 5.9

to 1.4, respectively (Buβler et al., 2017). But the authors did not comment

on the role of low pH on the decrease in enzymatic activity of PPO and

POD after the plasma treatment.
5 Plasma inactivation kinetics

The mathematical modeling of the kinetics for enzyme inactivation will be

helpful to understand how to optimize the parameters, as the residual enzyme

activity distribution is dependent on several factors. One of the major chal-

lenges for kinetic modeling of enzyme inactivation during plasma treatment
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is to accurately describe the combined effect of power applied and treatment

time on inactivation. Enzyme inactivation kinetics is usually described by first-

order inactivation model (Terefe et al., 2017). The first-order model is very

simple and shows a straight line curve, but other inactivation kinetic models

may have sigmoid shapes or curves which require complicated mathematical

models (Guerrero-Beltran and Barbosa-Canovas, 2011). Terefe et al. (2017)

reported that the first order bi-phasic model assumes that the inactivation pro-

cess involves the disruption of a single bond or structure and may not fully

describe the complex phenomena during enzyme inactivation. So, there is

a need for alternative complex models for inactivation.

Examples of such models include Peleg model, Weibull model, Gom-

pertz model, logistic model (Guerrero-Beltran and Barbosa-Canovas, 2011).

The residual enzyme activity (RA) is calculated by Eq. (7.1)

RA¼ At

A0

� �
(7.1)

The inactivation kinetics of tissues enzymes described using first order
equation as follows:

log
At

A0

� �
¼ K

2:303

� �
t (7.2)

where, At is the residual enzyme activity at time t, A0 is the initial enzyme
activity and k is the reaction rate constant (min�1). The inactivation rate

constant k can be estimated by linear regression analysis of the natural log-

arithm of residual activity versus treatment time (Cao et al., 2018). The dec-

imal reduction time (D value) is the time required to inactivate 90% of the

initial enzymatic activity can be calculated using the given equation

(Marszałek et al., 2016)

D¼ 2:303

K

� �
(7.3)

Pankaj et al. (2013) used first-order kinetic equation and predictive
mathematical models like Weibull model and a Logistic model for calcula-

tion of inactivation kinetics of POD after DBD plasma treatment. The

modeling equations are as follows.
5.1 Weibull distribution equation

RAt ¼RA0:e
� t=αð ÞΥ (7.4)
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where,RAt (%) is the residual activity of POD at time t,RA0 (%) is the resid-

ual activity without any treatment (100%), t is the treatment time (min), α is

the scale factor (min) and Υ is the shape parameter (dimensionless) which

indicates concavity or convexity of the curve.

5.2 Logistic model equation

RA¼ 100�Aminð Þ
1+

t

t50

� �p +Amin (7.5)

where, Amin (�0) is the minimum value attained by the logistic function, t50

is the time for half maximal activity and p is the power term.

The authors reported that the data obtained from the first-order equation

at different voltages applied is insufficient to describe the inactivation kinetic

of residual enzymatic activity. Furthermore, the authors used other predic-

tive models to explain the inactivation kinetics. They have observed a strong

fit of the model for the residual activity of POD for all applied voltages but

this model could not explain the tailing effect at lower voltages. After the

evaluation of enzyme inactivation using Logistic model, the authors have

concluded that sigmoid model is best to explain the POD inactivation kinet-

ics. Segat et al. (2016) applied the similar predictive mathematical models to

study the inactivation kinetics of alkaline phosphate enzymes after atmo-

spheric cold plasma treatment. In their study, the authors observed Weibull

model suitable for an explanation of inactivation of alkaline phosphates at

different voltages. In both studies, the first-order kinetics failed to explain

the inactivation of residual enzymatic activity whereas this model explained

the inactivation of several enzymes in thermal, high pressure and ultrasound

treatments (Andreou et al., 2016; Zhang et al., 2017). Similarly, Terefe et al.

(2017) reported that based on previous reports the inactivation of POD does

not follow the first-order model of inactivation kinetics during high-

pressure treatment. In fact, the inactivation kinetics can be described by a

first-order biphasic model equation

A¼As exp �Kstð Þ+AL exp �KLtð Þ (7.6)

where, As and AL are activities of the stable and the labile fraction, respec-
tively, and ks and kL are the inactivation rate constants of the stable and the

labile fractions, respectively.

Buβler et al. (2017) reported that inactivation kinetics of PPO and POD

in plasma treated apple slices and potato cubes were observed to be biphasic,



248 Advances in cold plasma applications for food safety and preservation
as they were characterized by a steep decrease in residual enzyme activity

after exposure for 2.5 and 5 min. Similarly, Ke et al. (2013) observed a good

correlation between the ln (Ct/C0) when plotted against time indicating the

inactivation of glutathione by plasma reactive species which follows first

order kinetics. Misra et al. (2016) reported that the efficiency of enzyme

inactivation by cold plasma mainly depends on the power applied, mass

transfer between the gas-liquid phases, enzyme protein structure, and effect

of substrate environment.

Ali et al. (2016) investigated the kinetics of tyrosinase during the oxida-

tion of L-DOPA by plasma activated eugenol derivative and observed the

oxidation followed Michaelis-Menten kinetics (Km). The inactivation

mechanism of tyrosinase by plasma activated eugenol derivatives was studied

using Lineweaver-Burk plot (double reciprocal plot). From the results of

inverse velocity (1/V) versus inverse substrate (1/[s]), it was observed the

Michaelis-Menten kinetics (Km) increased gradually indicating the compet-

itive inhibition of tyrosinase.
6 Future directions and final remarks

Cold plasma is an effective technology for inactivation of many endogenous

food enzymes. Compared to thermal treatments, cold plasma seems to have a

minor or no change in the food quality parameters. Still, there is a lack of

proper information with regard to the plasma related food quality changes.

Practical application of plasma technology for enzyme inactivation needs to

be studied in-depth to understand the mechanism of inactivation at the

molecular level in real food systems. A major drawback related to inactiva-

tion in the real food system is that the enzymes are embedded in the tissue

matrix andmoreover, the penetration depth of plasma species is very limited.

The plasma treatment of liquid foods might solve this problem to some

extent. Further research is required to understand the following aspects: side

effects of plasma treatment like toxicity; the chemistry of plasma is very com-

plex and control over the plasma reactions is essential to validate the results

obtained in real food systems at industrial scale; real-time plasma diagnostics

for process control; comparison of inactivation efficiencies with the thermal

treatments, product stability studies during storage after the treatments, the

mechanistic effect of plasma on other components of foods to be carried out.

This technology only has recently drawn interest among researchers

so the literature available on enzyme inactivation is very limited. There

are several mechanisms that the plasma affects the enzyme activity. Based
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on the published data, the cold plasmamainly affected the amino acids attrib-

uting to the alteration in the structure of enzymes. The unfolding, re-folding

and changes to the secondary structure of proteins is another reason contrib-

uted to inactivation. However, the efficiency of inactivation depends on

the type of plasma reactor, feed gases used, power levels applied and treat-

ment time. Therefore, cold plasma technology has a great potential to be

used as an alternative to thermal treatments for enzymatic inactivation in

the coming years.
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Pua�c, N., Škoro, N., Spasi�c, K., Živkovi�c, S., Milutinovi�c, M., Malovi�c, G., Petrovi�c, Z.L.,
2017. Activity of catalase enzyme in Paulownia tomentosa seeds during the process of
germination after treatments with low pressure plasma and plasma activated water.
Plasma Process. Polym. 15 (2),1700082, https://doi.org/10.1002/ppap.201700082 .

Queiroz, C., da Silva, A.J.R., Lopes, M.L.M., Fialho, E., Valente-Mesquita, V.L., 2011.
Polyphenol oxidase activity, phenolic acid composition and browning in cashew apple
(Anacardium occidentale, L.) after processing. Food Chem. 125 (1), 128–132.

Rodacka, A., Serafin, E., Puchala, M., 2010. Efficiency of superoxide anions in the inacti-
vation of selected dehydrogenases. Radiat. Phys. Chem. 79 (9), 960–965.

Rodacka, A., Gerszon, J., Puchala, M., Bartosz, G., 2016. Radiation-induced inactivation of
enzymes–molecular mechanism based on inactivation of dehydrogenases. Radiat. Phys.
Chem. 128, 112–117.

Segat, A., Misra, N.N., Cullen, P.J., Innocente, N., 2016. Effect of atmospheric pressure cold
plasma (ACP) on activity and structure of alkaline phosphatase. Food Bioprod. Process.
98, 181–188.

Setsuhara, Y., Cho, K., Shiratani, M., Sekine, M., Hori, M., 2013. Plasma interactions with
aminoacid (l-alanine) as a basis of fundamental processes in plasma medicine. Curr. Appl.
Phys. 13, S59–S63.

Shamsi, K., Versteeg, C., Sherkat, F., Wan, J., 2008. Alkaline phosphatase and microbial
inactivation by pulsed electric field in bovine milk. Innovative Food Sci. Emerg. Tech-
nol. 9 (2), 217–223.

Stadtman, E.R., Levine, R.L., 2003. Free radical-mediated oxidation of free amino acids and
amino acid residues in proteins. Amino Acids 25 (3–4), 207–218.

Surowsky, B., Fischer, A., Schlueter, O., Knorr, D., 2013. Cold plasma effects on enzyme
activity in a model food system. Innovative Food Sci. Emerg. Technol. 19, 146–152.

http://refhub.elsevier.com/B978-0-12-814921-8.00007-4/rf0135
http://refhub.elsevier.com/B978-0-12-814921-8.00007-4/rf0135
http://refhub.elsevier.com/B978-0-12-814921-8.00007-4/rf0135
http://refhub.elsevier.com/B978-0-12-814921-8.00007-4/rf9035
http://refhub.elsevier.com/B978-0-12-814921-8.00007-4/rf9035
http://refhub.elsevier.com/B978-0-12-814921-8.00007-4/rf0140
http://refhub.elsevier.com/B978-0-12-814921-8.00007-4/rf0140
http://refhub.elsevier.com/B978-0-12-814921-8.00007-4/rf0145
http://refhub.elsevier.com/B978-0-12-814921-8.00007-4/rf0145
http://refhub.elsevier.com/B978-0-12-814921-8.00007-4/rf0150
http://refhub.elsevier.com/B978-0-12-814921-8.00007-4/rf0150
http://refhub.elsevier.com/B978-0-12-814921-8.00007-4/rf0150
http://refhub.elsevier.com/B978-0-12-814921-8.00007-4/rf0155
http://refhub.elsevier.com/B978-0-12-814921-8.00007-4/rf0155
http://refhub.elsevier.com/B978-0-12-814921-8.00007-4/rf0160
http://refhub.elsevier.com/B978-0-12-814921-8.00007-4/rf0160
http://refhub.elsevier.com/B978-0-12-814921-8.00007-4/rf0165
http://refhub.elsevier.com/B978-0-12-814921-8.00007-4/rf0165
http://refhub.elsevier.com/B978-0-12-814921-8.00007-4/rf0165
http://refhub.elsevier.com/B978-0-12-814921-8.00007-4/rf0170
http://refhub.elsevier.com/B978-0-12-814921-8.00007-4/rf0170
http://refhub.elsevier.com/B978-0-12-814921-8.00007-4/rf0170
http://refhub.elsevier.com/B978-0-12-814921-8.00007-4/rf0175
http://refhub.elsevier.com/B978-0-12-814921-8.00007-4/rf0175
http://refhub.elsevier.com/B978-0-12-814921-8.00007-4/rf0180
http://refhub.elsevier.com/B978-0-12-814921-8.00007-4/rf0180
https://doi.org/10.1002/ppap.201700082
http://refhub.elsevier.com/B978-0-12-814921-8.00007-4/rf0190
http://refhub.elsevier.com/B978-0-12-814921-8.00007-4/rf0190
http://refhub.elsevier.com/B978-0-12-814921-8.00007-4/rf0190
http://refhub.elsevier.com/B978-0-12-814921-8.00007-4/rf0195
http://refhub.elsevier.com/B978-0-12-814921-8.00007-4/rf0195
http://refhub.elsevier.com/B978-0-12-814921-8.00007-4/rf0200
http://refhub.elsevier.com/B978-0-12-814921-8.00007-4/rf0200
http://refhub.elsevier.com/B978-0-12-814921-8.00007-4/rf0200
http://refhub.elsevier.com/B978-0-12-814921-8.00007-4/rf0205
http://refhub.elsevier.com/B978-0-12-814921-8.00007-4/rf0205
http://refhub.elsevier.com/B978-0-12-814921-8.00007-4/rf0205
http://refhub.elsevier.com/B978-0-12-814921-8.00007-4/rf0210
http://refhub.elsevier.com/B978-0-12-814921-8.00007-4/rf0210
http://refhub.elsevier.com/B978-0-12-814921-8.00007-4/rf0210
http://refhub.elsevier.com/B978-0-12-814921-8.00007-4/rf0215
http://refhub.elsevier.com/B978-0-12-814921-8.00007-4/rf0215
http://refhub.elsevier.com/B978-0-12-814921-8.00007-4/rf0215
http://refhub.elsevier.com/B978-0-12-814921-8.00007-4/rf9040
http://refhub.elsevier.com/B978-0-12-814921-8.00007-4/rf9040
http://refhub.elsevier.com/B978-0-12-814921-8.00007-4/rf0220
http://refhub.elsevier.com/B978-0-12-814921-8.00007-4/rf0220


252 Advances in cold plasma applications for food safety and preservation
Surowsky, B., Schl€uter, O., Knorr, D., 2015. Interactions of non-thermal atmospheric pres-
sure plasma with solid and liquid food systems: a review. Food Eng. Rev. 7 (2), 82–108.

Suthar, S., 2016. Studies on Cold Plasma Processing of Wheat Flour (Master’s Thesis). Insti-
tute of Chemical Technology, Mumbai, India.

Tajchakavit, S., Ramaswamy, H.S., 1997. Continuous-flow microwave inactivation kinetics
of pectin methyl esterase in orange juice. J. Food Process. Preserv. 21 (5), 365–378.

Takai, E., Kitano, K., Kuwabara, J., Shiraki, K., 2012. Protein inactivation by low-
temperature atmospheric pressure plasma in aqueous solution. Plasma Process. Polym.
9 (1), 77–82.

Takai, E., Kitamura, T., Kuwabara, J., Ikawa, S., Yoshizawa, S., Shiraki, K., Kawasaki, H.,
Arakawa, R., Kitano, K., 2014. Chemical modification of amino acids by atmospheric-
pressure cold plasma in aqueous solution. J. Phys. D. Appl. Phys. 47 (28), 285403.

Tappi, S., Berardinelli, A., Ragni, L., Dalla Rosa, M., Guarnieri, A., Rocculi, P., 2014.
Atmospheric gas plasma treatment of fresh-cut apples. Innovative Food Sci. Emerg.
Technol. 21, 114–122.

Tappi, S., Gozzi, G., Vannini, L., Berardinelli, A., Romani, S., Ragni, L., Rocculi, P., 2016.
Cold plasma treatment for fresh-cut melon stabilization. Innovative Food Sci. Emerg.
Technol. 33, 225–233.

Terefe, N.S., Delon, A., Versteeg, C., 2017. Thermal and high pressure inactivation kinetics
of blueberry peroxidase. Food Chem. 232, 820–826.

Tolouie, H., Hashemi, M., Mohammadifar, M.A., Ghomi, H., 2017. Cold atmospheric
plasma manipulation of proteins in food systems. Crit. Rev. Food Sci. Nutr. 58 (15),
2583–2597.

Zhang, H., Xu, Z., Shen, J., Li, X., Ding, L., Ma, J., Lan, Y., Xia, W., Cheng, C., Sun, Q.,
Zhang, Z., 2015. Effects and mechanism of atmospheric-pressure dielectric barrier dis-
charge cold plasma on lactate dehydrogenase (LDH) enzyme. Sci. Rep. 5(10031).

Zhang, Z., Niu, L., Li, D., Liu, C.,Ma, R., Song, J., Zhao, J., 2017. Low intensity ultrasound
as a pretreatment to drying of daylilies: impact on enzyme inactivation, color changes and
nutrition quality parameters. Ultrason. Sonochem. 36, 50–58.

Zhao, W., Yang, R., Zhang, H.Q., 2012. Recent advances in the action of pulsed electric
fields on enzymes and food component proteins. Trends Food Sci. Technol. 27 (2),
83–96.

Zhou, R., Zhou, R., Zhuang, J., Zong, Z., Zhang, X., Liu, D., Bazaka, K., Ostrikov, K.,
2016. Interaction of atmospheric-pressure air microplasmas with amino acids as funda-
mental processes in aqueous solution. PLoS One 11 (5), 0155584.

Further reading
Falguera, V., Pagán, J., Garza, S., Garvı́n, A., Ibarz, A., 2012. Inactivation of polyphenol oxi-

dase by ultraviolet irradiation: protective effect of melanins. J. Food Eng. 110 (2),
305–309.

http://refhub.elsevier.com/B978-0-12-814921-8.00007-4/rf0225
http://refhub.elsevier.com/B978-0-12-814921-8.00007-4/rf0225
http://refhub.elsevier.com/B978-0-12-814921-8.00007-4/rf0225
http://refhub.elsevier.com/B978-0-12-814921-8.00007-4/rf0230
http://refhub.elsevier.com/B978-0-12-814921-8.00007-4/rf0230
http://refhub.elsevier.com/B978-0-12-814921-8.00007-4/rf0235
http://refhub.elsevier.com/B978-0-12-814921-8.00007-4/rf0235
http://refhub.elsevier.com/B978-0-12-814921-8.00007-4/rf0240
http://refhub.elsevier.com/B978-0-12-814921-8.00007-4/rf0240
http://refhub.elsevier.com/B978-0-12-814921-8.00007-4/rf0240
http://refhub.elsevier.com/B978-0-12-814921-8.00007-4/rf0245
http://refhub.elsevier.com/B978-0-12-814921-8.00007-4/rf0245
http://refhub.elsevier.com/B978-0-12-814921-8.00007-4/rf0245
http://refhub.elsevier.com/B978-0-12-814921-8.00007-4/rf0250
http://refhub.elsevier.com/B978-0-12-814921-8.00007-4/rf0250
http://refhub.elsevier.com/B978-0-12-814921-8.00007-4/rf0250
http://refhub.elsevier.com/B978-0-12-814921-8.00007-4/rf9045
http://refhub.elsevier.com/B978-0-12-814921-8.00007-4/rf9045
http://refhub.elsevier.com/B978-0-12-814921-8.00007-4/rf9045
http://refhub.elsevier.com/B978-0-12-814921-8.00007-4/rf0255
http://refhub.elsevier.com/B978-0-12-814921-8.00007-4/rf0255
http://refhub.elsevier.com/B978-0-12-814921-8.00007-4/rf0260
http://refhub.elsevier.com/B978-0-12-814921-8.00007-4/rf0260
http://refhub.elsevier.com/B978-0-12-814921-8.00007-4/rf0260
http://refhub.elsevier.com/B978-0-12-814921-8.00007-4/rf0265
http://refhub.elsevier.com/B978-0-12-814921-8.00007-4/rf0265
http://refhub.elsevier.com/B978-0-12-814921-8.00007-4/rf0265
http://refhub.elsevier.com/B978-0-12-814921-8.00007-4/rf0270
http://refhub.elsevier.com/B978-0-12-814921-8.00007-4/rf0270
http://refhub.elsevier.com/B978-0-12-814921-8.00007-4/rf0270
http://refhub.elsevier.com/B978-0-12-814921-8.00007-4/rf9050
http://refhub.elsevier.com/B978-0-12-814921-8.00007-4/rf9050
http://refhub.elsevier.com/B978-0-12-814921-8.00007-4/rf9050
http://refhub.elsevier.com/B978-0-12-814921-8.00007-4/rf0275
http://refhub.elsevier.com/B978-0-12-814921-8.00007-4/rf0275
http://refhub.elsevier.com/B978-0-12-814921-8.00007-4/rf0275
http://refhub.elsevier.com/B978-0-12-814921-8.00007-4/rf0280
http://refhub.elsevier.com/B978-0-12-814921-8.00007-4/rf0280
http://refhub.elsevier.com/B978-0-12-814921-8.00007-4/rf0280


CHAPTER 8

Effects of cold plasma processing
in food components
Elenilson G. Alves Filhoa,b, Edy S. de Britob, Sueli Rodriguesa
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1 Introduction

Consumers are looking for safe and high-quality food products, healthy habits

and a balanced diet. However, it is known that fresh fruits and vegetables have

been associated with foodborne outbreaks (Niemira and Sites, 2008). There-

fore, food safety is one of the major concerns of the food industry as well as

regulatory agencies. Fruits, vegetables, fats, oils, sugars, dairy ingredients,

meats, flours and others food materials that are complex mixtures of amino

acids, short chain organic acids, vitamins, proteins, lipids, volatile organic

compounds, and minerals, need to be decontaminated to extend the shelf life

(reduce incidence of microorganisms) and to preserve the natural quality

(reduce chemical alterations) before commercialization. In general, foods

and correlated products are usually subjected to preservation processes to

increase their shelf life and to ensure a continuous supply of these products

for population throughout the year. The preservation processing aim is to

reduce or to eliminate microorganism growth and contribute toward product

stability and security (Stumbo, 2013; Fellows, 2009).
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Commonly, heat is applied for food processing to inactivate enzymes and

microorganisms, whichmay affect the quality and safety of the product. Tra-

ditional thermal processing as pasteurization and sterilization are the golden

standard protocols to extend the shelf life of food. However, it is known that

heating may cause losses in nutritional, physicochemical, rheological, and

sensory characteristics because certain food components are thermally sen-

sitive (Soares et al., 2017). On the other hand, some studies reported the

increase in the availability of some organic compounds as sugars (sucrose,

glucose, and fructose) and organic acids as citric, malic, and ascorbic after

using nonthermal processing technologies (Chen et al., 2011; Alves Filho

et al., 2016a). This increase has been attributed to the extraction from the

fruit pulp suspended in the fruit juice.

Nowadays, the consumer’s demand for high-quality foods is stimulating

the development of innovative technologies for their respective processing

(Misra et al., 2014). Nonthermal technologies have been researched to reduce

the heating effect on foods composition, as an alternative or a complementary

process to conventional thermal treatments. Recently, promising nonthermal

technologies have arisen as a powerful tool for surface decontamination of

medical instruments and food and products inside sealed packages; and as a

tool for antimicrobial treatment, and infection control (Pankaj et al., 2014;

Mai-Prochnow et al., 2014). Nonthermal approaches such asUV light, pulsed

electric fields, radiofrequency electric fields, ultrasound, high hydrostatic pres-

sure, supercritical carbon dioxide, ozone, and plasma are technologies where

heat is not applied.However, the effects of the process technology are strongly

dependent on the foodmatrix (Almeida et al., 2015). Although these technol-

ogies have proved to be adequate for microbial inactivation in several food

matrices, studies and data concerning the effects on quality characteristics

are addressed to few target compounds (Niemira, 2012). Therefore, a com-

prehensive review on the effects of these technologies on quality attributes

of food becomes essential to design and optimize technological parameters

to produce high-quality products.

Cold plasma (CP) is a relatively new sanitizing technology in the field of

food processing, which is defined as an emerging technology for inactivation

of bacteria, fungi, spores, and viruses (Thirumdas et al., 2015). Cold plasma is

composed of low density ionized gas at ambient temperature and pressure

(Cullen andMilosavljevi�c, 2015; Han et al., 2016). The principal advantages

of cold plasma are the relatively stable composition of food during and

after processing, low cost regarding energy, and the short-time processing

(seconds to few minutes depending on the product) (Gupta et al., 2017).
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Cold plasma presents a clear advantage compared to thermal processing,

mainly for temperature sensitive products. These combined features are

an advantage for the decontamination of products using this technology,

offering to food industry an innovative, emerging application for preserva-

tion, minimizing the physicochemical changes, and matching the consumer

demands for like-fresh foods (Alves Filho et al., 2019).
2 Nonthermal technologies

Food processing technologies can be classified as thermal and nonthermal,

depending on the use or not of heat. Some examples of thermal treatments

are ohmic heating, microwave, radiofrequency, infrared, and inductive

heating; and examples of nonthermal treatments are high hydrostatic pres-

sure, pulsed electrified fields, high-intensity light, pulsed X-rays, membrane

technology, oscillating magnetic fields, ultrasound, ozone, and plasma.

Plasma applied for material sterilization was firstly patented in 1968, and

plasma from oxygen was applied in 1989 for surface decontamination with

biomedical purposes (Afshari and Hosseini, 2014). Plasma, firstly named by

the New York chemist Irving Langmuir (1881–1957), is known as the

fourth state of the matter, which is generated by the contact of a gas, includ-

ing atmospheric air, with electricity and electromagnetic waves. It can exist

over a wide range of temperature and pressure (Conrads and Schmidt, 2000).
2.1 Basic principles of cold plasma (CP)
Plasma processing can be divided into thermal and nonthermal (or

cold) plasma and are differentiated by the mechanism of generation. Thermal

plasma requires high temperature, which lead to a high energy with all

particles in equilibrium with no energy transfer among themselves; while

the nonthermal plasma is generated under atmospheric or vacuum pressure

and temperature range between 30 and 60 °C and the electrons transfer

energy with every collision. This plasma is known as cold plasma

(Niemira, 2012). Cold plasma is composed of positive and negative charged

ions, electrons, and charged particles generated by an electric discharge of dif-

ferent gases, such as argon (Ar), helium (He), nitrogen (N), oxygen (O), and

atmospheric air (Misra et al., 2011). Among the feed gases, Helium is more

readily ionized, which reduces the required voltage and electric consumption

and, consequently, reduces the cost of the power supply. For this reason, the

use of He as a feed gas for experimental cold plasma systems is recommended



Fig. 8.1 General physical description of a Cold Plasma (CP) apparatus.
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(Niemira, 2012). However, a cold plasma system that uses He will be more

expensive to operate at a commercial scale than those that use air or other gas

mixtures of nitrogen and oxygen, because the high price of He. Fig. 8.1 illus-

trates a general description of a cold plasma device by dielectric barrier dis-

charge used for processing of many types of solid and liquids food.

The chemical species generated by the plasma discharging in air (reactive

oxygen and nitrogen, energetic ions, and charged particles) promote the san-

itizing technology in the field of food processing vide the inactivation effect

against the pathogenic microorganisms. However, the effects of plasma pro-

cessing on food components are less studied. The reactive oxygen ions and

radicals are the dominant achieving species with a more extended half-life

( Joshi et al., 2011). It is applied a voltage discharge, and the sample itself

can serve as a dielectric barrier, where the placed samples are one of the elec-

trodes. In this case, the food sample becomes an insulator and the dielectric

barrier allows the voltage mobility and consequently, the voltage passes

through the food into the gas inside the equipment container. This process

generates a wide variety of molecules and ions, including hydrogen perox-

ide, ozone, and nitrogen oxides. These reactive species can interact with the
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food components promoting different chemical reactions and imparting

changes in the food composition. Carbohydrates depolymerization, vitamin

release fromvegetable tissue and lipid oxidation are some of the plasma effects

reported in foods. Plasma chemistry in foodmatrix is a complex subject due to

the characteristic complex composition of food matrices. Recently, non-

target analysis and Nuclear Magnetic Resonance (NMR) as a useful tool to

understand the main changes in real food matrices. However, the impact

of plasma processing in food quality is a recent subject of investigation and

few data is available (Alves Filho et al., 2016a; Alves Filho et al., 2019).
2.2 Plasma chemistry
The reactive species formed due to the gas ionization are strongly related to

the gas fed into the plasma system as well as the kind of discharge applied.

When a pure gas is used such as pure argon or pure nitrogen, pure ionized

species are formed. When the gas is a mixture of gases, then a mixture of

reactive species is formed. When air is the carrier gas, a mixture of oxygen

and nitrogen species are formed, including ozone andNOx.Whenmoisture

is injected into the air flow, H2O2 is also formed. In the same way that water

molecule plays a role in the plasma chemical augmentation, the injection of

other chemical compounds can alter the plasma composition (Niemira,

2012). The interaction of the reactive species with the food matrix is not

understood entirely. The mechanism of the reactive species’ interaction

with the food matrix and its action on specific food components is a chal-

lenge due to the complex composition and synergist effect on the food com-

ponents. Due to this characteristic, the plasma effect in each food matrix

composition might be different, and each food matrix must be evaluated

regarding its quality and composition after plasma treatment.
2.3 Applications of cold plasma in food processing
There is wide and varied range of applications of cold plasma for food pro-

cessing. Cold plasma has been successfully applied for surface decontamina-

tion of food, food-related materials, packaging materials, and in package

processing for inactivation of microorganisms from raw agricultural prod-

ucts, egg surface, and real food systems, such as cooked meat and cheese

(Stoica et al., 2013; Niemira, 2012). In addition, cold plasma treatment

can transform hydrophobic surfaces in hydrophilic or can be used to deposit

a hydrophilic coating on surfaces (Kim et al., 2006). However, there are few

studies about the effect of cold plasma on the food composition. Table 8.1



Table 8.1 Effect of cold plasma processing on food components

Type of food Experimental condition Processing effect Reference

Fruit and vegetables products

Orange juice – Period: 15, 30, 45, 60 s;

– Direct and indirect

exposure;

– Voltage: 70 kV;

– Frequency: 25 kHz

No significant changes on amino acids, organic

acids, and sugars content

Alves Filho

et al.

(2016a)

Orange juice – Period: 15, 30, 45, 60 s;

– Direct and indirect

exposure;

– Voltage: 70 kV;

– Frequency: 25 kHz

Degradation of limonene and p-cymene;

Formation of linalool, α-terpineol, and
terpinene-4-ol

Alves Filho

et al.

(2019)

Sucrose, fructose,

kestose, nystose, and

fructofuranosyl-

nystose

– Period: 15, 30, 45, 60 s;

– Direct and indirect

exposure

– Voltage: 70 kV

No significant changes on sucrose, fructose, and

FOSa content

Alves Filho

et al.

(2016b)

Cashew apple juice – Period: 5, 10, 15 min;

– Flow rate: 10, 30 and

50 mL min�1;

– Indirect exposure;

– Voltage: 80 kV

Lower gas flow rate increased vitamin C, total

polyphenol content, and antioxidant activity;

Higher flow rate increased polyphenols and

flavonoids content; degraded the bioactive

compounds

Rodrı́guez

et al.

(2017)

Blueberries – Period: 0, 1, 5 min;

– Voltage: 60 and 80 kV

– Frequency: 50 kHz

Longer exposure decreased vitamin C;

No significant changes of nutritional properties

at 5 min for 60 kV and 1 min for 80 kV

Sarangapani

et al.

(2017)
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Grain and cereals

Starch – Period: 1, 3, 5 min;

– Direct exposure;

– Voltage: 80 kV;

– Storage period: 0, 1, 24 h

Increase of treatment time resulted in positive effect

on intracellular ROSb levels generated

Gupta et al.

(2017)

Wheat flour – Period: 5 and 10 min;

– Direct exposure;

– Voltage: 60 and 70 kV

Alteration of the secondary structure of gluten

proteins;

Decrease in β-sheets, increase in α-helix and

β-turns

Misra et al.

(2015)

Meats and related products

Pork jerky – Period: 0, 20, 40, 60 min;

– Direct exposure;

– Voltage: 3.8 kV.

Increase in treatment time increased the aa value

(redness), nitrosoheme pigment content, and

residual nitrite content;

Increase in treatment time decreased the lipid

oxidation;

No significant changes at 40 min compared to

sodium nitrite treatment

Yong et al.

(2017)

Canned ground ham – Period: 10, 20, 30, 40, 50,

60 min;

– Direct exposure;

– Voltage: 7 kV;

– Frequency: 25 kHz

No difference in nitrosyl hemochrome, color,

residual nitrite, texture, lipid oxidation, and

protein oxidation compared to sodium nitrite

treatment

Lee et al.

(2018)

Continued
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Table 8.1 Effect of cold plasma processing on food components—cont’d

Type of food Experimental condition Processing effect Reference

Dairy products

Raw milk – Period: 0, 3, 6, 9, 12, 15,

20 min;

– Direct exposure;

– Voltage: 9 kV

No significant changes on lipid composition, total

ketone and alcohol;

Total aldehyde content increased after 20 min;

Changes in content of 1-octanol, 2-heptanone,

2-hexenal, 2-octenal, nonanal, benzaldehyde

with increase of exposure

Korachi

et al.

(2015)

Whey protein – Period: 1, 5, 10, 15, 30,

60 min;

– Direct exposure;

– Voltage: 70 kV

Slight decrease of pH from the action of ROSa and

RNSc;

Mild oxidation of proteins at 15 min;

increase of carbonyl groups and the surface

hydrophobicity at 15 min;

Changes in protein structure quite pronounced

at 30 and 60 min

Segat et al.

(2015)

aFOS—fructooligosaccharides.
bROS—reactive oxygen species.
cRNS—reactive nitrogen species.
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describes some studies related to cold plasma processing of food products,

experimental conditions, and main effects on the food components.

2.3.1 Fruit and vegetable products
Recently, a detailed study of the effect of atmospheric cold plasma proces-

sing for 15, 30, 45, and 60 s of treatment on the organic composition of

orange juice under two different types of exposure (direct and indirect

the plasma irradiation) using the quantitative Nuclear Magnetic Resonance

(qNMR) spectroscopy coupled to chemometrics was published (Alves Filho

et al., 2016a). This study chemometricly evaluated the amino acids alanine,

arginine, dimethylproline, glutamic acid, histidine, phenylalanine, proline,

proline betaine, threonine, tyrosine, valine; the organic acids acetic, citric,

formic, GABA (gamma-aminobutyric), lactic, malic, quinic, succinic; the

carbohydrates sucrose, fructose, α and β-glucose; and other compounds as

ethanol and 5-hydroxymethylfurfural; as well as focused on quantitative

evaluation of sucrose, fructose, glucose, citric and malic acids. The authors

concluded that no significant changes were quantified in the orange juice,

which was especially useful to indicate that atmospheric cold plasma proces-

sing is a promising technology that could be applied to orange juice without

important changes in its composition.

Additionally, another study evaluating the same processed orange juice

mentioned above was conducted to detect the variability of volatile organic

compounds (VOC) after cold plasma processing (Alves Filho et al., 2019).

The results showed the instability of the VOC after plasma processing, which

was determined based on the amounts of limonene, p-cymene, α-terpineol,
terpinen-4-ol, and linalool. The volatile composition of the control samples

was altered by plasma processing, as illustrated in the Fig. 8.2. A reaction

scheme presented conversion of limonene (a flavor compound) and p-cymene

(an off-flavor compound) to γ-terpinene (a flavor compound), α-terpineol (an
off-flavor compound), terpinen-4-ol (an off-flavor compound), and linalool

(a flavor compound). Therefore, measurements of the instability of these com-

pounds in orange juicewere used as volatile markers after processing. Also, the

α-terpineol was known as a marker compound for thermally treated orange

juice. However, the juice after atmospheric cold plasma processing (direct and

indirect treatment) was acceptable in terms of sensory evaluation (color, smell-

ing, and taste before and after processing) due to the low formation of off-

flavor compounds.

Fructooligosaccharides (FOS) are among the main carbohydrates with

prebiotic activity, and they are the most applied functional carbohydrate
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Fig. 8.2 Oxidation, hydrolysis and reduction reaction scheme of terpenes under plasma
processing of orange juice. (Source: Alves Filho, E.G., Rodrigues, T.H.S., Fernandes, F.A.N., de
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used with permission.)
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ingredients in the food industry. Therefore, a study evaluating the effect of

atmospheric cold plasma (using direct and indirect exposure), high-pressure

processing (HPP), and ultrasonic treatment follow byHPP on the stability of

kestose (GF2), nystose (GF3), fructofuranosyl-nystose (GF4), fructose, and

sucrose was developed (Alves Filho et al., 2016b). A standard solution was

prepared diluting FOS into distilled water obtaining a solution of 70 g L�1,

which is the recommended human intake (Al-Sheraji et al., 2013). The

solution was plasma treated by directly and indirectly exposure to plasma dis-

charge at 70 kV (DBD-ACP) with processing times of 15, 30, 45 and 60 s.

For high-pressure processing, the FOS solution was treated at 450 MPa for

5 min at 11.5 °C in an industrial equipment (Hyperbaric, model: 300). It

was concluded that both atmospheric cold plasma processing (direct or indi-

rect application), HPP, and ultrasonic followed by HPP did not change sig-

nificantly the concentration of FOS. Also, the low level of hydrolyzed FOS

molecules suggests the possibility that that these nonthermal technologies

might be applied to liquid foods containing FOS in its formulation without

compromising significantly the prebiotic potential. Furthermore, these

nonthermal processing resulted in much higher retention of FOS than
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the thermal processing (65% of loss after 15 min of treatment at 100 °C,
Courtin et al., 2009).

Some recent studies of fruit juice processing showed that cold plasma

might have a positive or negative effect on food components depending

on the processing conditions. An increment of vitamin C (ascorbic acid),

flavonoid, and polyphenol content in cashew apple juice after nitrogen cold

plasma during low exposition times was reported byRodrı́guez et al. (2017).

The increase of the exposition time (5, 10, and 15 min) resulted in degra-

dation of the bioactive compounds. Furthermore, blueberries submitted

to cold plasma using air as ionized gas also showed an increase in phenolics

and flavonoids after 1 min of processing for applied voltages (60 and 80 kV),

and the vitamin C content was enhanced with the highest value of

14.01 mg/100 g (80 kV) for 1 min compared with 8.91 mg/100 g for con-

trol samples (Sarangapani et al., 2017).

2.3.2 Grain and cereals
One important food component is starch; however, starches present certain

limitations such as solubility, non-stable viscosity, and stability due to retro-

gradation, poor freezing, and thawing stability. In this regarding, the func-

tional proprieties of the starches may be altered by cold plasma to increase

their efficiency as food additives. The depolymerization and the cross-

linking of the starch granules are the central mechanisms for the starches

modification, which occur at amylopectin side chains and by the release

of water between two starch molecules, respectively (Gupta et al., 2017).

In 2015, Misra and co-workers analyzed the effect of atmospheric cold

plasma on the rheological properties of strong and weak flour, reporting

the improvement in the rheological properties of dough with increased

dough strength and decreased mixing time (Misra et al., 2015). This study

revealed a decrease in β-sheets and increased in α-helix and β-turns due to
changes in the protein secondary structure.

The CP treatment was also efficient for wheat allergenicity with reduc-

tion of 37% after DBD plasma treatment (Nooji, 2011). The reported stud-

ied clearly indicates that, aside the working gas and the plasma system, the

results are strongly dependent on the food matrix.

2.3.3 Meats and related products
Nitrite (NO2) is an additive widely used for curing processing of meat

products, which cause change in color and flavor of the final product

(Parthasarathy and Bryan, 2012). The application of cold plasma processing
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in treatment of liquid samples results in generation of nitrite (Kojtari et al.,

2013). Therefore, after cold plasma processing, nitrogen oxides species as

NO2, NO3, N2O, N2O3, and N2O4 dissolve in the sample, forming nitric

and nitrous acids, which react with water and decompose into nitrate

(NO3
�) and nitrite (NO2

�) (Eqs. 8.1–8.4). In an acidic medium, nitrite

forms nitrous acid, which decompose into nitrate and nitrogen oxide

(Eqs. 8.5–8.7). Equations data adapted from Lee et al. (2017).

NO+NO2 +H2O! 2HNO2

nitrous ac $ 2NO�
2

nitrite

+ 2H+ (8.1)

2NO2 +H2O!HNO2
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nitric ac $NO�
2

nitrite

+ NO�
3

nitrate

+ 2H+ (8.2)

N2O3 +H2O! 2HNO2

nitrous ac $ 2NO�
2

nitrite

+ 2H+ (8.3)
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3
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Therefore, since the consumer’s demand of foods labeled “natural” and
“chemical-free” has been increasing, the applicability of atmospheric pres-

sure plasma as an alternative to substitute sodium nitrite for pork jerky

manufacturing has been investigated (Yong et al., 2017). It was observed

an increase of nitrosoheme pigment and residual nitrite content with proces-

sing time increase, while lipid oxidation decreased. Similar quality properties

were observed in jerky applied by atmospheric pressure plasma during

40 min compared to jerky made with sodium nitrite, which demonstrated

that plasma processing can be applied for manufacturing safer pork jerky

without added sodium nitrite.

In 2018, a study investigated the use of atmospheric pressure plasma

treatment as a curing process for canned ground ham (Lee et al., 2018).

The canned ground hams cured by the plasma processing during 30 min dis-

played no difference according to nitrosyl hemochrome, color, residual

nitrite, texture, lipid oxidation, and protein oxidation, compared with those

of canned ground hams cured with sodium nitrite or celery powder. There-

fore, the authors concluded that canned ground ham can be cured by the

atmospheric pressure plasma without nitrite additives.
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Food allergens are usually water-soluble glycoproteins. The interac-

tions of the reactive species formed during the cold plasma treatment with

proteins might change their conformational structure and cleave peptide

bonds. Amino acids were also oxidized leading to significant effects on

protein integrity, which can reduce the allergenicity due to the protein

denaturation. Another mechanism involved in protein denaturation is

the reduction of protein solubility due to the aggregates formation. Cross-

linking can also contribute to decreasing the food allergens content

(Ekezie et al., 2018). Shrimp allergenicity promoted by tropomyosin

was reduced by 76% after 5 min of direct dielectric discharge plasma

(DBD) at a voltage of 30 kV and a frequency of 60 Hz (Shriver and

Yang, 2011).
2.3.4 Dairy products
Important parameters for the quality of dairy products are the physicochem-

ical and sensory characteristics. The pasteurization and sterilization proces-

sing are predominantly used to improve the product safety and shelf life of

the dairy commercial products, which may cause protein denaturation, loss

of vitamins and flavor compounds (Barba et al., 2012). Despite of few

published studies about the effect of cold plasma on physicochemical and

sensory characteristics of dairy products, possible negative effects on treated

products were reported, especially compounds with high nutritional value.

In 2015, a study was developed to investigate biochemical changes related to

protein, free fatty acids and volatiles profiles of raw milk following applica-

tion of cold plasma (Korachi et al., 2015). Significant changes were observed

for 1-octanol, 2-heptanone, 2-hexenal, 2-octenal, nonanal, and benzalde-

hyde, and significant changes were not detected to lipids content of raw

milk. In addition, exposure to cold plasma increased the total aldehyde con-

tent following 20 min treatment, and no significant changes were observed

in contents of total ketone and alcohol.

Segat and co-workers analyzed the interaction between atmospheric

pressure cold plasma and whey protein isolate (WPI) model solutions

according to treatment time (1–60 min) (Segat et al., 2015). This study sug-

gested that cold plasma can modify the structure of the protein, improving

their functional proprieties and availability. Also, it was reported that after

15 min of cold plasma there was a modification in the 3D structure of the

protein, which decreases the foaming and emulsifying activity and increases

the foam stability.
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3 Conclusions

Cold plasma is a technology that can be used to tailor food modification

by acting in proteins, carbohydrates, amino acids, vitamins and other mac-

romolecules. This technology is a promising alternative to classical and rou-

tine processing with the strong advantage of microbial inactivation while

maintaining the sensory attributes in some products. Other advantages of

cold plasma treatment are the relatively good preservation of the food com-

position, low cost regarding energy, and the short-time processing (seconds

to few minutes at most types of products). Therefore, cold plasma is consid-

ered a relatively simple and energy-saving technology and, especially for

temperature sensitive products, it has great potential compared to thermal

processing.

Cold plasma proved to present specific potential for different food

processing. However, the relatively early stage of technology, and the largely

unexplored impacts on the sensory and nutritional qualities of foods are still

significant limitations of this processing technology. The scale-up up of the

technology remains a challenge due to the lack of scientific evidence in some

unexplored aspects to transfer cold plasma to industry settings. The combi-

nation of cold plasma with other processing technologies could be a possible

future breakthrough, since the synergistic effects of different processing may

be more considerable.

A positive attribute of the experimental work on cold plasma is, so far,

the absence of undesirable impact on sensory and nutritional properties of

food. Nevertheless, results are scarce on this sense. Therefore, the necessity

of more detailed studies to test the cold plasma effect on chemical and nutri-

tional properties of foo is evident. Additionally, possible risks of toxicity in

cold plasma treated food should be carried out in future works.
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1 Introduction

The advantages of using cold plasma for food safety and preservation have

been discussed in previous chapters. In this chapter, the use of cold plasma

for the preservation of packaged foods and sterilization of food packaging

materials is introduced.

The preservation of packaged foods and sterilization of food packaging

materials are crucial processes to ensure the success of the food industry and

the safety of the industry’s consumers. Many production lines introduce a

product decontamination phase in the early stages of processing. However,
269
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as the productsmove through the processing stages downstreamfromthe initial

decontamination phase, the further treatments create awindow for recontami-

nation. Since packaging usually represents the final stage of the production

process, a subsequent decontamination or sterilization phase is critical to

removing any contaminants that entered the products or packaging materials

in theprocessing stagesdownstreamfromthe initial decontamination treatment

phase. Additionally, a final decontamination treatment may be an effective

means of removing pesticides from fresh produce products and their packaging

materials. This is important, because the inadvertent consumption of pesticides

on fresh produce represents a great concern to consumers. Interestingly, the

importance of post-production decontamination of food products and their

packaging extends beyond issues of health and liability and into the economics

and sustainabilityofmodern foodproductionpractices. Specifically,decontam-

inationof foodproducts and sterilizationof their packagingmaterials are critical

factors in determining the shelf life of food products, which has implications

for product distribution and commercial success. Furthermore, the antimicro-

bial performances of the packaging material could prevent foods from outside

contamination during their distribution and storage (Pankaj et al., 2014a).

While the nutritional and textural qualities of fresh produce are easily

damaged by thermal treatments, non-thermal in-package decontamina-

tion/sterilization treatment methods, such as cold plasma, provide an

alternative means of contaminant removal without diminishing the nutri-

tional/textural qualities of the produce. In-package food decontamination

is a novel and advanced application of cold plasma technology. There is

relatively less relevant literature regarding in-package cold plasma treat-

ment than the traditional treatment of unpackaged food. In fact,

researchers only began investigating in-package treatment of foods using

cold plasma in the 21st century. So far, the studies that apply cold plasma

to the treatment of in-package foods are centered on plasma created by

dielectric barrier discharge (DBD). This type of cold plasma offers several

unique advantages that make it a suitable treatment for in-package foods,

which will be explained in detail in Section 2.1. In contrast to the

in-package food decontamination method, direct cold plasma treatment

of food packaging has been widely studied. However, these studies are pri-

marily focused on the beneficial surface modifications of packaging mate-

rial created by plasma treatment.

The use of cold plasma treatment for the sterilization of food packaging

materials can be classified into two main categories, direct treatment and

indirect treatment. During direct treatment, materials of interest are placed

within the plasma discharge region and are sterilized by exposure to the
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active species produced within the plasma region, as well as high-energy

photons such as UV light. In contrast, during indirect treatment thematerials

to be sanitized are placed outside of the plasma discharge region, such that

some of the active species exiting the plasma region can coat the surface of

the material, as in surface modification treatments. However, unlike surface

modifications for biomedical use, DBD plasma contributions to food pack-

aging treatment focus more on properties such as biodegradability, pesticides

degradation, antimicrobial effects, and preservation time enhancement

(Pankaj et al., 2014a). Since many food packages, especially those made from

film-like materials, degrade under conditions of high temperature and pres-

sure, cold plasma is a suitable sterilization method, as it circumvents the need

for these intense conditions. Lastly, cold plasma treatment of food packaging

materials is considered a clean process as the by-products are usually gases

such as carbon-dioxide and water vapor, with trace amounts of carbonmon-

oxide and other hydrocarbons depending on the active plasma species

(Prysiazhnyi et al., 2012).
2 Packed food decontamination

As previously described, food that has already been packaged can be decon-

taminated inside the packaging material. This section describes how dielec-

tric barrier discharge (DBD) plasma contributes not only to inactivating the

natural flora present in the product, but also inactivating those microorgan-

isms that could be added during the handling and packaging processing,

known as cross-contamination.

2.1 Advantages of using dielectric barrier discharge (DBD)
plasma
One of the available configurations of cold plasma devices to treat food is the

dielectric barrier discharge (DBD) equipment. Fig. 9.1 shows a schematic

diagram of a typical DBD plasma setup. One or both of the electrodes of
Fig. 9.1 A schematic diagram of using cold plasma to treat in-packaged foods.
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the DBD system are covered by a dielectric material such as ceramic or

quartz, which have low dielectric losses and high breakdown strength

(Fridman, 2008). Microdischarges generated by DBD reactors typically have

diameters between 0.1 mm and several centimeters and are the site of active

species generation including photons, ions, and electrons. Excluding the

chemical composition of the gaseous environment, characteristics that affect

the performance of DBD plasma include the electrodes’ shape and material,

gap distance, frequency, and applied voltage (Fridman, 2008). As shown in

Fig. 9.1, DBD plasma requires the use of a dielectric layer between the two

electrodes.

The advantages of DBD plasma, compared with other types of plasmas,

are the low operational/maintenance cost and accessibility of broad operation

pressure (5–105 Pa) (Wang et al., 2011; Liu et al., 2006; Conrads and Schmidt,

2000; Sch€utze et al., 1998). Also, a recent comparison between DBD plasma

and microwave-induced argon plasma showed that DBD plasma generates

higher electron density and atomic oxygen concentration with less tempera-

ture increase. High energy electrons and Oxygen radicals are important anti-

microbial species, which, in contrast with high temperatures, do not degrade

food products or packaging. Furthermore, in recent years the disinfection per-

formance of DBD plasma has been confirmed for both liquid and solid foods,

with special emphasis on the influence of various operating parameters includ-

ing electrical frequency, voltage, and dielectric channel diameter (Deng et al.,

2005, 2007; Xiangyang et al., 2010).

The previously mentioned advantages (low processing cost, broad

operation pressure) of DBD plasma indicate that it is a suitable treatment

method for in-package foods. However, the benefits of the DBD design

extend beyond its operational parameters and antimicrobial properties.

Specifically, the simple design of the DBD system allows it to take full

advantage of the dielectric properties of the food package (Keener et al.,

2012). In other words, for DBD plasma, the package can be used as the

dielectric layer, shown in Fig. 9.1, to create a localized plasma field inside

the sealed package to decontaminate the food within. The food, or the

food simulants, can be placed either in the direct or in-direct treatment

regions.

2.2 Performance and analysis on the in-package cold plasma
food decontamination technology
Tables 9.1 and 9.2 show the studies that use cold plasma to treat in-package

fresh produce, poultry, and food simulants. The tables indicate that the



Table 9.1 Decontamination examples of cold plasma on in-package fresh produce

Food matrix Contaminant Treatment
Best reported
sterilization results Treatment time Other comments References

Spinach E. coli O157:H7 Ozone generated by

DBDa plasma was

used and purged

into the package

5-log reduction 5 min Effects on quality

change of the

storage time were

recorded

Klockow

and

Keener

(2009)

Strawberries Aerobic

mesophilic

bacteria, yeasts

and molds

DBD plasma (60 kV,

50 Hz) was

generated inside a

PPb package

3-log reduction

(5 min

treatment time)

5 min Multiple gas

environments

were used

(N2 + O2 and

N2 + O2 + CO2)

Misra et al.

(2014a)

Strawberries Pesticides mix

(azoxystrobin,

cyprodinil,

fludioxonil, and

pyriproxyfen)

DBD plasma

(60–80 kV, 50 Hz)

in air was

generated inside a

PETc package.

The ground

electrode was

made of PPb

69%, 45%, 71%,

and 46%

reduction for

each pesticide

5 min The reactive

oxygen and

excited nitrogen

species in the

plasma was

analyzed

Misra et al.

(2014b)

Strawberries Aerobic

mesophilic

bacteria, yeasts

and molds

DBD plasma (60 kV,

50 Hz) in air was

generated inside a

PPb package

2-log reduction

(5 min

treatment time)

5 min Plasma treatment

had no effects on

the respiration

rate, color, and

firmness

Misra et al.

(2014c)
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Table 9.1 Decontamination examples of cold plasma on in-package fresh produce—cont’d

Food matrix Contaminant Treatment
Best reported
sterilization results Treatment time Other comments References

Cherry

tomatoes

and

strawberries

E. coli, Salmonella,

L. monocytogenes

DBDa plasma (70 kV,

50 Hz) in air was

generated inside a

PPb film package

between

aluminum

electrodes

6.3, 3.1, and 6.7

log of each

microorganism

on cherry

tomatoes; 3.8,

3.5, and 4.2 log

on strawberries

2 min (cherry

tomatoes);

5 min

(strawberries)

All the

microorganisms

were killed on

cherry tomatoes

Ziuzina

et al.

(2014)

Romaine

lettuce

E. coli O157:H7 DBDa plasma

(42.6 kV,

2400 Hz) was

generated in bulk

packaging of

multiple rows

1.1 log on the top

layer

10 min No changes in the

physical and

biological

properties

Min et al.

(2017)

aDBD: dielectric barrier discharge.
bPP: polypropylene.
cPET: polyethylene terephthalate.
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Table 9.2 Decontamination and sterilization examples of cold plasma on in-package food simulants, spore strips and meat products.

Food matrix Contaminant Treatment

Best reported
sterilization
results Treatment time Other comments References

Liquid food

simulant

E. coliATCC 25922 DBDa plasma

(40 kV, 50 Hz)

in air was

generated

inside a PPb

package

7-log reduction 65 s Post-treatment

storage time

effected the

sterilization

efficiency

Ziuzina

et al.

(2013)

N/A (spore strips) B. subtilis spores DBD plasma (13.5

and 80 kV,

60 Hz) was

generated

13.5 kV: 6-log

reduction

(modified

gas), 2.5-log

reduction

(air);

13.5 kV: 300 s Significant effects

were observed due

to change in

voltage and the

position of samples

Keener

et al.

(2012)

80 kV: 6-log

reduction for

both air and

modified gas

80 kV: 15 s

N/A (spore strips) B. atrophaeus spores DBDa plasma

(70 kV, 50 Hz)

in air and

modified gas

was generated

inside a PPb

package

>6-log

reduction

60 s In-direct or direct

plasma treatment

significantly

affected the

treatment results

Patil et al.

(2014)

Continued



Table 9.2 Decontamination and sterilization examples of cold plasma on in-package food simulants, spore strips and meat products.—cont’d

Food matrix Contaminant Treatment

Best reported
sterilization
results Treatment time Other comments References

Chicken breast

fillets

Mesophiles,

psychrophiles,

and Pseudomonas

spp.

DBDa plasma

(80 kV) in air

and modified

gas was

generated

Enhanced shelf

life (1 log

lower than

w/o plasma

treatment)

for modified

gas

180 s The treatment using

regular air did not

extend shelf life

Wang

et al.

(2016)

Liquid food

simulant

P. fluorescens,

S. typhimurium,

C. jejuni

DBDa plasma

(80 kV, 60 Hz)

in air and

modified gas

was generated

1-log reduction

(complete

kill) for all

contaminants

Air: 120 s for

C. jejuni;

Modified gas:

30 s for

C. jejuni, 90 s

for

S. typhimurium,

and 180 s for

P. fluorescens

Modified gas

environment was

required for a

complete kill of

S. typhimurium and

P. fluorescens

Rothrock

et al.

(2017)

Beef jerky E. coli O157:H7,

L. monocytogenes,

S. typhimurium,

A. flavus

DBDa plasma

(15 kHz) in air

was generated

in PTFEc

package

3-log reduction 10 min No significant

changes in meat

properties other

than decrease in the

peroxide content,

L* value. Negative

effects on sensory

qualities

Yong et al.

(2017)

aDBD: dielectric barrier discharge.
bPP: polypropylene.
cPTFE: polytetrafluoroethylene.
L* is an integrated value that represents color attributes.
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research on in-package cold plasma decontamination was mainly carried out

on fresh produce such as fruits and vegetables. In general, the treatment

times for the in-package treatment of fresh produce by cold plasma were

similar to other direct plasma treatments. Discussing the experiment using

microwave-induced plasma as an example, the time required for the direct

treatment of fresh produce ranged from 5 to 15 min for a 2–7-log reduction,
depending on the type of contaminant (Schnabel et al., 2015). Interestingly,

it was discovered that the longer treatment required for the fresh produce

was highly dependent on the surface texture of the food. Under the same

treatment conditions, the disinfection performance of the cold plasma was

significantly better on cherry tomatoes than strawberries, the latter of which

had a more complex surface texture (Ziuzina et al., 2014).

As previously mentioned, the electrode gap within a DBD plasma system

is generally in the scale of millimeters to centimeters. Therefore, it is difficult

to treat most food products directly via DBD plasma, as they cannot fit

within the plasma region. However, much research has been conducted

on small particle foods such as almonds and seeds (Deng et al., 2005,

2007; Niemira, 2012; Randeniya and de Groot, 2015).

In-package treatment provides an indirect treatment solution for prod-

ucts that cannot fit within the active plasma region of a DBD system. For

most of the in-package treatment studies listed in Table 9.1, the DBD plasma

discharge is generated on one side of the package, where there is only a small

distance between the two electrodes. The food to be treated is placed next to

the discharge region in the same flexible package. This step relies on the dif-

fusion of the plasma species within the package to treat the food.

Regarding quality change, one representative study reported slight

reductions to the ascorbic acid and anthocyanin content of packaged straw-

berries caused by cold plasma treatment (Misra et al., 2015). Although there

is sparse literature related to the nutritional changes of in-package cold

plasma treatment of foods, there are several reports that reflect potential food

quality changes from in-package plasma treatment. Color change is perhaps

themost commonly used factor to analyze the quality change of food. Loss of

color has been observed for several foods treated by in-package plasma, such

as spinach (Klockow and Keener, 2009). The loss of color is due to oxidation

of the food surface from exposure to ozone that was formed within the

plasma discharge region. Therefore, in some of the in-package treatment

studies, factors such as ozone content inside the package were used to

examine the quality changes by the plasma. However, the respiration rate

of the fresh produce was not influenced by treatment with cold plasma
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(Min et al., 2017; Misra et al., 2014c). Furthermore, other plasma species

detected in the package after plasma treatment included NOx and CO,

which could have been generated via the reactions between the plasma spe-

cies and the polymeric packaging materials (Keener et al., 2012). However,

it was reported that the life time of the oxidative species was<24 h inside the

package, and the oxidative effects on the fresh produce were not significant

(Ziuzina et al., 2013; Misra et al., 2014c). It is important to point out that

one study, conducted by Fernández-Gutierrez et al. (2010), coated the sur-

face of an apple with an antimicrobial vanillin film, which enhanced the

apple’s shelf life. This study demonstrated an additional use of indirect cold

plasma treatment as a means of imbuing food products with prolonged pro-

tection from post-production contamination, by means of coating the food’s

surface with antimicrobial compounds.
3 Food packaging sterilization

Packagingmaterials can also be sterilized using cold plasma treatment, as pre-

viously mentioned. In the following paragraphs, additional details are dis-

cussed about the different types of processes and some examples of the

use of cold plasma to disinfect packages.

3.1 Direct food packaging sterilization using cold plasma
One of the alternatives of using cold plasma is to apply the plasma environ-

ment to packaging materials that will be in direct contact with food.

Table 9.3 shows the representative studies that use cold plasma to directly

treat food-packaging materials for sterilization purposes. From the table, it

can be observed that the plasma sources used to treat packaging materials

are more diverse than the in-package food treatment experiments. Whereas

most of the in-package food sterilization processes were restricted to the use

of DBD plasma, the treatment of packaging materials had more options due

to the lack of geometric restrictions imposed by material size. Since most of

the food packaging materials studied are thin films, they can be packed into

the gap between the electrodes and treated directly by exposure to the micro

discharge filaments. For the DBD cold plasma treatments performed by

Muranyi et al., a cascade structure was used, which included a rectangular

vessel filled with excimer gas on top of the discharge region (Muranyi

et al., 2007, 2008, 2010). In these studies, 2–4 log reduction of various veg-

etative cells and spores were obtained in different food packaging films,

which were shown in detail in Table 9.3. By using this structure, the authors



Table 9.3 Sterilization examples of cold plasma on food packaging materials.

Packaging
material Contaminant Treatment

Best reported
sterilization results

Treatment
time Other comments References

PETa foils Various vegetative

cells and spores

CDBDb plasma

using N2 gas,

voltage in the

orders of

kilovolts,

frequency

10 kHz

6.6-log reduction

for vegetative

cells,

5-log reduction

for A. niger

spores

1 s for

vegetative

cells and

5 s for

spores

A. niger was the most

resistant spores

studied

Muranyi

et al.

(2007)

PET foils A. niger and

B. subtilis spores

CDBDb using air

and water,

frequency

10 kHz,

voltage not

reported

2-log reduction 7 s High humidity

promotes the

inactivation for

A. niger but depress

for B. subtilis

Muranyi

et al.

(2008)

PET sheets P. aeruginosa Radiofrequency

glow

discharge,

frequency

10 MHz using

O2, voltage not

reported

4.26 Germicidal

Effect (GE) rate

30 s Oxygen plasma

sterilization relies on

the attack of fatty

acids in the cell

membranes by the

oxygen radicals

Yang et al.

(2009)

Continued
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Table 9.3 Sterilization examples of cold plasma on food packaging materials.—cont’d

Packaging
material Contaminant Treatment

Best reported
sterilization results

Treatment
time Other comments References

PEc, PETa,

PE/PET

compound

plastics, and

PSd

B. atrophaeus spores

and vegetative

cells

CDBDb using air

and water,

frequency

10–50 kHz,

voltage not

reported

7-log reduction for

spores and 4-log

reduction for

vegetative cells

15 s for

spores and

<10 s for

vegetative

cells

Air plasma has no

significant changes

to the plastic

mechanical

properties

Muranyi

et al.

(2010)

CCe, PPf and

PETa
E. coli O157:H7,

L. monocytogenes,

and

S. Typhimurium

APPg jet using

nitrogen and

oxygen as

carrying gases

3–4 log reduction 10 min Each

microorganism

showed different

resistance to plasma

on different

packaging materials

Kim et al.

(2015)

PEc, PPf,

nylon,

paper foil,

and parch

paper

E. coli O157:H7,

S. typhimurium

and S. aureus

DBDh plasma

using oxygen

as the forming

gas, voltage

10 kV,

frequency

35 kHz

>4-log reduction

for E. coli and

3–3.5 log

reduction for

S. typhimurium

and S. aureus

10 min No significant changes

were observed in

plastic properties

including c surface

temperatures,

optical

characteristics,

tensile strengths, and

strain-induced

deformation

Puligundla

et al.

(2016)
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PEc, PPf,

nylon,

paper foil,

and parch

paper

E. coli O157:H7,

S. aureus, and

S. typhimurium

CDPJi in air,

voltage 20 kV,

frequency

58 kHz

4.5–5.0 log

reduction for

E. coli O157:H7

and S. aureus,

3-log reduction

for

S. typhimurium

120 s Inactivation kinetic fit

the Weibull tail

model, no

significant changes

to the material

properties listed

above

Lee et al.

(2017)

aPET: polyethylene terephthalate.
bCDBD: cascaded dielectric barrier discharge.
cPE: polyethylene.
dPS: polystyrene.
eCC: collagen casing.
fPP: polypropylene.
gAPP: atmospheric pressure plasma.
hDBD: dielectric barrier discharge.
iCDPJ: corona discharge plasma jet.

281
Packed

food
and

packaging
m
aterials

disinfected
by

cold
plasm

a



282 Advances in cold plasma applications for food safety and preservation
claimed that more intense UV light could be emitted to promote the ster-

ilization effects. Other than DBD plasma, the plasma jet was also used in

many studies to disinfect food-packaging materials. During plasma jet treat-

ments, the packaging was not directly treated by the microfilaments in the

discharge area. Instead, the plasma jet utilized high gas flow rates to blow out

the plasma species and dispense them onto the surface of the packing.

Because of this indirect exposure, the sterilization capacity of the plasma

jet was shown to be slightly less than the capacity of the cascaded DBD treat-

ments. The greatest disinfection and sterilization results presented in

Table 9.3 were 6.6-log reduction for the vegetative cells and 7-log reduction

for spores. All these experiments were conducted using the cascaded DBD

plasma (Muranyi et al., 2007, 2010).

The packaging materials that have been studied under cold plasma treat-

ment include polyethylene terephthalate (PET), polyethylene (PE), polysty-

rene (PS), nylon, and paper foils, among others. None of the studies

presented in Table 9.3 showed significant changes to the physical and

mechanical properties of these plastics. Interestingly, humidity has been

identified as one of the most significant parameters affecting the decontam-

ination/sterilization performance for certain microorganisms (Muranyi

et al., 2008). Other factors that influence the decontamination results have

been the microbial species and the type of plastics to which they adhered

(Kim et al., 2015). Other than the plastic packaging materials mentioned

above and in Table 9.3, there exists little relevant literature regarding the

effects of DBD plasma treatment on biodegradable polymers. Within these

studies, the treatment of biodegradable polymers using cold plasma mainly

focuses on the changes of plastic properties. Pankaj et al. reported the effects

of DBD plasma on polylactic acid (PLA) and cornstarch films, which were

two of dominant biodegradable packaging materials (Pankaj et al., 2014b,

2015). The authors reported an increase in surface roughness in PLA films

treated by DBD plasma. Note that the plasma conditions used by the authors

(70–80 kV, 3.5 min) were more intense than those used during microbial

inactivation studies, discussed previously (Pankaj et al., 2014b). Interest-

ingly, in addition to increased surface roughness, DBD plasma increased

the oxygenated compounds on, and hydrophobicity of, high amylose corn-

starch films (Pankaj et al., 2015).

3.2 Using cold plasma to enhance microbial resistance
to food packaging materials
While the surface modification functions of cold plasma on polymeric mate-

rials have been widely studied, the surface deposition of antimicrobial
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substances represents an innovative area of research that only emerged in the

21st century. The main principle of using cold plasma treatment to enhance

the microbial resistance of food packaging materials relies on plasma’s surface

modification abilities. Specifically, plasma treatment can deposit bioactive

functional compounds on a material surface. Some examples of these com-

pounds include lysozyme, vanillin, and certain peptides with antimicrobial

activities (Fernández-Gutierrez et al., 2010; Mastromatteo et al., 2011;

Pankaj et al., 2014a; Song et al., 2015). One representative study performed

by Sutida et al. showed that the DBD plasma treatment caused ZnO to be

deposited on the PP film, which granted the PP film antibacterial properties

against Gram-positive S. aureus and Gram-negative E. coli (Paisoonsin et al.,

2013). Other than ZnO, researchers also managed to coat other antimicro-

bial compounds such as chitosan, silver, triclosan, and chlorhexidine onto

food packaging materials, which successfully improved the packaging mate-

rial’s resistance to Gram positive and Gram negative bacteria ( Joerger et al.,

2009; Popelka et al., 2012). In two recent studies, the commercially available

antimicrobial compounds, such as Auranta FV and Nisin, were placed onto

polyethylene packaging using cold nitrogen plasma treatment with a power

of 300 W. These compounds offered selective antimicrobial activities on

Gram-negative bacteria, yeast, and molds. Therefore, the deposition of these

substances onto the packaging film subsequently improved the shelf life of

the foods, such as ready-to-eat beef inside the package (Karam et al., 2016;

Clarke et al., 2017). These studies offered new perspectives on the applica-

tion of cold plasma treatment to the field of food safety, as they pointed out

that this technology should focus more on improving the storability of the

in-package foods, as opposed to focusing entirely on its on-site decontam-

ination effects. However, the approval of new antimicrobial contents for the

coating and their human health effects could be potential challenges to this

technology.
4 Conclusions and future remarks

In conclusion, cold plasma is able to decontaminate in-package foods and to

sterilize packaging materials without causing significant property changes to

either the food or the package. For the in-package foods, dielectric barrier

discharge (DBD) plasma has mainly been applied. The DBD technology uti-

lizes the dielectric properties of the plastics to help generate plasma species

within the package. Studies have successfully inactivated bacteria and

reduced pesticides in fresh produce, as well as spores in food simulants, at

treatment times in the range of several minutes. Whereas most studies have
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focused on the in-package treatment of fresh produce such as fruit and veg-

etables, more extensive future research could be conducted on the treatment

of other in-package foods including meat products, dairy products, or even

liquid foods. Additionally, the in-package sterilization effects of cold plasma

on spores inoculated onto the real foodmatrixes would be a beneficial follow

up study.

For the decontamination and sterilization of food packaging materials,

direct treatments by cold plasma have demonstrated significant log reduction

for vegetative cells (>6-log) and spores (>4-log) on common polymer pack-

aging such as polyethylene terephthalate (PET), polyethylene (PE), polysty-

rene (PS), and others. Recent studies have successfully coated antimicrobial

compounds onto food packaging materials to enhance the foods shelf-life.

Future studies utilizing cold plasma to sterilize in-package foods and food

packaging materials are expected to focus more on the transfer of the tech-

nology to commercial settings. Due to the environmental risks of utilizing

synthetic, non-biodegradable polymers for product packaging, the use of

biodegradable polymers for packaging materials, or “green packaging,”

has attracted significant attention from the food industry. Therefore, more

studies on the effects of cold plasma treatment of novel biodegradable poly-

mers are expected to emerge.
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1 Introduction

There are three states of matter that are commonly encountered under non-

extreme conditions: solid, liquid, and gas. Application of enough energy to a

solid transforms it to a liquid, and then from a liquid into a gas. However,

when sufficient additional energy is applied to gaseous matter there is a fur-

ther transition into an ionized gas known as plasma, which is often described

as the fourth state of matter (Nandkumar, 2014). The plasma is made up of

electrons, ions, neutral molecules and atoms as well as charged reactive spe-

cies (Fridman, 2012). Plasma contains almost equal numbers of positively

and negatively charged particles, which means it is electrically neutral at
289
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macroscopic length-scales. Nonetheless, there are small fluctuations in

charge over smaller scales, and, as such, the plasma is said to be in a

quasi-neutral state. During the process of relaxation, the excited atoms

andmolecules return to the ground state and emit energy in the form of radi-

ation such as ultraviolet (UV) light.

There are two types of plasma: thermal/equilibrium plasma and non-

thermal/non-equilibrium plasma (Scholtz et al., 2015; Fridman and

Kennedy, 2004). When the pressure is raised, the number of collisions

per unit time increases. Under such conditions, kinetic energy is distributed

between electrons and heavy particles. Consequently, the temperature of the

electrons, gas and ions are almost equal, resulting in what is referred to as a

“thermal/equilibrium plasma” state.

However, under a different set of conditions the average kinetic energy

of the electrons can remain high and therefore not match the average kinetic

energy of the heavy particles. Under these conditions, electron temperature

(Te) ≫ ion temperature (Ti) � gas temperature (Tn). Because the gas tem-

perature is low (i.e., approximately room temperature), they are known as

“non-thermal/non-equilibrium plasma” or “cold plasma.” As such, these

types of plasma are particularly useful for the treatment of thermolabile

materials. Indeed, most plasma used as a means of disinfection are of a

non-thermal/non-equilibrium type.

Recent advances in non-thermal plasma disinfection technology exploit

the properties of plasma to generate highly reactive species at a relatively low

temperature (Ekezie et al., 2017;Misra et al., 2011). Progress in non-thermal

plasma generation has prompted moves to foster the use of plasma as a dis-

infection tool in the fields of medicine (Laroussi et al., 2012) and dentistry

(Hoffmann et al., 2013; Cha and Park, 2014). Plasma technology has also

been utilized in environmental applications, including water purification

and remediation as well as the treatment of exhaust gases (Hashim et al.,

2016; Magureanu et al., 2011). Most importantly, in the agricultural sector,

plasma technology could potentially be applied to the disinfection of foods,

packaging materials and food processing equipment, as well as agricultural

sources such as seeds, fertilizer, water and soil. Recently, the use of plasma

technology has been reported to enhance seed germination and growth of

plants (Ito et al., 2017). In addition, removal of volatile organic compounds,

such as ethylene gas, by plasma may be useful during transportation of agri-

cultural products in containers (Nishimura et al., 2016).

Disinfection/sterilization methods using plasma can be divided into

three types as follows: (i) plasma is generated at the site of application (direct

plasma treatment), (ii) plasma is generated at a remote site and transferred to
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the target site (indirect treatment using afterglow), and (iii) plasma-treated

solutions are used as disinfectants. These plasma-treated solutions are known

as “plasma-activated water (PAW),” “plasma-activated medium (PAM),”

“plasma-stimulated medium (PSM),” or “plasma-treated water (PTW).”

In the form of washes, sprays or mists, these solutions have been employed

as potential liquid disinfectants for decontamination of fresh produce or food

processing equipment (Schnabel et al., 2016). Readers who are further inter-

ested in these disinfectants for food products are referred to recent publica-

tions on the subject (Takamatsu et al., 2015; Kamgang-Youbi et al., 2009;

Park et al., 2017).

In this chapter, fundamentals of the methods and equipment used for the

generation and use of non-thermal plasma treatments, as well as the efficacy

and drawbacks of these disinfection methods, are discussed. In addition, the

potential future application of this technology within the food industry is

assessed.
2 Method of plasma generation

Electrical discharge methods commonly utilized for plasma disinfection are

generally categorized into one of the following, corona discharge, dielectric

barrier discharge (DBD), microwave discharge, pulse discharge, high-

frequency discharge, or glow discharge. The type of discharge depends

on the frequency of the power source, such as direct current (DC) and alter-

nating current (AC), as well as ambient gas pressure, such as low-pressure

and atmospheric pressure plasma, and the precise shape of the electrodes

(Fridman, 2012). This section will introduce the different methods of plasma

generation that are potentially applicable to processes commonly encoun-

tered in the food industry.

2.1 Corona discharge
Corona discharge is generated at highly curved and pointed regions of the

electrode, such as sharp tips, pinpoints, or small diameter wires. In these sit-

uations, the application of a high voltage results in a strong electric field that

is concentrated at the highly curved electrode surface. Consequently, the

electric field surrounding the electrode becomes uneven with the imposed

high voltage. At this point, neutral gas in the immediate vicinity of the

curved electrode surface is induced to ionize as a result of the concentrated

electric field, thereby generating a corona discharge plasma by local dielec-

tric breakdown.
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2.2 Glow discharge
Glow discharge is a sustainable discharge phenomenon that typically occurs

when 100 V to several kV of direct voltage is applied to a gas with a low

pressure of 1–1000 Pa. The energy of the electrons is higher than that of ions
and neutral gases in a glow discharge. Therefore, plasma generated by glow

discharge is categorized into non-thermal/non-equilibrium plasma. Com-

pared to other forms of discharge, glow discharge is spatially highly homo-

geneous and is able to generate plasma at a low temperature and in a large

volume.
2.3 Dielectric barrier discharge (DBD)
In a dielectric barrier discharge (DBD) device two electrodes are covered by

a solid insulating material, such as glass, plastic, silicon or ceramic. The effect

of the insulator covering the electrodes is to suppress an arc discharge, which

would generate a thermal plasma. The temperature of the ions and neutral

particles does not increase because DBD takes place over a very short period

of time. DBD is generated by applying alternating high-voltage pulses with a

frequency ranging from 10 Hz to several kHz.

A typical use of DBD is an afterglow discharge type, where high-

temperature plasma generated inside the tube, made of either glass or

ceramic, is pushed out of the tube as it is cooled. Processes are being devel-

oped that utilize a pulse power source, which does not heat up under atmo-

spheric pressure, and an atmospheric pressure plasma torch (also called as

“plasma jet”) (Teschke et al., 2005; Sakudo et al., 2018), which employs

an alternating current high-voltage discharge of several kHz and several

kV using gases such as He, N2, O2 and air. A representative DBD plasma

torch is shown in Fig. 10.1.
2.4 Pulse discharge
A pulse discharge plasma is generated by applying a series of short pulsed

discharges with a sharp voltage increase of 100 V/ns or higher. Under these

conditions, the heavy ions are not accelerated, unlike the electrons. Using

this pulse discharge method, a stable discharge can take place relatively easily

even under atmospheric pressure. Because a voltage of very short duration is

applied, the transition into an arc discharge can be prevented. Short-pulsed

and highly repetitive high-voltage pulse power sources have recently been

developed. A representative nitrogen gas plasma instrument is BLP-TES



Fig. 10.1 Representative plasma torch instrument. The plasma device comprised a
ceramic tube (Al2O3), containing a stainless-steel mesh, which was covered with
copper tape. The copper tape and stainless-steel mesh/wire were connected to a
power supply (10 kVp-p, 10 kHz). During gas plasma generation by dielectric barrier
discharge (DBD), airflow was maintained at 3.5 L/min using an air pump. (Modified
from Sakudo, A., Miyagi, H., Horikawa, T., Yamashiro, R., Misawa, T., 2018. Treatment of
Helicobacter pylori with dielectric barrier discharge plasma causes UV induced damage
to genomic DNA leading to cell death, Chemosphere, 200, 366–372, with permission
from Elsevier.)
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(Sakudo et al., 2013), where a static induction (SI) thyristor is used as a pulse

power source as shown in Fig. 10.2.
2.5 High-frequency discharge
A high-frequency discharge is typically generated by a power supply of radio

frequency (RF) at 13.56 MHz. This discharge method is classified by the

shape of the electrodes or antenna. In the capacitively coupled plasma

(CCP), RF power is applied between facing electrodes. Plasma is then gen-

erated around the electrodes. In the inductively coupled plasma (ICP), an

antenna of coiled shape is supplied with the RF power. Here, high-

frequency plasma is produced inside the coil. By using a high-frequency dis-

charge, a relatively large volume of highly dense plasma can be generated

with minimal heating under low atmospheric pressure. An advantage of this

approach is that materials being disinfected are less likely to be damaged by

the treatment. Moreover, the type of plasma generated can be chosen to suit

the dimensions of the object to be irradiated.



Fig. 10.2 A representative nitrogen gas plasma instrument, BLP-TES. (A) Photograph of
the nitrogen gas plasma instrument (BLP-TES) (NGK insulators, Ltd.). BLP-TES produces
nitrogen gas plasma using a fast high-voltage pulse generated by a static induction (SI)
thyristor power supply. A cathode electrode (earth electrode) is located between the
anode electrodes (high voltage electrode) in this instrument. (B) Photograph of the
blue luminescence observed upon operation of the BLP-TES instrument.
(C) Schematic diagram of the nitrogen gas plasma instrument. The distance between
the cathode and anode was 50 mm. The sample chamber box was decompressed
and degassed before introducing nitrogen gas at a flow rate of 10 L/min, which was
maintained at about 0.5 atm. The gases were discharged at 1.5 kpps (kilo pulse per
second) using an SI thyristor. (Modified from Sakudo, A., Toyokawa, Y., Misawa, T.,
Imanishi, Y., 2017. Degradation and detoxification of aflatoxin B1 using nitrogen gas
plasma generated by a static induction thyristor as a pulsed power supply. Food
Control, 73B, 619–626, with permission from Elsevier and cited from Sakudo, A.,
Shimizu, N., Imanishi, Y., Ikuta, K., 2013. N2 gas plasma inactivates influenza virus by
inducing changes in viral surface morphology, protein, and genomic RNA. Biomed Res.
Int. 2013, 694269 under the terms of the Creative Commons Attribution licence.)
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2.6 Microwave discharge
A microwave discharge is usually generated by electromagnetic radiation

with a frequency between 300 MHz and 300 GHz. For this type of dis-

charge, electrodes are unnecessary, and plasma can be generated using anten-

nas or waveguide, although shielding is mandatory. A large-diameter plasma

discharge can be generated under a low gas pressure using this approach.
3 Application of cold plasma disinfection in the food
industry and development of a unique apparatus for
agricultural products

A recent review reported that the proportion of food products subjected to

cold plasma disinfection was as follows: 40% fresh fruit and vegetables, 21%

dry fruits, nuts and seeds, 19% protein products such as meat and cold cuts,

10% spices, 6% liquids, and 4% eggshells (Pignata et al., 2017). These prod-

ucts include a variety of vegetables such as fresh tomatoes (Bermúdez-

Aguirre et al., 2013), cabbage (Lee et al., 2015), cherry tomatoes (Misra

et al., 2014a), lettuce (Bermúdez-Aguirre et al., 2013; Lee et al., 2015; Banu

et al., 2012; Wang et al., 2012), carrots (Bermúdez-Aguirre et al., 2013;

Wang et al., 2012), and cucumber (Wang et al., 2012). Moreover, various

fruits have been disinfected by plasma, including pear (Wang et al., 2012),

strawberries (Misra et al., 2014b), apples (Banu et al., 2012), melons (Banu

et al., 2012), and mangoes (Banu et al., 2012) as well as apple juice

(Surowsky et al., 2014). Dried agricultural products, such as seeds

(Nishioka et al., 2014; Kim et al., 2017), red pepper (Kim et al., 2014), nuts

(Banu et al., 2012), dried fig (Lee et al., 2015) and cereal (Wang et al., 2012),

were also successfully disinfected by cold plasma. Moreover, plasma treat-

ment is an efficient disinfection method for meat products (Noriega et al.,

2011; Fr€ohling et al., 2012; Rod et al., 2012; Xiang et al., 2018) such as

bacon (Kim et al., 2011), ham (Banu et al., 2012), and ready to eat meats

(Rod et al., 2012) as well as milk-related products, such as milk (Kim

et al., 2015) and cheese (Banu et al., 2012) in addition to eggshells

(Ragni et al., 2010).

It is generally recognized within the food sector that packaging materials

might be a major contributory factor to external contamination (Davies and

Breslin, 2003). Thus, disinfection of packaging material, as well as the pro-

cessing equipment, is essential. Plasma technology is particularly suited to

surface disinfection of food-related packaging materials. Unlike some other
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technologies, cold plasma treatment does not alter the bulk properties of the

materials and generates no liquid effluent (Pankaj et al., 2014).

Although there is growing evidence that cold plasma treatment is a useful

method for disinfecting food products, there has been a paucity of studies on

the development of process compatible technology designs. Recently, the

authors have designed and fabricated plasma devices well suited to the dis-

infection of vegetables during sorting on rollers (Toyokawa et al., 2017).

The apparatus is an original design of this research team and is not manufac-

tured commercially. The present research team developed a roller conveyor

plasma device, which generates plasma by the mechanism of DBD

(Fig. 10.3). This unique plasma apparatus is composed of rolling electrodes

and a high voltage power supply (10 kVpeak to peak (kVp-p), 10 kHz). The

electrode comprises a plastic rod (diameter ¼ 30 mm) covered with a thin

aluminum and silicon sheet, which is placed at an interval of 50 mm from

an earth electrode. The high voltage electrode is then connected to an alter-

nating power supply. Plasma is generated on the silicon sheet when electri-

cally conductive samples, such as metals or vegetables, make contact with

both the high-voltage electrode and earth electrode.

A thermal imaging camera FLIR i5 (FLIR Systems Japan K.K) was used

to detect a temperature change in the sample during operation of the roller

conveyor plasma device. The results demonstrated that the temperature on

the aluminum plate attached to the silicon sheet of the electrode increased

from 25.0 °C to 27.0 °C after 5 min operation of the plasma device, suggest-

ing that there is only a slight increase in sample temperature of 2 °C after

5 min of treatment.

The efficacy of bacterial inactivation by this device has been assessed in

different samples (Toyokawa et al., 2017). Xanthomonas campestris p.v. cam-

pestris (Xcc), an economically important bacterial pathogen that causes black

rot (Fig. 10.4), was subjected to analysis. Worldwide, black rot is considered

the most important disease of crucifers, attacking all cultivated brassicas and

radishes, and numerous cruciferous weeds (Williams, 1980). The study sug-

gested that the roller conveyor plasma system can efficiently inactivate Xcc at

atmospheric pressure. The viable cell number of 9.8 � 105 CFU/mL Xcc

was reduced to an undetectable level after 2 min of treatment with gas

plasma.

Furthermore, the potential of this system to degrade pesticide residues

has also been demonstrated (Toyokawa et al., 2018). The results showed that

plasma treatment for 5 min reduced individual pesticides such as malathion

to a level of <1/20. Plasma treatment of the pesticide cocktail FA-2,



Fig. 10.3 Representative roller conveyor plasma disinfection system and assay model.
Schematic representation of a roller conveyor plasma device producing plasma by
atmospheric pressure dielectric barrier discharge (APDBD). (A) The electrode is a
plastic roller rod covered with an aluminum sheet (20 μm thickness) and silicon
sheet (0.5 mm thickness). The aluminum sheet is connected to a high-voltage power
supply [10 kVpeak to peak (10 kVp-p), 10 kHz]. (B) For the assay of plasma disinfection
efficiency against microorganisms, samples were spotted onto an aluminum plate.
The relative position of the aluminum plate and electrodes during operation of the
roller conveyor apparatus is shown. Plasma was generated at the grounding position
between the aluminum plate (0.3 mm thickness) and silicon sheet by the mechanism
of APDBD. (Modified from Toyokawa, Y., Yagyu, Y., Misawa, T., Sakudo, A., 2017. A new
roller conveyor system of non-thermal gas plasma as a potential control measure of
plant pathogenic bacteria in primary food production, Food Control, 72A, 62–72, with
permission from Elsevier.)
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containing 22 pesticides of ethoprophos, phorate, thiometon, terbufos,

etrimfos, dimethoate, ECP (dichlofenthion), tolclofos-methyl, formothion,

chlorpyrifos, MEP (fenitrothion), MPP (fenthion), isofenphos, PAP

(phenthoate), prothiofos, butamifos, DMTP (methidathion), sulprofos, fen-

sulfothion, EPN, PMP (Phosmet), and pyraclofos, was also investigated. Gas

chromatography-mass spectrometry (GC-MS) analysis by total ion chro-

matogram (TIC) of FA-2 after plasma treatment for 0 and 5 min showed that



Fig. 10.4 Viable cell number of Xanthomonas campestris pv. campestris (Xcc) was reduced
after treatment with the roller conveyor plasma disinfection system. Xcc suspension was
spotted and dried onto an aluminum plate. The resultant dried samples were
then subjected to plasma treatment. After treatment, Xcc was recovered and cultured
to determine the number of CFUs. CFUs/mL as a viable cell number at individual
APDBD treatment times (A) 0, 1.8, 3.7, 7.5, 15 or 30 min and (B) 0, 0.5, 1 or 2 min are
shown. Differences where P < 0.01(**) versus control (0 min) were considered
significant. (Modified from Toyokawa, Y., Yagyu, Y., Misawa, T., Sakudo, A., 2017. A new
roller conveyor system of non-thermal gas plasma as a potential control measure of plant
pathogenic bacteria in primary food production, Food Control, 72A, 62–72, with
permission from Elsevier.)
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5 min of treatment reduced the amount of pesticides contained in FA-2 to

undetectable levels.

In addition, plasma treatment was shown to successfully inactivateXcc on

cabbage leaf without any adverse effects to the leaf structure. Collectively,

these findings suggest the device could have practical applications for the dis-

infection of agricultural products, such as cabbage, during the sorting process

on rollers (Fig. 10.5). Nonetheless, to achieve broad applicability with a vari-

ety of agricultural food products, the device needs to be scaled-up and then

fully evaluated.

Cost–performance analysis is important to study on detail before practical

use of the device can be considered. A very basic and single cost analysis of



Fig. 10.5 Schematic representation of the potential use of the roller conveyor plasma
disinfection system for the continuous disinfection of cabbages. By connecting to a
motor, the roller conveyor plasma device can transfer vegetables and fruits onto the
rollers. Vegetables, fruits or other agricultural crops on the roller conveyors are then
sorted. The roller conveyor coupled to a plasma generator provides an efficient
means to disinfect agricultural products during the sorting process. (Modified from
Toyokawa, Y., Yagyu, Y., Misawa, T., Sakudo, A., 2017. A new roller conveyor system of
non-thermal gas plasma as a potential control measure of plant pathogenic bacteria in
primary food production, Food Control, 72A, 62–72, with permission from Elsevier.)
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cold plasma is presented here, using lab equipment. However, if the reader is

interested in a full cost analysis of cold plasma many variables must be con-

sidered, starting from the energy cost in each country. To estimate the cur-

rent operating costs of the roller conveyor plasma device, experiments were

performed on the fruit Citrus unshiu to calculate cost on basis of the power

consumption of the discharge required for plasma disinfection. The power

consumption for discharge was approximately 20 Wwhen oneCitrus unshiu

fruit (60 g) was placed on the roller conveyor plasma device. In addition, the

time required to achieve enough bactericidal effect (defined as a reduction to

1/10 of the initial bacterial number) was estimated as 0.34 min from previ-

ous results (Toyokawa et al., 2017). At present, the electricity price in Japan

is US$ 0.24 (27.0 yen) per 1 kWh based on information of Home Electric

Appliances Fair Trade Conference (Home Electric Appliances Fair Trade

Conference, 2014); thus, the cost of electricity required for the treatment

of 1000 kg (1 ton) of Citrus unshiu over 30 min of device operation is esti-

mated approximately US$ 40.58 (4500 yen approximately). Exchange rate is

reported as August 2018. So far, however, it has not been yet determined

how many Citrus unshiu fruit can be treated with one high-voltage
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power supply. In general, as the number of samples increase, the power con-

sumption per sample will reduce with decreasing disinfection effects. Thus, a

larger power supply would be required for the treatment of a larger number

of fruits. Also, it is important to consider the cost of the working gas, even

though atmospheric air can be used as a feeding gas, the moisture content of

the air needs to be controlled to achieved optimal results. Further studies will

be necessary to optimize power supply size and sample number per unit of

disinfection time before this device can be applied in practice. Nevertheless,

the estimation indicates that it will be feasible to bring the operating cost of

the device within the acceptable market range.

Another study has reported a plasma apparatus developed to disinfect

dried and semi-dried foods, such as spices, herbs, pine nuts, and seeds

(Fig. 10.6). The instrument produces plasma by DBD discharge using an

AC (Alternating current) high voltage power supply (10 kHz, 5 kVp-p).

During operation of the device, Ar was introduced at flow rate of

0.5 L/min and pressure was kept at 10.7 kPa. Approximately 2 g of sample

was placed on a Teflonmesh sheet over a lower glass plate, which was used as

a dielectric. The mesh and plate were sandwiched by two aluminum

electrodes with glass plates. The researchers observed the effects of the

low-pressure plasma to reduce bacterial and fungal counts on dried and

semi-dried samples (Feroz et al., 2016). Notably, 5 min of treatment led

to >1-log reduction of both bacterial (1.38–5.06 log reduction) and fungal

(1.08–5.04 log reduction) counts, while 40 min of treatment achieved

>2-log reductions (2.37–5.75 and 2.15–5.91, respectively). For poppy seeds
and pine nuts, the bacterial count was undetectable after, respectively,

20 and 40 min of plasma treatment. In addition, no fungal counts were

detected on pine nuts after 20 min of plasma treatment. Lastly, there was

no significant change in the color of any plasma-treated samples within

40 min. Taken together, these results suggest that the plasma apparatus is

effective for disinfecting dried and semi-dried foods without reducing food

quality.

In summary, the nonthermal cold plasma system has enormous potential

as a food safety control measure, ensuring reduction of food pathogens, as

well as pesticide residues on foodstuffs. However, further refinements in

terms of efficacy and cost are required before the system can be widely

adopted within the agricultural sector.



Fig. 10.6 Low-pressure gas plasma apparatus for disinfection of dried and semi-dried
foods. Image (A) and schematic representation (B) of low-pressure gas plasma
apparatus for disinfection of dried and semi-dried foods. The pressure in chamber
was kept at 10.7 kPa with argon flow at 0.5 L/min. The plasma was generated by AC
high voltage; the frequency and amplitude of the voltage of power supply were
10 kHz and 5 kV, respectively. (C) Approximately 2 g of spice sample was placed on
the mesh sheet between the electrodes in the plasma discharge chamber. After
plasma treatment, microbial and fungal loads were counted. (Cited from Feroz, F.,
Shimizu, H., Nishioka, T., Mori, M., Sakagami, Y., 2016. Bacterial and fungal counts of
dried and semi-dried foods collected from Dhaka, Bangladesh, and their reduction
methods. Biocontrol Sci. 21 (4), 243–251 with permission from The Society for
Antibacterial and Antifungal Agents, Japan.)
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4 Summary

This chapter has reviewed the methods and equipment used for nonthermal

plasma generation, and summarized some of the applications to disinfection

against bacteria and fungus as part of food safety. Broader application of

plasma technology in the field of agriculture is anticipated once the equip-

ment has been fully developed and the current limitations have been

resolved.

Table 10.1 shows a comparison of the plasma equipment described in this

chapter, focusing on the advantages or disadvantages of each. As compared

with static equipment such as the DBD plasma torch, BLP-TES, and appa-

ratus for dried and semi-dried foods, the roller conveyor instrument can

achieve continuous treatment of agricultural products. A batch system oper-

ating under lower pressure than atmospheric pressure (<0.1 MPa) limits the

space for plasma treatment, resulting in the treatment of a small number of

samples. Thus, the priority will be the development of an atmospheric open-

air system that is suitable for disinfecting both large objects and high numbers

of samples. Although the DBD plasma torch is an open-air system under

atmospheric pressure, it enables only a batch system approach because it lacks

the factors required for continuous system. In the roller conveyor instru-

ment, rotating electrodes are used to achieve a rotatory system for the dis-

infection of vegetables while they are sorted on rollers. Therefore, the design

and fabrication of the factors required for continuous system might be

important in the further development of practical equipment. In addition,

an increase in disinfection efficiency and improved cost–performance are

required before the technology can be put to practical use. This may be

achieved by optimization of the gas plasma generating conditions, for exam-

ple, by using different gas mixtures and controlling of relative humidity.

A critical factor to consider is the safe application of this novel technol-

ogy. An Expert Group for Technical Advice on Organic Production

(EGTOP) in the European Commission (EC) has actively discussed new

technologies including cold plasma. As a result, the EC stated that there

are no regulatory restrictions regarding the use of gas plasma as an electronic

preservative practice for organic foods and feeds (European Commission,

2014), although the EC regulatory approval process for cold plasma technol-

ogies on foods remains uncertain, at least in part, due to a lack of definition of

the evaluation criteria (e.g., “risk to public health,” “nutritionally

disadvantageous,” and “not misleading to the consumer”) (Bourke et al.,

2018). The US Department of Agriculture (USDA) and Food and Drug



Table 10.1 Comparison of representative plasma equipment

Equipment Pressure Power supply Frequency
Electrode
material Gas

Electrode
movement

Temperature
at 5 min
operation

Treatment
system Reference

Torch Atmospheric

pressure

(0.1 MPa)

High-voltage

power

supply unit

(10 kVp-p)

10 kHz Ceramic tube,

stainless steel

mesh, copper

tape

Air Static 30.3 °C Batch

system

Sakudo et al.

(2018)

BLP-TES 0.5 atmospheric

pressure

(0.05 MPa)

Static

induction

thyristor

power

supply

1.5 kHz

(1.5 kpps)a
Ceramic and

metal

N2 Static <42 °C Batch

system

Sakudo et al.

(2017)

Roller

conveyor

instrument

Atmospheric

pressure

(0.1 MPa)

High-voltage

power

supply unit

(10 kVp-p)

10 kHz Silicon and

aluminum

sheet

Air Rotatory 27 °C Continuous

system

Toyokawa

et al.

(2017)

Apparatus for

dried and

semi-dried

foods

10.7 kPa High-voltage

power

supply unit

(5 kVp-p)

10 kHz Teflon mesh

sheet, glass

plate and

aluminum

Argon Static 80 °C Batch

system

Feroz et al.

(2016)

akpps: kilo pulse per second.
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Administration (FDA) have issued no rules on the use of cold plasma on

foods or food contact surfaces, although the potential of plasma technology

for food decontamination has been discussed by the USDA (Niemira, 2012).

Both direct and indirect treatments of food and food packages with cold

plasma are regulated under the US Environmental Protection Agency

(EPA) as pesticides, and the US FDA as food contact substances (Food

and Drug Administration, 2017).
5 Conclusions

Several aspects in the manufacturing of the cold plasma devices need to be

considered during the design of industry size equipment, besides the main

application and kind of product, as discussed before. However, an evaluation

of the effect of plasma on foods and human health will be a priority before

this new disinfection technology can be fully utilized. In addition, further

detailed understanding of the biochemical interactions between the plasma

and various samples, including food and food packaging, as well as potential

contaminants in each plasma process system, will be required to determine

and control the optimum design of plasma equipment for food and food

packages.
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1 Introduction

Plasma is an ionized gas or partially ionized gas consisting of chemically reac-

tive species such as molecules, atoms, positive and negative ions, free radi-

cals, photons, metastable particles, electrons, among others. Plasmas can be

produced over a wide temperature and pressure range. They can be divided

into three categories, thermal equilibrium plasmas, nonthermal equilibrium

plasmas, and local thermal equilibrium (LTE) plasmas, based on the relative

temperature between electrons, ions, and neutrals. In thermal equilibrium

plasma, the bulk of the plasma approaches thermodynamic equilibrium state

(Te � Ti � Tg, Tp ¼ 106–108 K); where, Te is the temperature of electrons,

Ti is the temperature of ions, Tg is temperature of gas, and Tp is the
309
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temperature of plasma. In contrast, non-thermal equilibrium plasmas are

non-equilibrium plasmas, and non-thermal equilibrium exists between

the Te and Tg (Te ≫ Ti � Tg). These plasmas have electron densities in

the range of 109–1012 cm�3 and electron energies in the range of

1–10 eV ( Jacobs and Lin, 2001). This unique property of having electrons

or other species with sufficient energy to disrupt molecular bonds while the

temperatures of the atoms andmolecules in the plasma are near ambient con-

ditions makes non-thermal or cold plasmas well suited for use in the steril-

ization or disinfection of heat-sensitive materials. On the other hand, LTE

plasma is in quasi-equilibrium state, with ion temperature of 3000–10,000 K
(0.4–1 eV), which is substantially higher than non-thermal plasma; how-

ever, its electron temperature is much lower (0.4–1 eV) compared to

non-thermal plasma (2–10 eV). LTE plasma can be generated by direct cur-

rent (DC) and radio-frequency (RF) arcs, or by an inductively coupled torch

(Liu and Lu, 2010).

Radio frequency (RF) plasma and microwave plasma can be used for

inactivation of bacteria and viruses. Apart from killing of microorganisms,

plasma treatment contributes to the removal of dead bacteria and viruses

(pyrogens) from the surface of the objects being sterilized or disinfected

(Chau et al., 1996).
2 Microwave plasma

Electromagnetic waves with frequencies in the range of hundreds of MHz

(usually at 2.45 GHz) are generally used for production of microwave dis-

charges. Microwave energy from magnetrons is used in the process of

microwave plasma generation, at both, low and atmospheric pressure.

Some important advantages with the use of microwave for cold plasma

production include increased electron density, high efficiency in generat-

ing reactive species, and contamination-free processes (Ekezie et al., 2017).

In Fig. 11.1 the basic components of a microwave cold plasma equipment

are shown.

2.1 Low-pressure microwave plasma for microbial and spore
inactivation
Typical advantages of using microwave plasma for sterilization or decontam-

ination include low-temperature, time-saving, and non-toxic nature.

Microwave power densities of a plasma and its inactivation effects are pro-

portionally related. In a study, after 30 min of treatment using low-pressure



Fig. 11.1 Schematic diagram of a typical microwave plasma treatment system.
(Adapted, with permission, from Lee, H., Kim, J.E., Chung, M.S., Min, S.C., 2015. Cold
plasma treatment for the microbiological safety of cabbage, lettuce, and dried figs.
Food Microbiol. 51, 74–80.)
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(50 Pa gas pressure) low-temperature argon plasma, the survival ofEscherichia

coli cells (average initial count of 1.88 � 108 cfu/mL) on bioindicator car-

riers (polypropylene test tube caps) were reduced (4.47, 5.19, and 6.29

log reduction) proportionally to the microwave power density of plasma

treatments (1.47, 2.63, and 4.21 W/cm3), respectively (Purevdorj et al.,

2002). In another study, microwave (at a frequency of 2.45 GHz and

�100 Pa gas pressure) plasma discharges of Ar + NO (0.3%) were shown

to be effective for inactivation of E. coli cells.After 300 s of exposure, a high-

est reduction (>8 log reduction) was observed using the plasma of Ar +NO.

On the other hand, 6 and 4 log reductions were observed using single feed

gases of Ar and O2, respectively (Hueso et al., 2008).
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In another study involving foodborne pathogens, microwave-powered

plasma treatment at 400 and 900 W (pressure of 667 Pa) inactivated

the inoculated E. coliO157:H7 and Salmonella typhimurium cells on lettuce

(Song et al., 2015). In that study, N2, N2-O2 mixture and He were

used as cold plasma-forming gases. Both pathogens on lettuce (conta-

mination level ¼ �5.5 log CFU/g lettuce) were inhibited by up to

2.8 log CFU/g following the treatment, especially after N2-cold plasma

treatment at 900 W for 5.5 min and 474 W for 8.8 min. Sensory charac-

teristics of the lettuce were unaltered by the use of cold plasma at 400

or 900 W.

Microwave-powered cold plasma treatment (at 900 W and 667 Pa pres-

sure) was used to inactivate S. typhimurium on radish sprouts (Oh et al.,

2017). In that study, nitrogen (flow rate of 1 L/min) was used as the

plasma-forming gas. For the sprouts decontamination, the treatment was

conducted for 0, 2, 5, 10, and 20 min. The N2-plasma treatment for

20 min decreased the count of S. typhimurium by 2.6 � 0.4 log CFU/g.

The treatment did not alter the odor and appearance of the radish sprouts.

In addition, the treatment exerted no adverse effect on color, antioxidant

activity, and ascorbic acid concentration of the sprouts during their

12-day storage at both 4 °C and 10 °C. However, the cold plasma

treatment-induced moisture loss in the sprouts was significant when com-

pared with untreated sprouts.

Microwave-powered cold plasma treatment has also been used for

improving the microbiological safety of cherry tomatoes against Salmonella

(Kim and Min, 2017). The tomatoes were inoculated with a Salmonella

cocktail (S. typhimurium, S. Enteritidis, and S. enterica subspecies enterica ser-

ovar Montevideo) (6.0 � 0.4 log CFU/tomato), and thereafter subjected to

the plasma treatment using He or He-O2 gas mixture [99.8% and 0.2%

(v/v)] at 400–900 W under treatment pressure of 0.7 kPa for 2–10 min.

The plasma treatment conditions were optimized using a central composite

design of the response surface methodology (RSM); it was found that treat-

ment at 827 W using He and a He-O2 gas mixture for 9 min resulted in the

highest decrease of Salmonella counts (3.5 � 0.1 and 3.5 � 0.5 log CFU/

tomato, respectively). The tomato surface morphology was unaltered due

to the He-plasma treatment at 900 W for 10 min (optimal conditions).

However, the growth of Salmonella on the tomatoes was not effectively

inhibited by the optimal He-plasma treatment at 25 °C; but during storage
at 5 °C, the treatment prevented the Salmonella growth without altering the

tomato respiration rate (Kim and Min, 2017).
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Geobacillus stearothermophilus spores are one of the most heat-resistant

spores that usually causes flat sour spoilage of canned liquid foods. A low-

pressure (10�5 Torr), large-volume microwave plasma device was used to

inactivate the spores ofG. stearothermophilus, which were used as the sterility

indicator (Singh et al., 2009). In that study, the plasma-exposed (working

gas: air-simulated N2-O2 gas mixture) spores were inactivated within

40 min, whereas the Tyvek® wrapped (used for partial blockage of plasma

inactivating factors) spores were inactivated after 60 min of the treatment.

The longer inactivation period of wrapped spores is attributed to the partial

obstruction of inactivating factors (i.e., heat, photons, and plasma species) by

Tyvek® sheet.

Low-pressure (667 Pa), microwave-powered (900 W) cold plasma gen-

erated with different plasma-forming gases (N2, N2-O2 mixture, He, and

He-O2 mixture; flow rate of 1 L/min) was used to inactivate Aspergillus fla-

vus and Bacillus cereus spores inoculated in red pepper powder (Kim et al.,

2014). The cold plasma treatment for 20 min with N2 gas decreased the

A. flavus counts by 2.5 � 0.3 log spores/g. No inhibition of B. cereus spores

was noted following the cold plasma treatment at 900 W for 20 min with

N2, the N2-O2mixture, He, and the He-O2mixture. However, a reduction

of 3.4 � 0.7 log spores/g was noted for the B. cereus spores by the combina-

tion treatment of the cold plasma treatment using He-O2 mixture at 900 W

for 20 min and heat treatment at 90 °C for 30 min. This combination shows

a synergistic effect in inactivating the B. cereus spores. On the other hand, the

cold plasma treatment (with N2, N2-O2 mixture, He, and He-O2 mixture)

for 20 min at 900 W inactivated aerobic bacteria (naturally occurred,

5.9 � 0.1 CFU/g) in red pepper powder by approximately 1 log CFU/g.

Color characteristics of the pepper powder were not significantly affected

by the plasma treatment.

Cold plasma generated under the previously mentioned conditions (Kim

et al., 2014) was used to improve the microbiological safety of cabbage and

lettuce as well as dried figs (Lee et al., 2015). In that study, S. typhimurium

inoculated on cabbage and lettuce were inactivated (approximately

1.5 log CFU/g) by the cold plasma treatment at 900 W using N2 as the

plasma-forming gas for 10 min. In addition, Listeria monocytogenes inoculated

on cabbage were inactivated by 0.3–2.1 log CFU/g following the plasma

treatment at 400–900 W using He-O2 mixture as the plasma-forming gas

(at pressure of 667 Pa and treatment time of 1–10 min). The plasma

treatment-induced reductions in microbial counts on dried figs were shown

to be directly proportional to their water activity. With the increase of water
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activity from 0.70 to 0.93, the reduction in counts of L. monocytogenes and

E. coli O157:H7 cells on figs was increased from 1.0 to 1.6 log CFU/g and

from 0.5 to 1.3 log CFU/g, respectively.

In another study, cold plasma treatment under the aforementioned con-

ditions (Kim and Min, 2017) was used for inactivating inoculated Penicillium

italicum on mandarins (Won et al., 2017). Spores of P. italicum were inacti-

vated maximally (84% reduction in disease incidence) after plasma treatment

using N2 gas at 900 W under 0.7 kPa pressure for 10 min. The treatment

resulted in increase of antioxidant activity and total phenolic content of

mandarin peel. In addition, the treatment insignificantly affected weight loss,

surface color, CO2 generation, titratable acidity, content of soluble solids,

ascorbic acid concentration, pH, and content of soluble solids during storage

at 4 °C and 25 °C.
Microwave-integrated cold plasma was used against inoculated spores of

B. cereus and Aspergillus brasiliensis and E. coli O157:H7 cells on onion pow-

der (Kim et al., 2017a). In that study, the powder was treated with helium-

cold plasma, with simultaneous exposure to low microwave density cold

plasma treatment (LMCPT) at 170 mW/m2 or high microwave density cold

plasma treatment (HMCPT) at 250 mW/m2. The HMCPT was more

effective than the LMCPT in inhibiting B. cereus spores. The HMCPT at

400 W for 40 min (optimal conditions) reduced the counts of B. cereus,

A. brasiliensis, and E. coli O157:H7 by 2.1, 1.6, and 1.9 log spores/cm2,

respectively. The HMCPT improved microbiological safety of the onion

powder by restricting the growth of B. cereus and E. coli O157:H7 during

60-day storage at 4 °C and 25 °C. In addition, during storage, color prop-

erties or quercetin contents of the power were not significantly affected by

the HMCPT. In a similar study by the same research group, HMCPT at

2500 W/cm2 was shown to be more effective than LMCPT at

1700 W/cm2 for the inactivation of B. cereus spores on red pepper flakes

(Kim et al., 2017b). The plasma generation power, pressure in the treatment

chamber, and time were 900 W, 0.7 kPa, and 20 min, respectively. Helium

with a flow rate of 1 standard L/min was used as the plasma-forming gas.

Vacuum-dried (50 kPa, 85 °C, 2 h) red pepper exhibited more effective

spore reduction than far-infrared-dried (7–20 μm, 85 °C, 6 h) flakes after
treatment by either HMCPT or LMCPT. This could be due to the smooth

and uniform surface created through vacuum drying.With the increase of aw
of the flakes from 0.4 to 0.9, the HMCPT-induced spore inactivation

increased from 1.7 to 2.6 log spores/cm2. Lower surface area to volume

ratios of the red pepper enhanced the spore inactivation. Both treatments

did not alter the color of the red pepper flakes.
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2.2 Microwave plasma UV lamp (MPUVL)
MPUVL is able to produce UV light at 245 nm (the germicidal region) and

185 nm (the ozone-forming region) simultaneously. The typical advantage

with MPUVL over the electrode configuration lamp is that MPUVL has no

limitations in terms of power and shape (Pandithas et al., 2003). In a study,

upon exposure of culture plates containing bacteria (E. coli, Pseudomonas aer-

uginosa, Staphylococcus aureus, and B. cereus at concentrations of 105–
107 CFU) to a range of doses of UV-C light emitted by microwave powered

(2.45 GHz) lamp (a low-pressure mixture of Ar gas + Hg vapor inside the

lamp), a reduction of up to 6 log in the viable counts of the E. coli and

P. aeruginosa was observed in <2 s (corresponds to <20 J/m2). The

S. aureus needed 20–50 J/m2 to obtain the same log reduction. On the other

hand, vegetative cells of Bacillus needed 600 J/m2 to obtain a 6 log reduction

in the number of surviving microorganisms, whereas the spores of B. cereus

needed 600 J/m2 to observe a reduction of even 2 log reduction in the num-

ber of surviving microorganisms. The MPUVL used in these experiments

can be used as an alternative to the commercial UV irradiation systems

(Ortoneda et al., 2008).
2.3 Electron cyclotron resonance (ECR) microwave plasma
ECR relates to the circular movement of free electrons in the presence of a

static and uniform magnetic field. ECR microwave plasma has numerous

advantages, including the low average electron temperature (5–10 eV),
the high degree of ionization, and the flexible operating temperature and

pressure. ECR microwave plasma was used to inactivate bacteria, including

E. coli, Pseudomonas fluorescens, Proteus vulgaris, and Bacillus stearothermophilus,

on glass microscope slides (Chau et al., 1996). In that study, NO2 plasmas

were used at various pressures (40, 220, and 400 mTorr) and exposure times

(0, 2, 5, 10, 15, and 20 min). All the tested microorganisms failed to grow

following the plasma treatment at 40 mTorr for 20 min.
2.4 Sterilization of food packaging materials
Packaging materials play an indispensable role in preserving foods. Low-

pressure microwave-driven (frequency of 2.45 GHz) plasmas have been

shown to inactivate homogeneously sprayed Bacillus subtilis spores (densities

between 2 � 104/cm2, 6.4 � 104/cm2, and 1.4 � 107/cm2) on polyethyl-

ene terephthalate (PET) films. The PET foil samples (spore density of

6.4 � 104/cm2) were directly exposed to air plasma at different microwave

powers. For the microwave power of 850 W, after 0.5 s of the plasma
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treatment, a spore reduction of 4.1 orders of magnitude was noted for the

uncovered samples; and in the case of quartz-covered samples, a reduction

of 4.2 orders of magnitude after 3 s of plasma treatment was observed. How-

ever, with the increase of power of microwaves to 1400 W in the contin-

uous wave mode and to 4000 W in the pulsed mode, plasma treatment time

steadily decreased (0.5 s for P ¼ 1400 W and 0.16 s for P ¼ 4000 W) by an

almost constant rate of spore inactivation of 4.7 and 4.6 orders of magnitude,

respectively (Schneider et al., 2005).

For sterilization of PET bottles, Deilmann et al. (2008b) have developed

and used a low-pressure microwave plasma reactor. A base pressure of 1 Pa

can be maintained in the reactor. Microwave plasma was ignited inside the

bottles using as process gas, a mixture of nitrogen, oxygen, and hydrogen.

Following the plasma treatment for <5 s, spores of Bacillus atrophaeus and

Aspergillus niger (test spores) were significantly reduced. This dry sterilization

process is suitable for aseptic filling of beverages, but in addition, this process

avoids residues as well as the use of toxic compounds.
2.5 Deposition of barrier coatings for packaging material
A low-pressure microwave plasma (f ¼ 2.45 GHz, maximum power of

Pcw ¼ 2 kW) was used to deposit silicon oxide (SiOx) barrier layers on

PET films (Deilmann et al., 2008a). In that study, oxygen and hexamethyl-

disiloxane were used as process gases for the pulsed deposition of SiOx-like

transparent barrier coatings. These coatings allowed a barrier improvement

factor of >65 for one-sided and >1000 for two-sided coatings. A very low

residual permeation of J ¼ 1 � 0.3 cm3/m2/day/bar was achieved, which

makes PEF films suitable for food packaging applications. Layer composition

is strongly correlated with barrier property.
2.6 Microwave plasma at atmospheric pressure for inactivation
Microwave-induced argon plasma has been used to inactivate some bacterial

and fungal strains. Different components of this plasma system include a

1 kW magnetron power supply, a WR-284 copper waveguide, and

2.45 GHz waveguide-based applicator, and a nozzle section. The four bac-

terial strains, namely B. subtilis,E. coli, P. aeruginosa, and S. typhimurium,were

completely inactivated within 20 s following the treatment. In addition,

two-tested fungal strains, A. niger and Penicillium citrinum, were inactivated

within 1 s (Park et al., 2003).



317Microwave- and radio-frequency-powered cold plasma applications
A microwave plasma decontamination system was used to decrease the

microbial contamination in kimchi brine (Yu et al., 2011). In that study, the

brine was naturally contaminated with E. coli, coliforms, and yeasts and

molds, and their counts increased with spent brine recycling. Upon treating

the kimchi spent brine using the microwave plasma system (2450 MHz), a

significant decrease in the counts of the contaminants was noted. In addition,

the D10-values of E. coli O157:H7, S. typhimurium, and L. monocytogenes, in

the kimchi brine after treatment with the microwave plasma system were

0.48, 0.52, and 0.45 cycle, respectively.

Schnabel et al. (2015) have used microwave plasma processed air (PPA)

to decontaminate fresh fruits and vegetables, such as apple peal and pulp,

strawberry, lamb’s lettuce, and carrot. Themicroorganisms used for contam-

ination of these fruits and vegetables include B. atrophaeus endospores, gram-

positive Listeria innocua, and S.aureus, Gram-negative E. coli, Pseudomonas

marginalis and Pectobacterium carotovorum, and the yeast Candida albicans.

The surfaces (2 cm � 2 cm) of all the tested food were contaminated with

these seven different microorganisms (108 cfu/mL). The plasma was ignited

for 7 s, thereafter the food samples were incubated with microwave PPA for

5, 10, and 15 min. Reductions up to 6.2 log-steps were noted depending on

the food and microorganism. In addition, the plasma exerted minimal influ-

ences in appearance, odor, and texture.

In another study, microwave (frequency of 2.45 GHz and supply power

of 1.1 kW) PPA was also used to decontaminate fresh broccoli florets

(Schnabel et al., 2016). The florets were inoculated (a 50 μL suspension

with a concentration of 108 CFU/mL) with E. coli K12, P. carotovorum,

P. marginalis, S. aureus, L. innocua, B. atrophaeus Nakamura 1989 in its spor-

ulated form, and C. albicans. The plasma discharge was ignited for 5 s (pre-

treatment time) and the PPA was introduced into the glass bottle containing

the inoculated florets. Thereafter, the bottle was closed for 5, 10, and

15 min (post-treatment time) to enable decontamination. Reactive nitrogen

species (RNS) and non-processed air are the main components of PPA,

and RNS possess antimicrobial properties. Greater than 5 log reduction

rates were achieved following the treatment for 15 min. The endospores

of B. atrophaeus were the least inactivated (2.7 log-steps after 15 min).

The PPA treatment influences appearance, texture, odor, and shelf life of

the florets, and this was evidenced by sensory examination and storage

experiments. However, optimization of process parameters was recom-

mended to increase the acceptance of sensory attributes and minimize stor-

age effects.
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In a recent study, microwave PPA was tested against six different bacte-

ria, E. coli K12 (DSM 11250), P. fluorescens (RIPAC), P. fluorescens (DSM

50090), L. innocua (DSM 20649), P. carotovorum (DSM 30168), and

P. marginalis (DSM 13124) on test specimens, namely polyethylene tere-

phthalate (PET) stripes, fresh-cut lettuce, and fresh sprouts (Schnabel

et al., 2017). In that study, the plasma was ignited for 5, 15, or 50 s for

PPA production. Following a post-plasma treatment with PPA for 5 min

maximum, the loads of P. fluorescens (both strains) and P. carotovorum on

PET were decreased (initial load: 108 CFU/mL) up to 6 log CFU/mL.

A reduction higher than 5 log CFU/mL was noted for P. carotovorum on

sprouts. However, the inactivation rate is relatively less for all other bacteria

and specimen.

Microwave PPA generated at ambient pressure conditions has also been

used to inactivate native microbial flora of different types of spices and herbs,

namely paprika powder, pepper seeds, and crushed oregano (Hertwig et al.,

2015a). In that study, microwave plasma torch (frequency: 2.45 GHz;

power consumption: 1.2 kW) was ignited for 7 s. The samples were treated

with PPA (treatment temperature of 22 °C) up to 90 min. Greater than 3 log

reduction in the microbial counts were noted for the paprika powder and

the pepper seeds after 60-min treatment time. The microbial flora of oreg-

ano underwent least inactivation, and this is due to a very low initial micro-

bial load. However, the PPA exposure (�5 min) of red paprika resulted in a

considerable loss of redness, and the treatment exhibited a minor impact on

the color of the black pepper seeds and the crushed oregano (Hertwig

et al., 2015a).

In another study by the same research group, two different atmospheric

pressure plasma (APP) sources, a direct plasma treatment with a radio fre-

quency (RF) plasma jet and a remote treatment (PPA) with a microwave

generated plasma, were used for the decontamination of whole black pepper

(Hertwig et al., 2015b). In that study, naturally contaminated peppercorns

and those inoculated with B. atrophaeus spores, B. subtilis spores, and

S. enterica were treated using RF argon plasma jet or PPA. After 30 min

PPA treatment, 4.1, 2.4, and 2.8 log reduction in the counts of

S. enterica, B. subtilis spores and B. atrophaeus spores were noted, respectively.

In naturally contaminated peppercorns, the total mesophilic aerobic bacteria

and the total spores were reduced by 2.0 and 1.7 log units after 30 min of

PPA treatment, respectively. On the other hand, the highest inactivation

of 2.7 log reduction was achieved for S. enterica after 15 min of the direct

plasma treatment, whereas the spores of B. subtilis and B. atrophaeus were
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inactivated by 0.8 and 1.3 log units, respectively. In addition, in naturally

contaminated peppercorns, the total mesophilic aerobic count and the total

spore count were reduced by 0.7 log and 0.6 log after 15 min treatment

using the direct plasma, respectively. The native microflora exhibited more

resistance toward the direct plasma treatment than the inoculated spores.

Both cold plasma applications did not affect significantly the quality attri-

butes, including color, piperine, and volatile oil content, of the treated

peppercorns.

During post-harvest processing of fresh cut fruits and vegetables, PPA

can be used as novel alternative to traditional pasteurization or the addition

of anti-browning agents to avoid undesirable browning reactions, which

occur due to polyphenol oxidase (PPO) and peroxidase (POD) enzymes

activity. In a study, it has been shown that PPO activity in fresh cut apple

and potato tissue was decreased by 62% and 77% after their exposure to

PPA for 10 min, respectively. On the other hand, after the same treatment

period, POD was decreased by 65% and 89% in fresh cut apple and potato

tissue, respectively (Bußler et al., 2017).

An atmospheric pressure microwave-induced (2.45 GHz, waveguide-

based, 1-kW magnetron power supply) argon plasma was used to degrade

three different mycotoxins, namely aflatoxin B1, nivalenol, and deoxyniva-

lenol. All these mycotoxins were completely degraded after 5 s of the plasma

treatment. In addition, a significant reduction in cytotoxicity of the myco-

toxins was noted with increase in treatment time. This study results indicate

that the plasma system can potentially be used to degrade mycotoxins and

therefore can be used in the process of food and feedstuff (Park et al., 2007).
2.7 Mechanism of inactivation by microwave plasmas
The inactivation of B. subtilis spores by microwave-induced low-pressure,

low-temperature nitrogen-oxygen plasma was shown to be mediated by a

combination of DNA damage and protein inactivation (Roth et al.,

2010). DNA is the primary target for spore inactivation by the plasma-borne

UV radiation. During the inactivation of E. coli by Ar + NOmicrowave dis-

charges at low pressures, the superior performance of Ar-NO mixture was

due to the combined effects of etching (by O∗ and Ar∗ species) and UV

radiation (from deactivation of NO∗ species) (Hueso et al., 2008). The bac-

tericidal effect of a microwave (40 W, 2.45 GHz) induced cold argon plasma

jet against wild-type strains and deletion mutants of E. coli at atmospheric

pressure has been shown to rely predominantly on UV-C radiations



320 Advances in cold plasma applications for food safety and preservation
(190–280 nm) ( Judee et al., 2014). In inactivation of G. stearothermophilus

spores, the synergistic effect of optical radiation (UV/VUV) and radicals

in air-simulated plasma discharges (produced by a large-volume microwave

plasma device) with water vapor exhibited highest inactivation efficiency

(Singh et al., 2009). In the inactivation of B. cereus spores by HMCPT or

LMCPT, a high reduction in their counts following HMCPT could be

due to relatively greater microwave penetration through the etched surface

of the spores compared to LMCPT (Kim et al., 2017a). It has been stated that

“the high microwave power density may contribute to the cleavage of disul-

fide bonds in the protein coat of spore cells” (Boucher, 1980), and these

structural and chemical modifications can render spores vulnerable to attack

by excited molecules or reactive species (Kim et al., 2017a).
3 Radio-frequency plasma

Different approaches can be used in the generation of radiofrequency (RF)

electromagnetic fields, such as by applying an RF voltage across two parallel

electrodes or by circulating RF currents in coils or antennas, either

immersed in the plasma or separated from it by a dielectric window. The

coupling of the electromagnetic fields with electrons in the plasma facilitates

energy transfer to them to sustain the plasma. The design of RF excitation

determines the efficiency of the power coupling into the charged particles

and the plasma uniformity (Chabert and Braithwaite, 2011).

Most radiofrequencies sources use the 13.56 MHz industrial standard

frequency. Radiofrequency-powered plasmas are basically three main types,

namely (1) capacitively coupled plasmas (CCPs), (2) inductively coupled

plasmas (ICPs), and helicon wave sources (HWSs). A schematic view of a

radiofrequency cold plasma equipment is presented in Fig. 11.2.

3.1 Radiofrequency plasma for decontamination applications
An open-air hollow slot plasma reactor with afterglow plume was used for

the inactivation of E. coli, B. atrophaeus, and B. atrophaeus spores (Sharma

et al., 2005). In that study, the reactor electrodes were radio-frequency pow-

ered (at 13.56 MHz) to excite a mixture of Ar and O2 gases [flowing at rates

of 32 L/min and 6 standard cm3/min (sccm), respectively] by a capacitive

discharge as it flowed past the electrodes into open air. Power and current

delivered to the reactor were 177 W and 1.5 A, respectively, and the plasma

was formed at a RF voltage of 203 V. The tested microorganisms were

exposed to the plasma for predetermined times. Results showed that the



Fig. 11.2 Schematic diagram of a typical radiofrequency (RF) plasma treatment system.
(Adapted, with permission, from Baier, M., Foerster, J., Schnabel, U., Knorr, D., Ehlbeck, J.,
Herppich, W.B., Schl€uter, O., 2013. Direct non-thermal plasma treatment for the
sanitation of fresh corn salad leaves: evaluation of physical and physiological effects
and antimicrobial efficacy. Postharvest Biol. Technol. 84, 81–87.)
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viability of the E. coliwas reduced by 5 log units after 1 s of exposure per unit

area. The B. atrophaeus was reduced by 1 log unit within the same treatment

time. On the other hand, a reduction of 3 log was noted in the case of

B. atrophaeus spores after 10 min of exposure.

Radiofrequency plasma (13.56 MHz) generated using two different

gases, N2 andN2-O2mixture, was used to inactivate S. aureus on slide glasses

(Sureshkumar et al., 2010). After exposure for 5 min, the germicidal effect

(GE) value of 5.8 was noted for pureN2 plasma, whereas GE value of 6.5 was

observed for N2-O2 mixture (2% O2). This indicates that original count can

be reduced by 6 log10 using N2-O2 plasma at input power of 100 W for

5 min.

A radiofrequency-powered atmospheric pressure plasma was used for

E. coli inactivation. In that study, an external gas flow (using a mixture of

Ar or He and O2) was applied through the electrode regions at rates of

5–20 L/min and 6–20 standard cubic centimeters per minute (sccm), respec-

tively. The reactor was powered by a 60-MHz RF power supply. The
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bacterial cells were exposed to the afterglow plume emitted from the

RF-powered hollow-slot electrode for predetermined times. Using the

60-MHz (power: 150 W) plasma generated with Ar gas at a flow rate of

20 L/min (O2 flow: 6 sccm), >5 log reduction was noted in <2 s (per unit

area) (Sharma et al., 2006).

A radiofrequency-powered (13.56 MHz) electrical discharge plasma

generated at atmospheric pressure was used for inactivation of E. coli cells

and B. subtilis spores. He with 0–2% O2 was used as the discharge gas. With

an input radiofrequency of 75 W and 1% O2 in the plasma, a 10-fold reduc-

tion in the viable count of the E. coli was observed in 7 s, and total inacti-

vation was achieved within 60 s. With 2% O2 in the plasma, the 10-fold

reduction time and treatment time for sterilization were 20 s and 120 s,

respectively. With an input radiofrequency of 75 W and 0.2% O2 in the

plasma, a 10-fold reduction in the viability of B. subtilis endospores was

achieved in 24 s, and sterilization was attained within 120 s. The sterilization

effect of the radiofrequency plasma was highest with 0.2% O2, correspond-

ing to the maximum occurrence of oxygen radicals in the plasma (Hong

et al., 2009).

An atmospheric pressure radiofrequency-driven plasma using Ar gas was

tested for the inactivation ofCampylobacter jejuni on agar surface and chicken

hams (Kim et al., 2013). In that study, on the agar surface,>7 log reduction

in the counts ofC. jejuniNCTC11168 was noted after the plasma treatment

for 88 s. However, C. jejuni ATCC49943 was reduced by 5 log reduction

only after a 2 min treatment. On the chicken breast ham (106 CFU/piece

inoculation level), the RF plasma-induced inactivation was much lower

for both strains compared to that on the agar plates; C. jejuni NCTC11168

was reduced by 3 log after a 6 min treatment and C. jejuni ATCC49943 was

reduced by 1.5 log after a 10 min treatment. The results of this study showed

that non-thermal RF plasma has potential for inactivating C. jejuni on food

samples.

A capacitively coupled RF (13.56 MHz) helium plasma was used for the

inactivation of L. monocytogenes inoculated onto aluminum foil, disposable

plastic tray, and paper cup. This atmospheric pressure plasma (APP) was gen-

erated at different input powers of 75, 100, 125, and 150 W and the plasma

exposure times were 30, 60, 90, and 120 s, respectively. With increasing

input power and exposure time of the APP, the bacterial reduction rate

increased in the aluminum foil, disposable plastic trays, and paper cups.

The D10 values for L. monocytogenes cells were 133, 111, 76.9, and 31.6 s
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in aluminum foil, 49.3, 47.7, 36.2, and 17.9 s in disposable plastic trays, and

526, 65.8, 51.8, and 41.7 s in paper cups at 75, 100, 125, and 150 W of input

power, respectively. In the disposable plastic trays, no viable cells were

detected after the APP treatment at 150 W for 90 and 120 s. However, in

the aluminum foil and paper cups, only three decimal reductions of viable

cells were achieved following the APP treatment at 150 W for 120 s. The

study concludes that the APP treatment has great potential for

L. monocytogenes inactivation on the surface of disposable food containers

(Yun et al., 2010).

In another study from the same research group, the application (exposure

times of 60, 90, and 120 s) of APP (powered by 13.56 MHz RF, the

power range between 75 and 150 W) has been shown to improve the micro-

biological safety of sliced cheese and ham (Song et al., 2009). These food

samples were inoculated with 3-strain cocktail of L. monocytogenes (ATCC

19114, 19115, and 19111). In sliced cheese, the viable counts of the

L. monocytogenes were decreased by 1.70, 2.78, and 5.82 log units after the

APP treatment at 75, 100, and 125 W for 120 s, respectively. Greater than

8 log reduction was achieved at 150 W in 120 s. In sliced ham, the cells were

inactivated in the range of 0.25–1.73 log CFU/g. In sliced cheese, D values

for L. monocytogenes cells at 75, 100, 125, and 150 W of APP treatments were

71.43, 62.50, 19.65, and 17.27 s, respectively; whereas in sliced ham, the

values were 476.19, 87.72, 70.92, and 63.69 s, respectively. After 1 week

of storage, irrespective of the plasma exposure time, no viable cells were

detected (at a detection limit of 101 CFU/g) in the sliced cheese exposed

to APP at 125 and 150 W. The obtained results show that the APP-induced

inactivation effects on L. monocytogenes are greatly dependent on the type

of food.

A similar APP (75, 100, and 125 W of input power, treatment times of

60 and 90 s) was also used for the inactivation of inoculated pathogens,

L. monocytogenes (KCTC 3596), E. coli (KCTC 1682), and S. typhimurium

(KCTC 1925), on bacon (Kim et al., 2011). The inoculated pathogens were

reduced by 1–2 log units following the plasma exposure (generated using He

gas). Microbial reduction of 2–3 log cycles was achieved following the

plasma treatment (produced using helium/oxygen gas mixture). The initial

counts (7–8 log CFU/g) of L. monocytogenes, E. coli, and S. typhimuriumwere

inactivated significantly to 5.79, 4.80, and 6.46 log CFU/g after the plasma

treatment at 125 W for 90 s. Two more studies on the potential of

RF-powered plasma for food safety applications are given in Table 11.1.



Table 11.1 Additional studies on the application of radio-frequency (RF) plasma for food decontamination

Type of plasma Study objective Methodology Results Reference

RF-driven

atmospheric

pressure

plasma-jet

To test the microbial

inactivation efficiency of

the plasma jet system under

semi-practical conditions

RF of 27.12 MHz and Ar

(99.999%) as process gas at a

flow rate of 20 L/min were

used.

RF power generator power

was set at 10, 20, 30, and

40 W. Samples were placed

in 1 cm distance to the

plasma-jet nozzle tip

On the plasma-treated leaf

(corn salad) surfaces, the

maximum temperatures

reached were 39 °C after

125 s, 44.4 °C after 70 s,

and 60.1 °C after 25 s at 10,

20, and 30 W, respectively.

Treatments at 20 W for

15 s successfully inactivated

inoculated E. coli (initial

count of 104 cfu/cm2) on

the leaves by 3.6 (�0.6)

log-cycles.

The results clearly highlight

that plasma-jet treatments

could be applied for

sanitation of fresh produce

at generator powers of

10 and 20 W for 5 and

1 min, respectively, at

maximum.

The chlorophyll

fluorescence image analysis

(CFIA) revealed that

treatment at 20 W for up to

1 min was the maximum

setting for quality retention

Baier et al. (2013)
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Nonthermal

low-

pressure

oxygen RF

plasma

To investigate the efficiency

of the plasma treatment on

sanitization of spinach,

lettuce, tomato and potato

surfaces from S. enterica

subsp. enterica serovar

Typhimurium str. LT2

(S. typhimurium LT2)

The system runs at an RF

frequency of 13.56 MHz

with a maximum power

output of 600 W. The

chamber is 15 cm in

interior diameter with

2.5 cm spacing between

electrodes

The time of exposure and

plasma power density were

two critical parameters

influencing the bactericidal

efficiency of the plasma

treatment.

An average of 3 log cycles

reduction of S. typhimurium

LT2 on spinach surface was

noted after the plasma

treatment for 600 s at a

power density of

0.34 W/cm3 (output

power of 150 W).

The bactericidal efficacy of

the plasma was found to be

1 order of magnitude better

than that of 3% H2O2

treatment for

S. typhimurium LT2 on

spinach surface.

The oxygen plasma

treatment (0.34 W/cm3)

only affects the wax cuticle

layer under conditions of

short- to intermediate-

exposure times. Upon

600 s plasma treatment at

0.34 W/cm3, no visible

damage was observed for all

produce surfaces

Zhang et al.

(2013)
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3.2 Inactivation mechanism of RF-powered plasmas
The mechanism of action of a plasma afterglow (RF powered at

13.56 MHz) in the inactivation of bacteria appears to affect both the cell

wall structure and nucleic acids (Sharma et al., 2005). In the inactivation

of E. coli cells by a RF-powered (60 MHz) atmospheric pressure plasma,

UV light and plasma radicals have been shown to play primary and second-

ary roles, respectively (Sharma et al., 2006). In addition, a synergistic effect

of these inactivating agents was shown. For the inactivation of E. coli cells

and B. subtilis endospore, oxygen radicals generated by a RF plasma (based

on He gas mixed with different concentrations of O2) have been shown to

be effective (Hong et al., 2009). Nitric oxide (NO) emission and various

reactive species produced (apart from UV radiation) by RF plasma (using

N2-O2 mixture) has been shown to contribute to enhanced lethal effect in

the inactivation of S. aureus (Sureshkumar et al., 2010). On the other hand,

pure N2-RF plasma generated UV radiation only.
4 Conclusions

Foodborne pathogenic bacteria and mycotoxigenic fungi can be effectively

inactivated by microwave plasmas generated at both low and atmospheric

pressures. In addition, the destruction of most heat-resistant spores could

be achieved under specific cold plasma processing conditions. Physicochem-

ical characteristics of food are not strongly adversely affected due to micro-

wave plasma treatment. Both microwave and radiofrequency plasma are

found effective for sterilization of food packaging materials. In addition,

low-pressure microwave plasma can be used for the deposition of barrier

coatings on packaging material. Different plasma reactive species, generated

by microwave as well as radiofrequency plasma, are involved in the mech-

anism of microbial inactivation and their interaction with biological systems

seems to be a complex mechanism to study.

Additional research efforts should focus on optimizing plasma treatment

conditions, which improve the process cost effectiveness. Furthermore,

designing of commercial plasma processing systems and pilot- and

industrial-scale studies are highly warranted. Moreover, systematic research

is needed to know about the suitability and effects of microwave and radio-

frequency plasma to various types of food.
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1 Microbiological risk from fresh produce in spaceflight

The spaceflight food system is pre-packaged and processed to meet NASA

microbiological requirements, which has provided a stable, adequate supply

of safe, high quality, and nutritious foods for all space missions to date. How-

ever, some nutrients and aspects of quality degrade to inadequate levels

within 1–3 years, far short of the 3–5 year room temperature storage time

that may be required for long duration missions, such as a Mars mission

(Catauro and Perchonok, 2012; Cooper et al., 2017). Fresh vegetables have

the potential to be grown on space vehicles to supplement the pre-packaged

system and enhance crew nutrition, dietary diversity, and food system

acceptability, but they may introduce a microbiological risk.

Plant growth equipment and seeds are disinfected to meet board

reviewed safety protocols prior to launch (Massa et al., 2017b), but space-

flight vehicles and equipment are not sterile. Plants currently grow within

the crews living environment, so microorganisms will also be introduced

to plants from the air or by crewmembers. Several recent studies indicate
333
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Table 12.1 Microbiological tolerance limits for spaceflight food products that are not
commercially sterile

Analyses Limits

Total Aerobic Plate Count 20,000 CFU/g for any single sample

10,000 CFU/g for any two samples

Enterobacteriaceae Count 100 CFU/g for any single sample

10 CFU/g for any two samples

Salmonella 0 CFU/g for any single sample

Yeast and Mold 1000 CFU/g for any single sample

100 CFU/g for any two samples

10 CFU/g Aspergillus flavus for any two samples

CFU/g ¼ colony forming unit per gram.
Sample size limits are based on five samples per lot.
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that fresh produce grown in flight may exceed current NASA microbiolog-

ical standards for space foods that are not processed to commercial sterility

(Table 12.1) (Hummerick et al., 2010; Massa et al., 2017a). The spaceflight

environment presents unique challenges for produce disinfection that must

be solved prior to the integration of plant food production as a standard part

of the food system. Any increase in the risk of foodborne illness on a space-

flight mission is not acceptable, as it would have greater impacts in space-

flight than on Earth due to limited medical capabilities and the challenges

of microgravity and resource limitations.
2 Challenges of produce disinfection in spaceflight

Microgravity and resource limitations introduce unique challenges to the

implementation of an adequate disinfection process for produce grown in

space. Water is recycled on the International Space Station, but the

capacity of the recycling system and total water for crew consumption

and hygiene is limited (Bagdigian et al., 2015). Any water wash system

would need to be enclosed, be water efficient, remove any excess wash water

from the produce, and be compatible with the water recycling system.

The ideal disinfection technology for use with fresh produce in microgravity

would be waterless, non-thermal, safe for crew members in an enclosed

microgravity environment, have minimal resource requirements and gener-

ate minimal waste.

Currently, PRO-SAN (Microcide, Inc., Sterling Heights, Michigan) is

used for the disinfection of the lettuce grown in the Veggie unit on the

International Space Station (ISS). PRO-SAN is a citric acid-based produce
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sanitizer, and all ingredients are generally recognized as safe (GRAS) for

human consumption. The PRO-SAN is integrated into single-use wipes

that can reduce aerobic microbial levels by three or more logs in preflight

ground testing of fresh lettuce (unpublished results). The overall reduction

has been shown to keep the microbial limits of the produce (leafy greens)

currently grown on ISS within the microbial limits defined by NASA for

foods that are not processed to commercial sterility (Table 12.1). However,

the wipes require regular launch mass and generate waste that will not be

acceptable as mission length and distance from Earth increase. Also, they

are not equally effective on produce with complex surface architecture, such

as radishes, that might be grown in future spaceflight missions. Alternative

technologies, such as cold plasma, may offer a disinfection solution. The

advantages and research gaps for this technology, in relation to spaceflight,

are discussed here.
3 Cold plasma as a potential disinfection technology
in spaceflight

The primary advantages of cold plasma in spaceflight are that it is a waterless

technology and it does not use a consumable when the plasma is created with

atmospheric or room air. Other features that may be associated with cold

plasma which introduce risk, are pressurized gasses, vacuum chambers, elec-

tromagnetic fields and the generation of free radicals or chemical compounds

(such as ozone) in the enclosed spaceflight environment (Bermúdez-Aguirre

et al., 2013; Niemira, 2012). Recently, NASA assessed two cold plasma

devices that can generate a saturated non-thermal plasma environment with

room air, one at atmospheric pressure (Orbital Technologies Corporation,

Madison, Wisconsin) (Remiker et al., 2016) and the other at low pressure,

0.1–1.0 mbar with a Pico Low Pressure Plasma System (Diener Electronic,

Ebhausen, Germany) (Hintze et al., 2017) (Fig. 12.1).

The atmospheric pressure system uses room air to create the saturated

plasma environment in an enclosed chamber, which may improve the pos-

sibility that the technology could safely transfer to spaceflight to disinfect

vegetables and possibly medical tools. Additionally, the chamber rotates,

which may increase the access of the plasma to all surfaces of the produce.

In microgravity rotation may not be necessary for adequate access, but it may

provide a better comparison during Earth-based evaluations. The low pres-

sure plasma system also uses air, but the air is currently fed from a compressed

gas cylinder set to about 0.3 bar. Once the vacuum chamber reaches the



(A) (B)
Fig. 12.1 (A) Atmospheric pressure plasma system (Orbital Technologies Corporation,
Madison, WI) and (B) low pressure plasma system (Diener Electronic, Ebhausen,
Germany).
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appropriate pressure, the plasma is initiated. Although the pressure is low,

the use of a compressed gas cylinder introduces a potential safety concern

for spaceflight that would require additional safety review.

Cherry tomatoes and lettuce, which are both scheduled for growth in the

Veggie chamber currently on the ISS, as well as radishes and dwarf bell pep-

pers were evaluated for compatibility with both the atmospheric pressure

system (unpublished results) and the low pressure system (Hintze et al.,

2017). Two issues were identified during preliminary assessments that would

need to be resolved before further evaluation or spaceflight potential could

be established.

First, the cold plasma devices evaluated did not reduce microbial levels

effectively. The mechanical action of the rotating chamber was determined

to be responsible for part of the minor microbial reduction that was achieved

in the atmospheric pressure system due to physical contact removal (unpub-

lished results). In the low pressure system, microbial levels of challenge

organisms were reduced to a much greater level on metal surfaces than

on produce for reasons that remain unknown. Greater than 5 log-reduction

of Bacillus pumilus spores was achieved in 10 min of plasma exposure when

the challenge organism was placed on flat aluminum panels (Hintze et al.,

2017). The same level of reduction was achieved when spores were placed

on the inside of a Potable Water Dispenser (PWD) needle (1 mm inner

diameter) that is used on the International Space Station (ISS), but this took

60 min of plasma exposure (unpublished results). The texture of the metal

surface is not likely to be the reason for the difference, as similar reduction of



Control           Treated 15 min 

Control     Treated 5 min 

(A)

(B)
Fig. 12.2 Appearance of (A) Red Lettuce and (B) Red Robin tomatoes before and after
atmospheric cold plasma treatment. Lettuce leaves darkened and wilted and tomatoes
became bruised and split. (Tomato photo credited to Daniela Bermudez-Aguirre.)
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B. pumilus was achieved on threaded rods, which have a texture suited for

spore buildup, after 30 min of plasma exposure.

Second, there was a notable reduction in quality of cold plasma treated

produce. Lettuce leaves notably darkened and wilted (Fig. 12.2A) and

tomato samples became bruised and split (Fig. 12.2B). There was also an

unappealing change in aroma of some lettuce and tomato samples during

cold plasma treatment (unpublished results). The reduction in quality was

more apparent with ripe produce. Changes in aroma were previously noted

with this atmospheric pressure system (Remiker et al., 2016). Several pre-

vious studies have also indicated that cold plasma may cause color quality

decrements in multiple types of produce, and some have reported nutritional

degradation (Baier et al., 2015; Grzegorzewski et al., 2011; Misra et al.,

2014). Although the highly reactive free radicals generated by the cold

plasma chamber are required to inactivate microorganisms, the oxidizing

effects may have unacceptable consequences in both nutritional and sensory

attributes. Additionally, the vacuum of the low pressure system caused



(A) (B) (C)

Fig. 12.3 Treatment in the low pressure chamber resulted in evaporative cooling and
freezing of the tomato tissue. (A) Tomatoes prior to treatment, (B) tomatoes during
treatment, (C) frozen tomato after treatment.
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evaporative cooling and freezing of produce tissue in some cases (Hintze

et al., 2017). This was dependent on the type of produce, and the effects

were worse if the produce had any type of damage to the skin (Fig. 12.3).

Earth-based technologies may be transferred to market if they are accept-

able to even a small percentage of the population, but this is not the case in

spaceflight because the majority or entirety of the crew are subjected to all

hardware and processes. Food acceptability is particularly important in

spaceflight, where food is one of few familiar comforts and variety and

choice are limited. Crew in spaceflight would personally be harvesting

and processing the samples and would notice any quality or aroma changes.

The potential for quality reductions to be unacceptable to any portion of the

crew reduces the potential of cold plasma to transfer successfully into space-

flight for use with fresh produce. Although quality changes were not noted

with radishes, limited resources in spaceflight necessitate that a technology

be universal.

The cold plasma systems also introduce several environmental concerns,

especially when considering the closed environment of a spaceflight vehicle.

The atmospheric pressure system generated ozone that was released to the

environment, and which would require improved ozone remediation for

spaceflight. Without a fume hood, ozone was detected 2 ft away from the

equipment at a concentration between 0.2 and 0.4 ppm when operated

in a recirculation mode and between 0.8 and 1.5 ppmwhen in vented mode

(Remiker et al., 2016). Ozone was not detected during operation of the low
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pressure system, but is likely formed at low levels. Since this system operates

at less than 0.1% of atmospheric pressure, there is considerably less oxygen

that could be converted to ozone so the amount of ozone produced should

be reduced by a factor similar to the reduction in operating pressure. Noise

generation is another potential environmental concern. Although the

plasma systems are not particularly loud, they will contribute to the decibel

levels on space vehicles and the overall noise level is a concern. Finally,

plasma systems use electric fields, usually radiofrequency or microwave,

to generate the plasma. The generation of electromagnetic interference that

might affect other ISS systems must be considered when designing a system.
4 Future for cold plasma in spaceflight?

Further experiments with any cold plasma device would require analysis of

the nutritional content, toxicology, and quality (color, texture, aroma) of the

produce in addition to the microbiological inactivation. Any disinfection

technology considered for flight must demonstrate equal or improved dis-

infection capability to the currently used PRO-SANmethodology andmeet

the spaceflight resource and NASA board reviewed safety protocols. The

current technology may have greater compatibility with metal surface dis-

infection, and this is an area that should be investigated further.
Disclaimer

The information presented by the authors of this chapter does not necessarily reflect the views

of the US Government, the National Aeronautics and Space Administration, or Chemical

and Biological Sciences Labs.
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1 Introduction

Cold plasma is an emerging food processing technology based on the san-

itizing power of energetic, partially ionized gases (Niemira, 2012; Pankaj

et al., 2018). In recent years, research into cold plasma has expanded rapidly,

with increasing attention from industry, academia and government research

laboratories around the world ( Joshi et al., 2018; Sarangapani et al., 2018).

The attractions of cold plasma are manifold: it holds the promise of a water-

less, nonthermal, broadly effective, chemical-free sanitizing process flexible

enough to be applied to a wide array of commodities under widely varying

conditions. Cold plasma needs only minimal inputs (typically only air and

electricity) and leaves only minimal residues. Cold plasma technologies exist

at a fascinating nexus of overlapping disciplines (Sarangapani et al., 2018). At

present, food scientists are working in collaboration with electrical engineers

and plasma physicists to design, build, and adapt high-voltage electrical dis-

charges, microwave resonance cavities, and other conventional plasma tech-

nologies that can produce, control, and apply the cold plasmas required for

food processing applications (Hori and Niemira, 2017; Misra et al., 2018).

There are dozens, if not hundreds of ways to combine various power
341
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supplies, electrode configurations, plasma control systems, gas flow patterns,

and materials handling systems to make cold plasma. Additionally, there are

hundreds, if not thousands of potential combinations of pathogens, com-

modities, conditions, and performance targets where those cold plasmas

could be deployed. These include applications for using cold plasma for

eliminating contamination in circumstances that were difficult to address

with conventional antimicrobial treatments, such as biofilm-associated path-

ogens (Niemira et al., 2014, 2018).

The open and flexible complexity of cold plasma is a boon to researchers

evaluating cold plasma discharges as an antimicrobial intervention

(Niemira, 2012; Misra et al., 2018). With so many paths to pursue, so many

factors to combine and optimize, there is a rapidly-expanding body of work

that can address the questions of efficacy and efficiency, with each lab break-

ing new ground (Sarangapani et al., 2018). However, this complexity and

flexibility poses a challenge from the standpoint of regulatory approval. As

the field of cold plasma technology matures and the prospect for commer-

cialization grows, it’s important to recognize that cold plasma is as subject

to conventional “technology readiness” growth phases as any other novel

process.

As with other food processing technologies that can improve food safety

and quality, the first years of research are focused on asking what comes

down to straightforward questions related to proofs of concept, “Does cold

plasma work? And if so, under what conditions?” Detailed answers to

those questions are laid out in other chapters in this book. The present state

of cold plasma technology is that potential end-users are now asking the next

key technology transfer questions: “Will cold plasma work on MY

product?Will it have any negative impacts?”Beyond those are the fun-

damental questions that are at the threshold of commercialization, the ques-

tions that must necessarily precede the actions of even the most enthusiastic

early adopters: “How much does cold plasma cost to use?” and “Is

cold plasma legal to use?”

The question of economics and return on investment (ROI) for cold

plasma technology is beyond the scope of this chapter. Indeed, the present

early state of development of cold plasma as a food processing technology is

such that it is unlikely any definitive answer could reliably be given. Even

narrowly applied systems and cost-engineering models would have to be

based on extrapolated assumptions of probable equipment cost and reliabil-

ity, commodity throughput rates, quantified positives obtained and quanti-

fied negatives avoided, process efficacy, ROI, etc. Such extrapolations will
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grow more reliable in the years to come, as the body of knowledge expands

and the technology matures.

The other fundamental question (“Is cold plasma legal to use?”) is the

subject of this chapter. The short answer (in the United States, as of this writ-

ing) is “Not yet.” (Yan, 2018). The long answer is addressed below.
2 Regulations of food technology

Food processing technologies are regulated to ensure consistency and reli-

ability, protecting the rights of consumers (Gardner, n.d.). Food regulations

also protect producers by ensuring that claims regarding the use of any par-

ticular processing technology are subject to an overarching enforcement and

compliance framework that is applied equally to all players in the industry.

Regulations possessing the requirements that a process, ingredient, or addi-

tive actually accomplishes the stated goal help to avoid the proliferation of

false or misleading claims. This level playing field ultimately benefits pro-

ducers and protects consumers.

The process by which a technology is approved for use on foods begins

with a problem to be solved, a desire to apply the technology to solve that

problem, and a request (or petition) to a regulatory body to allow such use.

High pressure processing, irradiation, pulsed electric fields, and ultraviolet

light are only a few of the many food processing technologies which have

gone through the regulatory approval process. In the United States, regula-

tory bodies such as the US Food and Drug Administration (FDA), the Food

Safety Inspection Service (FSIS), the Animal Plant Health Inspection Service

(APHIS), as well as state and local regulators, oversee the enforcement

of existing regulations related to foods, food processing technologies, and

agricultural commodities. In any given year, these agencies also consider

petitions to allow for new processing technologies, and expanded uses

of previously approved technologies (APHIS, 2018; FDA, 2011; FSIS,

2018). Within these agencies, specific offices will be responsible for review-

ing petitions that fall under their specific authority.

In the case of cold plasma, the technology is new and there is much that is

not yet known about the specific physical and chemical processes that under-

lie the antimicrobial modes of action. Generally speaking, the primary mode

of action will be of greatest concern for how cold plasma is regarded from a

regulatory approval standpoint. Since cold plasma can lead to the generation

of ultraviolet light (Niemira, 2012; Sarangapani et al., 2018), the regulations

that govern the use of radiation-based processes may be used as a primary
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approval framework. These rules, embodied under the Code of Federal

Regulations, 21 CFR 179.39, “Ultraviolet radiation for the processing

and treatment of food” (CFR, 2018), are fairly specific, as are all entries

in the CFR. They delineate the type of sources, the nature of the UV pro-

duced, and the uses to which it is put. Because cold plasma is not quite like

ionizing radiation, radio frequency, pulsed light, or other types of radiation-

based food processes listed in 21 CFR 179, new regulations governing its use

would need to be drafted. In the European Union, certain plasma-based

medical devices have already received regulatory clearance. For cold plasma

as a food processing technology, the “Novel Foods Regulation” (EU, 1997)

is intended to govern foods and food ingredients not sold before 1997. As a

new food processing technology, evaluation of cold plasma may fall under

this regulatory framework.

Research into cold plasma’s inactivation of treated microorganisms sug-

gest that vacuum-based cold plasma systemsmay have UV as a primary mode

of action, while atmospheric pressure-based systems rely instead on oxygen

singlets and other chemical species (Niemira, 2012; Sarangapani et al., 2018).

Cold plasma systems that are intended to be used with foods are likely to rely

on the latter types of technologies, given the commercial requirements for

food handling. That being the case, the contribution of UV to antimicrobial

efficacy may be of less concern than chemical reaction contributions. In this

interpretation, cold plasma could be best regulated as a food additive or

ingredient (FDA, 2018). Therefore, the FDA’s Office of Food Additive

Safety may be the regulatory office which will primarily be responsible

for receiving and reviewing petitions for cold plasma as a food processing

technology, or this responsibility may be collaborative or shared as an

inter-office or inter-agency action. Petitions will be reviewed based on

key criteria, many of which will be consistent with those used to review

petitions of other processes (FDA, 2011).
3 Factors that drive petition for regulatory approval

Under normal circumstances, the approval of a new food processing tech-

nology is driven by a petitioner—an organization or consortium which is

requesting to be allowed to use the technology for a stated purpose, on a

stated commodity, under defined conditions. Internationally, each govern-

ing regulatory body has a specific process for this request to be made, and

generalizations have only limited validity. Specific governing laws, termi-

nology, how long the process might take, the evidence required, the nature
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of the review process, opportunity for public comment, review, and/or

rebuttal of claims, rights of appeal for decisions for or against, and other fac-

tors will vary from region to region. However, there are commonalities to

the ways in which regulatory agencies will assess a petition.

A clear definition of the problem to be addressed will be a prerequisite in

regulatory petitions related to the use of cold plasma. This could encompass a

statement of how existing technologies are unable to meet the needs of the

petitioner or are unable to achieve accepted benchmarks and standards of

performance with respect to food quality, safety, shelf-life, nutritional value,

or other metrics. Such statements will require evidential support, as will all

claims and statements made in the petition. To respond to these existing

shortcomings, the technology for which approval is sought (e.g., cold

plasma) will similarly be described in sufficient detail such that the regulatory

agency will have a clear understanding of why the petitioner wants to use it.

Advantages to be gained, limitations to be overcome, food processing per-

formance metrics to be achieved, etc., must all be supported with scientif-

ically valid data (Niemira et al., 2018; Pankaj et al., 2018; Sarangapani

et al., 2018).

Note that the extent to which the petitioner’s business plan can success-

fully implement the desired use of the new technology is not of primary

concern for the regulatory agency. There are many examples of food pro-

cessing technologies which have successfully been approved for use, but

which have found only limited commercial application. The cost and/or

profitability of the technology, the level of consumer acceptance, and other

market factors are not centrally germane to issues of regulatory approval.

Regulations exist to ensure certainty and standards of use, in order to facil-

itate informed decision-making on the part of suppliers, processers, retailers,

and consumers.
4 Key factors in regulatory review

While any regulatory review action will take a unique course, and the pro-

cess will vary based on governing laws in different regions, there are key fac-

tors which must be addressed in the petition. First, the petitioner must

demonstrate efficacy, i.e., the technology does what the petitioner is claim-

ing it will do. The data submitted in support of claims must, of course, match

the claims being made. Various distinct applications of cold plasma have

been identified, such as eliminating biofilms on food contact surfaces

(Niemira et al., 2014, 2018; Joshi et al., 2018), reducing pathogens onmixed
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salads (Min et al., 2017; Hertrich et al., 2017), and eliminating mycotoxins

on nuts and grains (Misra et al., 2018). A petition would need to provide

relevant supporting scientific data, typically a combination of collected sci-

entific literature and data generated by the petitioner. The nature and extent

of the supporting data provided must match the scope of the claims being

made, and the use permissions sought.

In response to a petition, regulatory agencies conduct their own litera-

ture reviews, to ensure that a full and complete picture of the science is used

for decision-making. It is not unusual for the regulator to review the sub-

mission, then ask for additional supporting data, or for a response to litera-

ture which is inconsistent with the claims made in the petition. This may

require the petitioner to conduct additional studies to obtain the needed

data, consult with outside subject matter experts, and/or conduct wider,

additional literature searches.

The petitioner must also typically provide data to demonstrate that the

technology being submitted for approval will consistently achieved the

desired performance metrics within a commercial processing setting. Data

in the scientific literature is often obtained based on limited, benchtop-scale

trials: with small sample sizes, limited time runs, etc. From a regulator’s per-

spective, it is critical to show that the performance of the food processing

technology will produce the claimed/desired effect at any time the system

is being used. In essence, the system must remain within specified perfor-

mance bands after the thousandth or ten-thousandth food item is treated,

and after ten, one hundred, or one thousand hours of operation. Viewed

in another way, the regulatory agency will typically require clear informa-

tion as to how a system’s performance is monitored, so as to accurately deter-

mine when and under what conditions the system is performing in a way

inconsistent with specified performance band, i.e., out of spec. In some

cases, this may mean additional technology development for process mon-

itoring and process controls. Record-keeping will be an essential part of this

monitoring.

In addition to other requirements which may be specific to individual

regulatory bodies, a universal requirement is that the petitioner provide data

to demonstrate that the process does not expose the consumer to new haz-

ards, either chemical, physical, toxicological, etc. A process which kills Sal-

monella but which also generates some dangerous chemical by-product or

leaves a toxic residue would not be a viable candidate for approval, nomatter

how effective an antimicrobial it may be. The exact nature of the supporting

data required to demonstrate this safe usage will vary for each circumstance.
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For example, de novo chemical residues from cold plasma are expected to be

minor to non-existent (Niemira, 2012; Misra et al., 2018; Sarangapani et al.,

2018). However, there is the possibility that interactions of cold plasma with

plastic containers may induce repolymerization. This has not been observed

on a gross physical level (Min et al., 2016, 2017, 2018; Hertrich et al., 2017),

but the possibility exists that short-chain oligomers may transfer from cold

plasma-treated plastics onto food surfaces. This type of food contact transfer

is one type of chemical hazard regulated by the FDA, and which is compa-

rably regulated internationally (FDA, 2014).
5 Conclusions

Cold plasma research has expanded markedly in recent years (Niemira,

2012; Pankaj et al., 2018; Sarangapani et al., 2018). A growing mass of sci-

entific literature already supports cold plasma as a flexible, effective antimi-

crobial technology. As of this writing, there are significant efforts being

made to scale up the various cold plasma technologies from lab scale to pilot

scale to commercial scale (Heraldkeeper, 2018). From another perspective,

existing commercial-scale plasma devices used in other industries—textiles,

materials fabrication, electronics, etc.—are being adapted for use with foods

and food contact surfaces. As part of that effort, entities worldwide are

actively investigating the paths to regulatory approval (EU, 1997; FDA,

2014). Partnerships among industry, academia, and government are already

in place to research this flexible constellation of technologies, and to define

an optimized approach for petition to regulatory bodies internationally.

A first-case submission will no doubt be filed in the coming years, establish-

ing a regulatory framework for the use of cold plasma as a fully commercial-

ized food processing technology.
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