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ABSTRACT

Bacterial resistance to antibiotics continues to be a significant concern globally. In the search

for more effective antibacterial treatments, low temperature plasmas (LTPs) have arisen as an

attractive alternative to traditional therapies. LTPs generate a cocktail of reactive nitrogen and

oxygen species (RNOS), ultraviolet (UV) photons, electrons and electromagnetic fields. They

therefore offer the potential to facilitate the localised delivery of bactericidal agents without

contact to the treatment site. However, whether the distribution of RNOS in the gas phase, the

presence of organic matter during treatment and the heterogeneity of bacterial populations affect

the treatment outcome was unknown.

Single-cell analysis was undertaken throughout to investigate the heterogeneous response of the

model system Salmonella enterica to treatment with atmospheric-pressure plasma jets. In

conjunction with the electrical, optical, and chemical studies, this enabled key mechanisms that

drive plasma-bacteria interactions to be explored. My research has demonstrated three main

points: (a) The level of DNA damage induced in single cells is determined by the spatial

distribution of RNOS in the plasma effluent. This was found to be a characteristic of LTPs

generated in open air. (b) The contribution of UV radiation solely to bacterial elimination and

induction of DNA damage is minimal. Therefore, the bactericidal action of LTPs can be

ascribed to the RNOS generated in the plasma, although the role of charged species and electric

fields cannot be ruled out. (c) Preferential redox reactions between plasma-generated RNOS and

external biomolecules in the environment decrease the efficacy of the treatment.

This study evidences the importance of the aforementioned conditions for the development of

successful antimicrobial plasma therapies. It highlights the usefulness of single cell analysis to

assess heterogeneous responses in a bacterial population in response to LTPs treatments. These

results were made possible only due to interdisciplinary quantitative approaches used in this

project.
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1 INTRODUCTION

1.1 MOTIVATION OF THE PROJECT

Bacterial resistance to antibiotics continues to be a significant concern globally as it can result

in increased costs for the healthcare system and loss of human life (1). This is not a new

problem, since the appearance of drug-resistant strains started in hospitals around 1930s (2). In

the late 1950s, the appearance of multi-drug resistant Salmonella spp., Escherichia coli and

Shigella spp. was first reported (3). Nowadays, the number of drug-resistant pathogens has

increased, partially due to the administration of incomplete treatments or exposure to sub-lethal

doses of the drug (2) and this poses a threat to public health. The pipeline for antibiotic

development faces a challenging scenario due to the large amount of time, effort, scientific

research, and expense required to generate new compounds.

Patients in health-care facilities are at special risk of infections. Burns, open sores and

especially surgical wounds are amongst of the most frequently affected sites in health-care

facilities and is one of the most common infections acquired in nosocomial settings. These are

related to significantly high levels of morbidity and they can progress to systemic infections that

lead to death (4). For example, pathogens such as Pseudomonas aeruginosa, Staphylococcus

aureus and beta-haemolytic streptococci that colonize acute and chronic wounds, surgical site

wounds and burns (5) are known to develop resistance to antibiotic treatments (6-8). The

development of antibiotic resistance in clinically important bacteria complicate the elimination

of infections and compromise the healing process (9, 10). The development of alternative or

complementary therapies that can effectively eliminate pathogens from skin infections,

especially pathogens resistant to single or multiple drugs, that are safe and do not generate

resistance to treatment is paramount. New treatments, such as low temperature plasma therapies

that can effectively address the polymicrobial nature of wound infections and that do not rely on

a single mechanism of action, are especially needed.

The motivation for this project is to contribute towards the development of new topical

antibacterial treatments that can be translated to the patients’ bedside. With this purpose, this

project aims to investigate a new topical antimicrobial therapy based on the use of low

temperature plasmas (LTPs) to treat bacterial infections. LTPs are a multitarget therapy that

have proved to be effective against microorganisms in vitro and in vivo (11-15). LTPs could be

an effective way to eliminate pathogens from chronic wounds, surgical site infections and burns

where conventional antibiotic therapies have failed. Short exposures to this multitarget therapy

has also been suggested to be safe for humans, as the exposure to low concentration of reactive

nitrogen and oxygen species have stimulating effects in eukaryotic cells (increase of

proliferation and migration, promotion of DNA repair) and the UV radiation emitted by plasma

does not have major negative effects (16). However, a deeper understanding of the factors that
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contribute to or interfere with the efficacy of the treatment is fundamental. This study is an

effort to provide insight in this direction.

1.2 STATE OF THE ART - BIOMEDICAL OPTIONS TO
TREAT INFECTED WOUNDS

The failure of antibiotics to control wound infections have motivated the interest of the

scientific community towards the development of alternative therapies that do not rely on a

single mechanism of action. Common bactericidal procedures used to sterilize surfaces such as

wet and dry heat, irradiation, UV light, pulsed electric fields, high hydrostatic pressures and

ultrasound are effective on inert materials, but are not suitable for patient treatment (17). Novel

topical therapies to eliminate pathogens on infected wounds have emerged due to the many

advantages they have over systemic antibiotic treatments, especially systemic adverse effects.

Topical treatments provide increased target site concentration and allow the use of antimicrobial

agents not available for systemic therapy, such as dressings supplemented with silver ions and

alginates, vacuum dressings and low temperature plasmas.

The treatments currently available to treat wound infections can be classified into two

categories: antibiotics and antiseptics.

1.2.1 Antibiotics

Antibiotics can be described as chemicals compounds that can be produced naturally (by

microorganisms for example, e.g. penicillin) or synthetically that can inhibit the proliferation or

eliminate microorganisms. Antibiotics have an effect on specific cell targets with a narrow

spectrum of activity (18). These compounds are relatively nontoxic, but due to bacterial

resistance, they are more prone to losing their effectiveness (10). These include sulfonamides,

penicillins, tetracyclines, polymixin, neomycin and chloramphenicol; each of them with specific

action over Gram-positive or Gram-negative bacteria. However, bacteria that develop resistance

to one or multiple drugs can cause prolonged infections, expensive health care costs, and

increase the risk of death, posing a significant threat to public health. New antibiotics are

needed to treat skin infections, considering the increasing number of methicillin-resistant S.

aureus (MRSA) infections in wounds (19).

1.2.2 Antiseptics

These are compounds with antibacterial action that can be applied to intact skin or open wounds

to inhibit or kill microorganisms. In contrast to antibiotics that act on specific cell targets, these

compounds have multiple targets and are effective against a broad range of microorganisms

(10), which makes more difficult the development of resistance to treatment. The mechanisms

of antibacterial action of antiseptics used on infected wounds are multiple and include DNA

intercalation and induction of DNA breaks, inhibition of DNA synthesis, cross-linking of

macromolecules, damage to membrane-bound enzymes, among others (20).
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Hydrogen peroxide (H2O2): This is a colourless liquid widely used for disinfection that is

effective against bacteria (vegetative and spores), yeasts and viruses (20). The bactericidal

activity of H2O2 is mediated by the induction of oxidative damage in target cells. This effect is

via direct interaction with sulfhydryl groups in proteins, but mostly via indirect generation of

highly reactive hydroxyl free radicals (OH) which attack biomolecules such as lipids in the cell

membrane, proteins, and nucleic acids (21). It has been described that Gram-positive bacteria

are more sensitive to H2O2 than Gram-negative bacteria (10), but tolerance to the treatment can

be developed when pathogens are exposed to sub-lethal concentrations of H2O2 (22).

Chlorhexidine: Due to its broad-spectrum efficacy and low irritation, it is one of the most

widely used compounds for the manufacture of antiseptic products (20). Chlorhexidine affects

directly the membrane potential of microorganisms and at high concentrations, it induces the

coagulation of intracellular biomolecules (23). The activity of chlorhexidine can be affected by

the presence of biomolecules and depends on the pH (24). Although chlorhexidine is widely

used and it is an effective antiseptic, it has been suggested that it could select for multi-drug

resistant Gram-negative strains and generate hypersensitivity (25).

Iodophors: This term refers to preparations that contain iodine with broad spectrum of activity

and no known bacterial resistance. Molecular I2 can freely cross the cell membrane and inhibit

cellular respiration, destabilizes cell membranes, inhibits protein synthesis and denatures

nucleic acids (26). Although very effective, iodine compounds can be toxic if significantly

absorbed and cause pain. The less irritating compound povidone iodine is usually preferred, but

it is less effective than iodine (10).

Silver compounds: Low concentrations of ionic silver (Ag+) are effective against a broad range

of pathogens and cause low toxicity to human cells (27). The bactericidal mechanism of action

of silver ions is primarily through the attack to molecules at the cell membrane, collapse of the

proton motive force and inhibition of enzymes of the respiratory chain (28). One common

product used to support wound healing and bacterial elimination is the use of wound dressings

that contain silver. However, the antibacterial action of silver may vary according to the

availability of its ionic form and its activity can be affected by the presence of complex

biomolecules in the wound site (29). In addition, plasmid-encoded bacterial resistance to silver

compounds have been reported (30).

In addition to these antiseptics, new antibacterial agents are constantly developed with the aim

of replacing and/or supplementing conventional antibacterial treatments. Some of these new

treatments are described below:

Antimicrobial peptides: This therapy takes advantage of the antimicrobial function of naturally

occurring peptides that participate in the innate immune response of animals such as Xenopus
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laevis (31) and antimicrobial peptides found in the saliva of primates and humans, among others

(32). These peptides can be synthesized in the laboratory and have proved to possess potent

antimicrobial activity against a broad range of parasites, bacteria, fungi and some viruses (33).

Antimicrobial peptides target mainly the cell membrane, but also can inhibit cell wall, nucleic

acids and protein synthesis, which in combination lead to cell death (34). Because the cell

membrane has been named as the main target, researchers have suggested that development of

resistance is unlikely since it would require a complete redesign of the cell membrane, which is

a ‘costly’ solution for microbial species (31). However, surface remodelling in response to

antimicrobial peptides has been observed, in addition to the expression of proteolytic enzymes

to degrade these peptides (34). In the same way as with antibiotics, pathogens can exhibit

constitutive and inducible resistance to peptides (35). Therefore the mechanisms responsible of

antimicrobial peptide action and development of resistance have yet to be fully understood.

Super-oxidized water: It is obtained by applying an electric current on salty water that result in

a solution with high oxidation-reduction potential. It is effective against a wide range of

microorganisms due to the presence of hypochlorous acid, hypochlorite ions, and dissolved

oxygen, ozone and superoxide radicals. Thus, its activity is mediated by the induction of

oxidative stress in cells (36). It has been widely used as a disinfectant in recent years, and it has

been suggested to be more effective than other treatments such as povidone iodine (37).

The treatments described above have many advantages but also some limitations. The

development of hypersensitivity to the treatment, the toxicity of the compounds or the selection

for antibiotic-resistant bacteria have motivated the search for novel therapies. In the search for

more effective antibacterial treatments, low temperature plasmas (LTPs) have risen as an

attractive alternative or complementary antimicrobial therapy due to their ability to kill

pathogens via induction of oxidative damage (11, 38-42). The benefits of this technology in

biomedicine are multiple, as plasma treatments can be used to deliver topically a rich cocktail of

reactive oxygen and nitrogen species, UV photons and electromagnetic fields to treat pathogens

from distance (16), damage multiple bacterial targets at the same time (43, 44) and be safe for

the treatment of patients (40, 45). This is an advantage over ointments, wound dressings and

chemical compounds which direct contact with the wound can interfere with the healing

process.

1.3 INTRODUCTION TO PLASMAS

Irving Langmuir was the first to introduce the term plasma in 1928 to describe a highly

interacting ionized gas carrying multiple components that would resemble blood plasma

carrying white and red blood cells (46). Plasma is the fourth state of matter and it can be

generated by coupling sufficient quantities of energy to a gas to induce ionization (47). During



19

ionization, the atoms or molecules lose one or several electrons, resulting in the generation of a

mixture of neutral, excited and charged species that exhibit collective behaviour (11). Neutral

species and ions are commonly referred as “heavy” species and electron and photons as “light”

due to discrepancies in their mass (the mass of ions and neutrals is higher than the mass of

electrons) (48).

Plasma constitutes more than 99 % of the visible universe, i.e., stars, nebulae, and interstellar

space (49). Natural terrestrial plasmas also exist, e.g. the aurora borealis. Man-made plasmas

can be generated in the laboratory and in industry. Their applications include the manufacture of

printed circuit boards, mobile phones, plasma displays, protective coatings for aircraft, ozone

generation, medical cauterization, bacterial elimination and wound treatments (50). The specific

application of LTPs in bacterial elimination is discussed below more in depth.

Natural and man-made plasmas are generated under a wide range of conditions, including low,

atmospheric and high pressures, electron temperatures ranging from 102 to 108 K and electron

densities ranging from 103 to 1033 electrons/m3, respectively (50). In plasmas the temperature is

determined by the energies of the heavy particles in the plasma and their degrees of freedom

(translational, rotational, vibrational and the ones related to electronic excitation) (50). Plasmas

can be broadly classified into categories and these are known as thermal and non-thermal

plasmas.

Thermal plasmas: In these plasmas, the ionization and chemical processes are determined by

the temperature. Thermal plasmas are characterized by being in equilibrium, as the plasma state

approaches local thermodynamic equilibrium. This is the case of solar plasma in nature and

man-made plasma torches that are used to cut steel, with temperatures above 1500 °C (50).

Non-thermal or low temperature plasmas (LTPs): Commonly referred to as “low-temperature”

or “cold” plasmas, LTPs are systems where the electrons and ions are not in thermodynamic

equilibrium. The high temperature of the electrons determines the ionization and chemical

processes, but the low temperature of heavy particles determine the macroscopic temperature of

plasma (50). LTPs can be generated with the application of an electrical discharge to a gas at

sub-atmospheric, atmospheric and elevated pressures and also occur in nature, e.g. aurora

borealis. Man-made plasmas developed with applications in biomedicine are particularly

important. This is the case of atmospheric pressure plasma jets to eliminate pathogens and

promote wound healing and coagulation. These plasmas operate at temperatures above 25 °C,

but below the tissue thermal damage threshold (43 °C) (11).

1.4 LOW TEMPERATURE PLASMAS FOR BIOMEDICAL
APPLICATIONS

The interaction of plasma-generated metastable species, ions and electrons with molecules of

oxygen and nitrogen present in the surroundings, leads to the formation of reactive nitrogen and
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oxygen species (RNOS), charged particles (ions and electrons), electromagnetic fields and UV

photons (51-53). The preferred gases to generate LTPs are noble gases such as argon and

helium since they generate stable glow-like discharges with low gas temperatures (54).

LTP sources generate a variety of reactive species. These can be divided into reactive oxygen

species (ROS) such as ozone (O3), superoxide (O2
–), singlet delta oxygen (O2(a

1Δg)) and 

atomic oxygen (O) and reactive nitrogen species (RNS) such as atomic nitrogen (N),

peroxynitrite (ONOO–) and nitric oxide (NO). In addition, electronically and vibrationally

excited oxygen and nitrogen are generated. The presence of increasing humidity in the

environment contributes to the formation of species such as H2O
+, OH– anion, OH radical and

H2O2 (55). The generation of radicals is further enhanced by the addition of molecular gases

such as O2 and N2 to the gas admixture (56, 57). In addition, LTPs generate UV photons that

could contribute to the elimination of pathogens. There exists a discrepancy in the literature

concerning the role that UV photons play in plasma-induced bactericidal activity (58). The use

of distinct plasma sources, each of which generates a different cocktail of RNOS, by different

research laboratories as described in the following section contributes to this uncertainty.

1.4.1 Corona discharge

Corona discharges are usually generated on sharp electrodes with imposed high voltage. The

plasma is generated between the powered electrode and the anode, formed by living tissue or

biological sample (59). The active region in corona discharges is restricted to the region close to

the point electrode and is restricted to distance of millimetres. An example is the hairline plasma

that produced nanosecond-short current pulses (Figure 1.1a) that can access narrow cavities

such as tooth root canal, suggesting a possible application in dentistry (60). ‘Hybrid’ plasmas

are a modification of this type of source where a ground mesh electrode is introduced through

which the current passes, providing a current-free plasma for medical applications (61).

1.4.2 Microwave discharges

Microwave discharges are generated by the application of frequencies in the GHz range. These

plasmas produce a high concentration of reactive species, have a low breakdown voltage and

long electrode lifetime (62-64). One example is the coaxial transmission line resonator (Figure

1.1b) which has the advantages of low power requirements, low-temperature operation, and

operation at atmospheric pressure (65). Another example is the MicroPlaSter beta (Adtec

Plasma Technology Co. Ltd., London, United Kingdom), one of the few LTP sources currently

certified for medical use (66).

1.4.3 Gliding arc

Gliding arc discharges present characteristics of non-thermal plasmas such as relatively low

neutral-gas temperatures and high electric fields, but also possess characteristics of thermal

plasmas such as high electron density, current and power (67). The discharge typically occurs
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Figure 1.1. Schematics of low-temperature plasma sources used on biomedical research.

(a) Hairline plasma corona discharge. (b) Microwave discharge coaxial transmission line

resonator. (c) Gliding arc discharge. (d) Dielectric barrier discharge (DBD) plasma

arrangement. (e) DBD plasma jet with double electrode configuration.
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between two diverging electrodes and is transported by flowing gas outside the diverging area

(Figure 1.1c).

1.4.4 Dielectric barrier discharge (DBD)

DBDs have been used for decades to generate ozone on a large scale and now they find

application in biomedicine. In DBDs, a dielectric material (glass, quartz or plastic) is fitted

between the powered and grounded electrodes where the discharge takes place. The dielectric

material prevents the formation of arcs, which could damage the sensitive samples that are

exposed to treatment (Figure 1.1d). The electrical breakdown occurring at atmospheric pressure

is composed of independent current filaments. The charge accumulates on the dielectric material

and helps to sustain the generation of plasma at lower voltages (68). One example is the

floating-electrode DBD (FE-DBD) plasma source. Here, the second ungrounded electrode is the

biological sample and remains at a floating potential (13). In the PlasmaDerm (Cinogy,

Duderstadt, Germany) used for microbial elimination and inducement of wound healing, the

human body or sample serves as the second electrode. Different versions of the PlasmaDerm

currently exist and it is of particular importance since it has gone through the first clinical trial

to prove safety and efficacy on the elimination of pathogens from chronic venous leg ulcers

(15).

1.4.5 Plasma jet

This configuration is characterized by the generation of plasma around the powered electrode in

a glass or quartz tube that is transported outside the device in propagating ionization waves and

forms a stream of active particles discharging as a small jet (Figure 1.1e). The plasma can be

developed using any type of plasma described above, i.e. DBD, corona, gliding arc or

microwave discharge. The plasma generated in jet configuration away from the biological target

presents a plasma plume that can extend up to centimetres away from the ignition point. This

characteristic of plasma jets allows the topical treatment of specific targets from distance and is

an advantage over the conventional plasma sources, where plasma is confined between

electrodes (55). Plasma jets such as the plasma pen, plasma torch, the plasma needle and others

have been developed and tested against clinically relevant pathogens and purified biomolecules

(69-72). One of these plasma sources is the Kinpen (Neoplas GmbH, Greifswald, Germany),

which is a small-sized hand piece unit being currently tested to treat wounds, root canal

infections and cancer cells (16, 73).

1.5 RNOS IN PLASMA

That main mechanism of action of LTP treatments is the induction of oxidative damage to

bacterial cells. RNOS are known to have antibacterial properties as they can damage the

structure of proteins, lipids and nucleic acids of microorganisms (74) and have even been
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implicated in the mechanisms of cell death of specific antibiotics (75). Some of the various

reactive nitrogen and oxygen species generated in the plasma are described below.

1.5.1 Hydrogen peroxide (H2O2)

This molecule is soluble in water and can freely diffuse within and between bacterial cells. In

addition, H2O2 can use aquaporins to cross the cell membrane (76). H2O2 is considered a poorly

reactive species as it is a weak oxidizing or reducing agent. However, H2O2 can directly

inactivate enzymes via oxidation of –SH groups (74). H2O2 that crosses the cell membrane can

go through chemical reactions with iron (e.g. iron bound to DNA) and possibly copper ions to

generate more damaging species such as OH via Fenton reaction:

H2O2 + Fe2+ → OH− + FeO2+ + H+ → Fe3+ + OH− + OH

In addition, H2O2 can indirectly contribute to the oxidation of lipids, proteins and DNA by

generating secondary radicals (77).

1.5.2 Hydroxyl radical (OH)

It is by definition the most biologically active free radical. OH radical is a highly reactive and

short-lived molecule (78). It can react with virtually any biomolecule present at close proximity.

OH radicals can be formed in the Haber-Weiss reaction when H2O2 and iron ions are present

(74). The reaction starts with ferric ion being reduced into ferrous ion:

Fe3+ + O2
– → Fe2+ + O2

This reaction is followed by the Fenton reaction described in Section 1.5.1. OH radical

accounts for most or all of the damage induced in DNA of H2O2-treated cells (21). The presence

of metal ions on the DNA double strand, specifically iron, favours the site-specific OH radical

generation, leading to DNA damage that OH scavengers find it difficult to protect against. In

this case, OH directly adds to double bonds in the DNA molecule and abstracts an hydrogen

molecule from the methyl group of thymidine and from 2’-deoxyribose (79).

1.5.3 Superoxide (O2–)

This species does not react with most biological molecules in aqueous solution and is less

reactive than OH. However, O2
– reacts quickly with other radicals such as NO and iron-

sulphur clusters in proteins (74). Thus, it can be said that NO scavenges O2
–, but at the same

time gives origin to a more toxic radical, peroxinitrite (ONOO–). Because it is a charged

molecule, it cannot freely cross the cell membrane, but it can be transported into the

intracellular compartment by anion exchange proteins present in some cells (21). In liquid

solutions under physiological conditions, O2
– is dismutated to form H2O2 and molecular oxygen

and this reaction is favoured at acidic pH (74):

HO2 + O2
– + H+ → H2O2 + O2
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The formation of H2O2 by O2
– can contribute to the formation of OH via Fenton reaction.

Thus, most of the damage induced in cells by O2
– is mediated by the formation of secondary

reactive species.

1.5.4 Singlet delta oxygen (O2(a1Δg)) 

Singlet delta oxygen interacts with biomolecules by transferring its excitation energy to them

and/or reacting chemically with them (21). In liquid solutions, the excitation energy of O2(a
1Δg) 

can be transferred to the solvent and its lifetime is affected by the solvent used. O2(a
1Δg) can 

react with compounds containing C=C bonds and also interact directly with DNA, methionine,

cysteine, histidine, tryptophan, azide ion, cholesterol, β-carotene and ascorbate, among others 

(80). In reaction with molecules containing two conjugated double-bonds separated by a single

bond, O2(a
1Δg) can form endoperoxides. These endoperoxides can generate various products of 

oxidation, including 8-hydroxydeoxyguanosine, a marker of DNA damage (81). O2(a
1Δg) is 

inefficient at producing strand breakage and attacks only guanine, the base in DNA that is the

most sensitive to oxidative damage (82). During lipid peroxidation, peroxyl radicals (RO2) can

form O2(a
1Δg), contributing to the induction of oxidative damage inside the cells (21). 

1.5.5 Ozone (O3)

O3 is a powerful oxidizing agent that adds directly across double bonds in unsaturated aromatic

and aliphatic compounds (i.e. O3 combines with aliphatic compounds) to generate ozonides,

which can be further decomposed to cytotoxic aldehydes (83). O3 oxidizes proteins attacking –

SH groups, tyrosine, tryptophan, histidine and methionine residues, among others and also

reacts with polysaccharides (84). In addition, O3 can fragment DNA and oxidize nucleotide

bases (especially G and T) both directly and via the formation of OH radical in aqueous

solutions. The reaction of O3 with proteins in the respiratory chain, cysteine and methionine can

lead to the formation of O2(a
1Δg) and in reaction with lipids, O3 generates H2O2 (83).

1.5.6 Nitric oxide (NO)

NO reacts with molecular oxygen to form NO2, a far more reactive radical in gas and in

solution (21). NO can cross the cell membrane and diffuse between and within cells. NO binds

to transition metal ions and it is highly reactive with other radicals, but its reaction with most

biomolecules is slow. NO quickly reacts with peroxyl radicals, and therefore it is said that NO

can inhibit lipid peroxidation (85). In addition, NO can bind to Fe+2 to decrease its reactivity

with H2O2 to make OH via Fenton reaction. NO can also lead to the formation of nitrites,

known to inhibit bacterial growth (86). Thus, NO acts as an effective scavenger of OH, peroxyl

radicals and O2
–, as mentioned above, and its damaging effects in biomolecules are related to

the formation of additional reactive species.

1.6 BIOLOGICAL TARGETS OF LTP
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Bacteria that originate from the environment, normal skin microflora and endogenous sources

(e.g. gastrointestinal and oropharyngeal mucosae) (5) can cause infections in disrupted tissue,

e.g. wounds, since the wound provides ideal growth conditions for microbial colonization and

proliferation with a warm, moist, and nutrient-rich environment (87). Wound infections are

polymicrobial and involve both aerobic and anaerobic microorganisms (88). Pathogens such as

P. aeruginosa, S. aureus and beta-haemolytic streptococci are some of the most frequent

pathogens found in wounds (89) and development of antibiotic resistance constitutes a major

problem in the treatment of acute and chronic wounds (5). In this context, different LTP sources

have been demonstrated to effectively eliminate a broad range of microorganisms including

antibiotic-resistant pathogens, fungi, Gram-positive and Gram-negative bacteria, and viruses

(90). In vitro experiments have demonstrated the efficacy of different plasma sources against

thin film, planktonic and biofilms forms of P. aeruginosa (91), S. aureus (14) and E. coli (71). It

has even been suggested that the application of LTPs could restore antibiotic sensitivity in

MRSA (92). In addition, direct application of plasma to chronic wounds has been demonstrated

to contribute to the elimination of polymicrobial infections in human patients (93). However,

the composition of RNOS in the plasma depends on the type of plasma source used and this has

a direct effect on the bactericidal properties of the plasma.

1.6.1 Cell membrane

Because plasma delivers a complex mix of RNOS to the bacterial cell, the cell membrane is the

first barrier encountered that is exposed to oxidative damage. The first reports on the application

of LTPs for the elimination vegetative bacteria and bacterial spores described morphological

changes in plasma-treated cells due to a process referred as ‘etching’, which is caused by the

interaction of RNOS with molecules in the cell membrane (94). Morphological changes in

plasma-treated bacteria such as E. coli, Bacillus subtilis and Streptococcus mutans have been

reported using scanning electron microscopy (95-97), fluorescence microscopy (14) and

transmission electron microscopy (98). In addition, it has been demonstrated that the electric

field created by some LTP sources can induce electroporation in eukaryotic and bacterial cells

which increases the permeability of the cell membrane and could improve the pass of plasma-

generated RNOS to the intracellular compartment (99, 100). The permeabilization of the cell

membrane also cause loss of intracellular content, as demonstrated by the identification of

proteins and nucleic acids leaked into the extracellular environment from plasma-treated

MRSA, Candida albicans and P. aeruginosa (14).

1.6.2 Lipids

These molecules are major targets during oxidative stress and are the main constituents of the

cell membrane. Polyunsaturated fatty acids present in membranes are attacked directly by

charged reactive species and this initiates lipid peroxidation. The oxidation of lipids in the cell

membrane reduces its fluidity, disrupts the proteins embedded in the cell membrane and
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therefore affects its structure (21). Although bacterial cell membranes have only

monounsaturated fatty acids (101), these molecules can also oxidize upon exposure to free

radicals. This process has been reported in membrane-rich fractions of E. coli and living E. coli

bacteria exposed to plasma in liquid suspensions by measuring the amount of malondialdehyde,

a product of lipid peroxidation formed upon exposure to LTPs (13, 71).

1.6.3 Proteins

RNOS can affect structure and activity of proteins, specifically by targeting disulphide bonds

and metalloproteins (74). At the molecular level, Takai et al. have demonstrated that a low-

frequency plasma jet induced oxidative damage in purified amino acids, preferentially in

sulphur-containing and aromatic amino acids (102). This damage is translated into oxidation of

proteins that contain such amino acids, in addition to destruction of the tertiary structure of

proteins that determines the catalytic sites of enzymes, e.g. abolishment of the enzymatic

activity of purified enzymes such as lysozyme (103) and lactate dehydrogenase (44). The

reduction of the enzymatic activity in vivo was also described for intracellular glyceraldehyde 3-

phosphate dehydrogenase of E. coli exposed to a radio-frequency-driven microscale

atmospheric-pressure plasma jet (104).

1.6.4 DNA

The oxidative damage induced in the DNA is one of the major causes of cell death and

induction of mutations (105). Lesions in the DNA can be caused by single- or double-strand

DNA breaks or oxidation of nucleotide bases, which leads to the formation of mutagenic sites

(105). Such damage to the DNA accumulates during exposure of bacterial cells to H2O2, O2
–,

and O3 formed in the extracellular environment and intracellular compartment as consequence

of oxidative damage. For example, OH radicals formed as a consequence of the interaction of

H2O2 with iron via Fenton reaction in the intracellular compartment (and specifically in reaction

with DNA-bound iron) is one of the main free radicals responsible of oxidative damage to the

DNA (77). LTPs have proved to induce single- and double-strand DNA breaks on isolated DNA

using techniques such as gel electrophoresis (44, 51), polymerase chain reaction (71) and

RAMAN spectroscopy (104). In live organisms, the presence of oxidized nucleotides in bacteria

exposed to an FE-DBD plasma has been also reported using ELISA to detect 8-

hydroxydeoxyguanosine, a common and stable product of oxidative DNA damage (13).

1.6.5 Gene expression

Studies on E. coli exposed to LTP treatment have shown a differential gene expression in

bacterial cells immediately after plasma treatment. In these studies, the authors have

demonstrated that genes related to the response to oxidative stress and DNA repair processes

were up-regulated, whereas those genes related to motility, energy generation, house-keeping

and metabolism and virulence were down-regulated (106, 107). These studies support the



27

participation of plasma-generated RNOS in bacterial elimination and highlight the importance

of repair mechanisms in bacterial cells to survive to oxidative damage induced by LTP

treatments.

1.7 FACTORS THAT AFFECT THE EFFICACY OF LTP

One of the advantages of LTPs is the possibility of modulating several physical parameters to

develop specific treatments (Figure 1.2). These are universal factors that affect the efficacy of

plasma sources for any given application. Discrete modifications of these parameters have a

significant impact on the outcome of LTP treatments. For example, the addition of oxygen to

the gas admixture used to generate plasma and increasing treatment times can boost the

elimination of bacteria in solid and liquid environments (13, 108, 109). Other factors such as the

distance between the regions around the powered electrode where the plasma is generated and

the sample (110) and the voltage used to ignite the plasma (108) can be modulated to improve

the treatment outcome. In general, variations in the physical parameters used to produce the

plasma impact on the chemical composition of plasma, i.e. concentration of RNOS, ions,

electrons and UV photons, targeting different cellular components as described above and

therefore will directly impact on the mechanisms of action used to kill pathogens. A careful

modulation of these parameters is required to ensure the reproducibility of the results, stability

of the signal and robustness of the treatment.

In addition, significant differences in the composition of the plasma generated due to the

configuration of the plasma sources used should be noted. For example, whereas a DBD plasma

jet delivers a rich cocktail of charged and neutral species that is carried outside the device and is

transported by the gas (51, 52), a radio-frequency capacitively-coupled plasma provides a

charge-free discharge composed of mostly neutral species (111-113).

The biological characteristics of the target sample are also important and can determine the

modification of the external parameters required to generate a plasma treatment that is

successful against the target cells. In this sense, the differences in cell structure (presence of

outer and inner cell membranes in Gram-negative but only inner cell membrane in Gram-

positive bacteria), biological state (vegetative or spores) and response to oxidative stress of each

species exposed to plasma will determine their resistance or sensitivity to the treatment. For

example, it has been suggested that the differences in the structure of the cell membranes make

Gram-positive bacteria more tolerant to plasma treatments than Gram-negative bacteria (12).

Also, it has been reported that vegetative S. aureus are more susceptible to plasma treatment

than endospores of B. subtilis when exposed to plasma under the same conditions (114). Besides

these factors, the concentration of the bacterial population to be treated can determine the

treatment outcome, as an increase in the bacterial load exposed to plasma has been related to a

decrease in the efficacy of the treatment (115).
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Figure 1.2. Parameters that affect the efficacy of antibacterial plasma treatments.
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Another factor to consider is the vehicle in which the sample is exposed to LTP treatments. The

composition and chemistry of plasmas in the gas phase varies inevitably when in contact with

liquids. This interaction gives origin to a new set of RNOS in the plasma-treated liquid. In this

context, the nature and concentration of RNOS delivered to target cells exposed to plasma in

solid or liquid environments is different and therefore contribute to the variation in the response

of microorganisms to LTP treatments. Taking advantage of the formation of long-lived reactive

species in plasma-treated liquids, plasma-activated water has been suggested to have

antibacterial properties (116, 117) and plasma-activated medium is being studied on its

properties to kill cancer cells and cell lines in vitro (118-120).

1.8 LIMITATIONS OF CURRENT APPROACHES

The understanding of how the complex composition of the plasma operates on the biological

sample and which are the main biomolecules that should be targeted to induce cell death is

pivotal. Oxidative damage in microorganisms such as bacteria has been extensively studied in

the past, and the interaction of RNOS and target molecules and their effects in bacteria are well-

characterized (80). In contrast, due to the complex chemical composition of low temperature

plasmas, the bacterial responses to LTP treatments are not well understood.

The current approaches used to assess the effect of LTP sources on bacterial cells have

limitations in their ability to explain the biological effect that underpin bacterial elimination.

Reports in the literature are based on the study of the effect of plasma at the population level

and does not reflect the oxidative damage induced in individual cells (13, 71, 91). In addition,

the use of purified DNA and proteins are not representative of the effect induced in living

bacterial cells and results cannot be extrapolated to the effect on molecular targets contained in

living cells (44, 102, 121), limiting the understanding on how LTP treatments affect biological

systems. Furthermore, it is unknown how the spatial distribution of RNOS in the plasma

effluent affects the bactericidal action of LTPs, as the multiple RNOS present in the plasma

have different reaction rates with biomolecules. This can determine the pathways used to induce

cell death. It has been demonstrated that RNOS in the plasma effluent varies as it diffuses from

the main plasma bulk (112, 122), demonstrating that RNOS are not restricted to the visible

region of the jet (91). Therefore, it could be expected that such spatial distribution will have an

effect on the mechanisms used by the plasma to eliminate bacteria. Finally, there is a lack of

information about the interaction of plasma-generated RNOS with external organic molecules in

the surroundings of the target cells, even when it is known that these molecules can undergo

redox reactions (21).

The existing knowledge on antibacterial LTP treatments contribute only partially to the

elucidation of antimicrobial mechanisms of plasmas. The factors mentioned above are

particularly important considering the possible applications of plasma treatments on wounds
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and surgical site infections, where the complex environment of the infected wound with organic

debris and multiple cell types spatially distributed could affect the treatment outcome. In

addition, these factors are also relevant in the context of LTP treatments of fresh produce and

decontamination of surfaces in health care settings (90). The exposure of bacteria to sub-lethal

doses of RNOS could promote the adaptation of microorganisms to the oxidative stress induced

by plasma or mutations that could favour the resistance to treatment, an unwanted side effect

that should be carefully considered in the development of any antibacterial treatment.

The first clinical trials of LTP treatments in human patients have been carried out, as a variety

of studies have demonstrated that LTP sources can kill bacteria in vitro and in animal models

(12, 14, 71, 91), they do not damage human skin biopsies (123) and promote wound healing

(124). These studies aim to assess the efficacy, safety and applicability of the treatments in

humans with infected chronic ulcers using the MicroPlaster (93) and the PlasmaDerm (15). This

is a great advance for the field of plasma medicine for decontamination of skin wounds, as the

interaction of the chemically rich plasma with bacterial targets have been shown to induce

multiple effects in vitro that involve the alteration of cell structure, gene expression and

metabolic pathways. However, there are multiple factors that could affect the interactions of

RNOS with bacterial cells in vivo that may determine the treatment outcome, e.g. presence of

polymicrobial communities in infected wounds, complex environmental conditions in the

wound bed and heterogeneity in the response of microorganisms to oxidative stress. To

contribute to the understanding of the mechanisms leading to bacterial cell death in bacterial

populations in complex environments and to be able to predict the treatment outcome, it is

essential to assess the interaction between plasma-generated RNOS and target/non-target cells

in such complex environments. The success of plasma treatments will depend on the ability to

design plasma treatments that are chemically effective against bacteria, that can be safely

applied to patients and that can be tuned to eliminate multiple pathogens.

1.9 MODEL OF INFECTION FOR LTP RESEARCH

1.9.1 Salmonella Typhimurium

Salmonella enterica (S. enterica) is a Gram-negative flagellated rod-shaped facultative

intracellular bacteria that is a major cause of foodborne illness around the world, infecting more

than 1.3 billion people every year (125). There are 6 subspecies identified that are further

subdivided into serovars (126). The distinction between serovars is based on their flagellar,

carbohydrate and lipopolysaccharide structures. These pathogens are typically related to enteric

diseases and can cause enteric or typhoid fever (caused by serovars Typhi, Paratyphi and

Sendai), bacteraemia (caused by serovars Choleraesuis and Dublin, among others), enterocolitis

(caused by most Salmonella serovars) and chronic asymptomatic carriage (125).
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Salmonella enterica serovar Typhimurium infects both humans and animals via ingestion of

contaminated food or water. Salmonella is a ubiquitous bacteria that can multiply and survive in

a variety of environments outside and inside the host. It includes temperatures ranging from 5 to

47 °C, pH from 4 to 9 and environments with low or high amount of water (127). When it

reaches the intestinal epithelium, it starts a gastrointestinal disease that in some cases can lead to

the infection of phagocytic cells. To survive inside the mononuclear phagocytes, it has evolved

numerous defense mechanisms to overcome the oxidative stress induced by the host cell (128).

The activated phagocyte produces the first response against the intracellular Salmonella by

generating O2
– that is released in the Salmonella-containing vacuole. Here, O2

– is dismutated

to H2O2 and subsequently converted to the highly reactive OH radical. H2O2 can be

enzymatically converted to hypochlorous acid in the phagocyte. Because of its neutral nature,

H2O2 diffuses rapidly across the bacterial cell membrane, where in reaction with iron or copper

ions generates OH radical via Fenton reaction. In response to this, Salmonella has developed an

increased resistance to H2O2 mediated by the induction of eleven genes in response to

peroxides, in contrast to eight found in E. coli (80). In addition, S. Typhimurium has two genes

for the periplasmic superoxide dismutase Cu,ZnSOD instead of only one found in E. coli, which

contributes to their survival (129). The second response is mediated by the generation of nitric

oxide that inhibits important enzymes that participate in central metabolic pathways (130). NO

can either spontaneously or by enzyme-catalysed reactions be converted to a more reactive

nitrogen species, including peroxynitrite (ONOO–). ONOO– can undergo conversion to nitrogen

dioxide (NO2) and OH, that can affect Salmonella targets (130). In response, Salmonella

possess direct and indirect mechanisms to antagonize ONOO–. For example, the periplasmic

superoxide dismutase indirectly prevents the formation of ONOO– as it consumes the O2
–

precursor (131), whereas the peroxiredoxin-alkyl hydroperoxide reductase can directly

transform ONOO– to the less toxic NO2
–, providing protection against reactive nitrogen

intermediates (132). Although ROS and RNS can induce oxidative damage in S. Typhimurium,

the existence of redundant pathways orchestrated by the OxyR and SoxRS systems that control

the expression of these genes contribute to the survival of S. Typhimurium under

disadvantageous conditions (78).

Although S. Typhimurium is not related to the pathology of infected wounds, Salmonella

display abundant mechanisms of defense to scavenge and remove reactive species and quickly

promote the repair of biomolecules damaged during oxidative stress (130). For this reason, S.

Typhimurium was chosen as a model system for this study as it could provide information on

the efficacy of LTP treatments against naturally resistant pathogens, contributing to the current

knowledge on LTP treatments on Salmonella (58, 133-135). Even more, the results obtained in

this body of work could be valuable not only for the biomedical field, but also for the food

safety field, as Salmonella is one of the main causes of food poisoning. In addition, considering

the ability of Salmonella to infect phagocytic cells, this model could be used in the future to
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explore the possible applications of LTP treatments to eliminate intracellular infections in vitro.

This could serve as a proof-of-principle study that could be translated to other intracellular

pathogens responsible of skin wound lesions such as Leishmania parasites for which current

treatments are toxic and not effective (136).

1.10 OBJECTIVE

Low temperature plasmas are a promising alternative multitarget antibacterial therapy to

eliminate pathogens from wounds, surfaces and liquids. The objective of this thesis is to

elucidate the factors that interfere with or contribute to the efficacy of LTP treatments, with

special focus on the role of the spatial distribution of RNOS in the plasma jet, the effect of

external biomolecules present during treatment and the variability in the response to plasma at

the single cell level.

1.11 HYPOTHESES

Based on what is known about the effect of plasma on biological samples, three hypotheses

were proposed:

(a) The response of a bacterial population exposed to LTP treatment is not homogeneous

and therefore different levels of damage are expected in plasma-treated bacterial cells at

the single cell level

(b) The spatial distribution of reactive species in the plasma effluent of any given plasma

jet have a direct effect on the level of damage inflicted in the biomolecules of bacterial

cells and therefore determine the mechanisms of action that lead to bacterial elimination

(c) The presence of external biomolecules present during the exposure of bacteria to

plasma treatment, such as proteins, lipids and carbohydrates in wound exudate or

culture media, decreases the efficacy of the bactericidal LTP treatment, as they compete

with bacterial cells for the reaction with RNOS

1.12 AIM

This piece of work aims to test these hypotheses combining physical, biological and chemical

approaches to determine the role of these factors on the efficacy of antibacterial plasma

treatments on the bacterial model Salmonella enterica serovar Typhimurium. For this purpose,

an in-house built atmospheric-pressure dielectric barrier discharge plasma jet (that delivers

charged and neutral species) was used as the main plasma source of study and a radio-frequency

capacitively-coupled plasma jet (that delivers mostly neutral species only) was used to confirm

the role of the aforementioned factors on bacterial elimination.
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2 MATERIALS AND METHODS

2.1 ABSTRACT

The experimental methods, equipment, reagents and materials used throughout the project are

introduced. Assays for culturing bacteria and assessing bacterial inactivation along with

protocols for measuring the chemistry in the gas phase and in plasma-treated liquids are

described. General methods used in multiple chapters of this project are described here, while

the specific optimization of the parameters of the atmospheric-pressure dielectric barrier

discharge (AP-DBD) plasma jet for bacterial elimination is described in Chapter 3.

2.2 CHEMICALS AND SOLUTIONS

LB-Lennox Broth (Fisher BioReagents) containing 10 g tryptone, 5 g NaCl and 5 g yeast extract

per litre was prepared for liquid culture of bacteria. LB solid medium contained the same

components as liquid LB plus 15 g/L of agar.

Minimal medium (M9) was prepared with 11.3 g M9 minimal salts (Sigma) and supplemented

with 0.6 µg Fe citrate, 0.1 mM CaCl2, 0.1 mM MgSO4, 0.001 % (w/v) vitamin B1 and 0.2 %

(w/v) glucose per litre. M9 solid medium contained the same components as liquid M9 plus 15

g/L of agar.

Helium (He; >99.996 % purity) and oxygen (O2; 99.6 % purity) were obtained from BOC.

2.3 BACTERIAL STRAIN AND GROWTH CONDITIONS

Salmonella enterica subspecies enterica serovar Typhimurium ST4/74 (Wellcome Trust Sanger

Institute, UK) was grown aerobically overnight at 37°C in LB or M9 minimal medium. Forty

microliters of the overnight LB culture or 100 µL of M9 culture were transferred to 2 mL of the

corresponding fresh medium and incubated for 3 – 3.5 hours which will correspond to late

logarithmic to early stationary phase based on doubling times under these conditions.

2.4 ZONE OF INHIBITION TEST

To test the bactericidal effect of plasma in bacteria on semisolid surfaces, S. Typhimurium

ST4/74 in LB or M9, late logarithmic phase cultures were diluted in the corresponding culture

media to obtain an optical density at 600 nm (OD600) of 0.02 (approximately 1.6x107 CFU/mL).

A hundred microlitres was spread on LB or M9 agar plates prior to or post plasma treatment.

After treatment, plates were incubated for 24 h (LB plates) or 48 h (M9 plates) at 37 °C. The

area of the zone of inhibition was measured considering the shape of the zone of inhibition as an

ellipse (measurement of the semi-major and semi-minor axes to calculate the area). Images of

each plate were acquired. Experiments were done in duplicates or triplicates. Plasma was

generated as described for each experiment.
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2.5 BACTERIAL VIABILITY AFTER PLASMA
TREATMENT OF BACTERIAL SUSPENSIONS

2.5.1 Experimental conditions

Two hundred microliters of late logarithmic phase culture of S. Typhimurium in LB culture

medium were washed with 3 mL of the corresponding liquid: filtered distilled H2O (0.22 µm

pore size), PBS, DMEM, DMEM + 10 % (v/v) FCS, LB, or 0.85 % (w/v) NaCl sterile for 3

minutes at 1057 x g, room temperature (defined as a temperature in the range of 21 – 24 °C for

this study). The pellet was resuspended in the corresponding liquid to obtain an OD600 = 0.02

(approximately 1.6 x 107 CFU/mL). In all cases, samples were kept on ice prior to plasma

experiments. For plasma treatments, 500 µL of each bacterial suspension were placed in 24-well

plate well and sealing films were used to protect untreated wells from plasma (SealPlate, Excel

Scientific).

Plasma was generated with the AP-DBD plasma jet at 12 kV (peak-to-peak), 30 kHz, 2 standard

litres per minute (slm) He + 0.5 vol % O2. Ambient humidity was 21 %. The distances between

the nozzle and the sample was 30 mm. Samples were treated for 90 seconds.

2.5.2 Reduction of colony forming units

This method was used to determine the reduction of colony forming units (CFU) after plasma

treatment of S. Typhimurium suspensions in liquids containing nutrients, salts and vitamins.

After plasma treatment, a set of serial dilutions was made by mixing 50 µL of the sample with

450 µL of the same liquid used to prepare the corresponding bacterial suspension (H2O, PBS,

DMEM, DMEM + 10 % (v/v) foetal calf serum (FCS) or LB) to generate 1:10 to 1:106

dilutions. A 100 µL of each dilution were spread with glass beads on LB plates and incubated

overnight at 37 °C. Bacterial colonies were counted in plates with up to 300 CFU/plate and the

CFU/mL was calculated using the following formula:

CFU (number of colonies) x (dilution factor)

mL Volume plated (mL)


Experiments were done in triplicates (three aliquots of the each bacterial suspension exposed to

plasma), with two biological replicates (2 independent bacterial colonies).

2.5.3 Live/Dead Bacterial Viability Assay by flow cytometry

The Live/Dead BacLight Bacterial Viability Assay (Molecular Probes) was used to distinguish

between live and membrane-damaged S. Typhimurium after plasma treatment.

Briefly, 500 µL of each bacterial suspension of S. Typhimurium prepared as described in

Section 2.5.1 was placed in 24-well plate well and sealing films were used to protect untreated

wells from plasma (SealPlate, Excel Scientific). After treatment, the remaining volume was

transferred to 1.5 mL microcentrifuge tubes and centrifuged at 9,000 x g for 2 minutes. Samples
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were washed with 1 mL 0.85 % (w/v) NaCl and centrifuged again at 9,000 x g for 2 minutes.

Samples were resuspended in 1 mL 0.85 % (w/v) NaCl and stained with 5 µM SYTO9 and 2.25

µM PI. Samples incubated for 15 minutes at room temperature protected from light and were

acquired using the Beckman Coulter CyAn ADP flow cytometer with FITC filter (excitation at

488 nm, emission at 530/40 nm) and PE-Texas Red (excitation at 488 nm, emission at 613/20

nm). At least 10,000 events per sample were acquired. S. Typhimurium was heat-inactivated for

15 minutes at 100 °C and used as negative control (high damage to cell membrane). Samples

were analysed using the Summit version 4.3 software (Beckman Coulter).

2.6 DNA DAMAGE DIFFUSION ASSAY (DDD ASSAY)

A method previously reported for the study of DNA fragmentation in bacteria and yeast (137)

was adapted for this study. The modified DDD Assay allows the application of plasma

treatment to bacterial samples in a liquid-free environment. An algorithm implemented in

Wolfram Mathematica 10.0 1.0 (Wolfram Research Inc.) complements this method for the

quantification of the radius of diffusion of DNA originated from single cells.

Late logarithmic phase cultures in LB culture medium (100 µL) were washed with 3 mL PBS

for 3 minutes at 1057 x g, room temperature. The pellet was resuspended in 2 mL PBS to obtain

an OD600 = 0.07 (approximately 2.3 x 107 CFU/mL).

2.6.1 Glass slides cleaning

Prior to use, glass slides were washed with a solution of 15 % (w/v) potassium hydroxide

(KOH) in ethanol to remove traces of dirt and grease. Slides were immersed in the 15 % (w/v)

KOH in ethanol solution for 5 minutes and were rinsed 3 times in filtered distilled water (0.22

µm pore size), 5 minutes each. Slides were rinsed with ethanol and dried in a 60°C oven for 1

hour. Clean slides were stored in a slide box with silica gel until use.

2.6.2 Preparation of agarose-coated slides (ACS)

Clean microscope slides were individually immersed in 35 mL 1 % (w/v) agarose solution

(Melford) in a 50 mL plastic conical tube to cover up to 80 % of the surface of the slide. Excess

of agarose from the back of the slide was removed with a tissue. Slides were allowed to air dry

at room temperature for 1 hour before storage in a dry box until use up to 1 month after

preparation.

2.6.3 Transfer of bacterial sample to ACS

S. Typhimurium prepared as described in Section 2.6 and spread with glass beads on LB or M9

agar plates, according to the culture conditions of the sample to be tested. A rectangular section

of agar of approximately 60 mm x 25 mm was cut with a scalpel and was placed over the ACS.

The agar slab was removed and slides were ready for plasma treatment.
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2.6.4 DDD Assay

A diagram of the protocol is depicted in Figure 2.1. Bacterial samples were transferred to ACS

and treated with the plasma jet. Slides were covered with 60 µL of 0.65 % (w/v) low-melting-

point (LMP) agarose (Product No. A9414, Sigma) equilibrated at 37 °C, and covered with 24

mm x 50 mm coverslips. Slides were allowed to solidify at 4 °C for 10 minutes. Coverslips

were gently removed and slides were incubated at 37 °C for 5 minutes in lysing solution (2 %

(w/v) SDS, 0.05 M EDTA, 0.1 M dithiothreitol, pH 11.5). Slides were maintained in horizontal

position at all times to avoid DNA stretching. Slides were rinsed with filtered distilled water

(0.22 µm pore size) for 3 minutes and dehydrated with ice-cold ethanol at 70 %, 90 % and 100

% (v/v), 3 minutes each. Slides were dried for 4 minutes in a 800 W microwave to promote the

attachment of DNA to the slide and incubated in the dark at 80 °C overnight. Bacterial DNA

was stained with SYBR Gold (Molecular Probes, Invitrogen) at 1:400 in 1x TBE Buffer (0.09

M Tris-borate, 0.002 M EDTA, pH 7.5) for 5 minutes. Slides were rinsed, mounted in 1x TBE

buffer and analysed with an inverted fluorescence microscope (Zeiss) with a 488 nm filter.

Images were collected with a high resolution monochromatic camera (AxioCam HRm, Zeiss),

using the Axiovision Release 4.8.1 software. Images were collected below the saturation level,

as the presence of saturated pixels would invalidate the analysis. Images of single bacteria were

collected from 4 areas in the slide: a) treatment site (defined as the place in the sample towards

which the visible fraction of the plasma jet is directed to, d=0 cm in Figure 2.2a) and at b) 1

cm, c) 2 cm and d) 3 cm from it. In bacteria without DNA damage, the genomic DNA depleted

of proteins is formed by a core and a peripheral halo formed by chromatin in form of DNA

loops. Cells with DNA damage present DNA fragments dispersed around the core (Figure

2.2b). Cells without DNA damage present an intact genomic DNA (Figure 2.2b,c). The level of

DNA fragmentation was quantified by calculating the radius of the halo formed by DNA

fragments around the core using the following algorithm implemented in Mathematica (version

8.0.1.0, Wolfram) by Dr. Roddy Vann. The mean pixel brightness B as a function of the radius r

from the centre of the halo can be modelled by the following expression:

0

0

exp
r

B B
r


  

     
  

Where B0 denotes a brightness scale; µ denotes the background noise (normalised to B0); r0

denotes the halo size (or, strictly speaking, the halo intensity decay scale length). This technique

allows an objective analysis of the images, as it subtracts the background noise and is

independent of the absolute level of illumination.

A positive control of DNA damage was prepared by treating samples with recombinant DNase I

(NEB). Samples in agarose-coated slides were treated with 70 µL of 3 U/mL recombinant

DNase I in 50 mM Tris-HCl. Slides were covered with a coverslip and incubated for 10 minutes
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Figure 2.1. Schematic of the modified DNA Damage Diffusion Assay (DDD Assay) for

plasma experiments. The workflow for the analysis of double-strand DNA damage in

bacteria at the single cell level is here shown from 1-7. For the identification of oxidized

purines, an additional step (3a) corresponding to the incubation of the sample with FPG was

added to the protocol. Scale bar 10 µm.

Transfer S. Typhimurium to agarose-
coated slides and apply plasma

Treatment site
(centre d=0 cm)

(1)

Immobilize bacteria in slide with LMP
Agarose

(2)

Stain with SYBR Gold and visualize by
epifluorescence microscopy

(5)

(7)
Image analysis to measure radius of
halo formed by DNA fragments

Centre
(d=0 cm)
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(6)
Acquire images of single cells at 0, 10,
20 and 30 mm

Lyse cells to remove membranes and
proteins, release DNA

(3)

Dehydrate sample with EtOH and dry
to fix DNA fragments

(4)

(3a) Incubate with FPG to cut where
oxidised nucleotide bases (purines)
are found

10 µm
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(a)

(b)

Untreated
bacterium

Gas-treated
bacterium

(c)
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Ground electrode
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Treatment site
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Figure 2.2. Schematic of the AP-DBD plasma jet and the effect of plasma treatment on

bacterial DNA integrity. (a) Schematic of the experimental arrangement for the AP-DBD

plasma jet. Representative false colour images obtained for the DNA damage diffusion assay

of DNA corresponding to single cells for (b) plasma-treated S. Typhimurium; (c) untreated

and gas-treated S. Typhimurium. The degree of DNA damage derives from the area

occupied by the fluorescently stained DNA fragments and varies as a function of the

distance to the treatment site (d=0 cm). Scale bar 10 µm.
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at room temperature. After incubation, samples were covered with 70 µl of LMP agarose and

protocol was followed as described above.

2.6.5 Data analysis

To compare the level of DNA damage obtained at different distances from the treatment site and

between experiments, the ratio of DNA damage of single cells in relation to the untreated cells

for each experiment was calculated using the following formula:

Radius plasma-treated cell ( m)
Ratio DNA damage of single cells =

Mean radius untreated cells ( m)





Because the results present unequal variances across groups, the natural logarithm of the ratio

(Loge) was calculated to obtain a distribution that tends to normality for further statistical

analysis.

2.6.6 Modified DDD Assay for the identification of damaged nucleotide bases

The DDD Assay previously developed was modified to detect oxidised nucleotide bases as a

result of plasma treatment. Formamidopyrimidine-DNA glycosylase (FPG) is an enzyme that

cleaves the DNA where an oxidised purine is found. This allows the identification of oxidized

purines in addition to DNA breaks directly induced by plasma.

Samples were transferred to the agarose-coated slides, covered with LMP agarose and lysed as

described in Section 2.6.4. After lysing the bacterial cells, slides were rinsed 3 times with

filtered distilled water (0.22 µm pore size) and 3 times with 1x Reaction Buffer (40 mM

HEPES, 0.1 M KCl, 0.5 mM EDTA, 0.2 mg/mL BSA, pH 8.0 with KOH), 3 minutes each.

Excess of liquid was removed and 1mL/slide of FPG (1:1000 dilution; NEB) was added to the

sample and covered with a coverslip (Figure 2.1, 3a). Slides were incubated for 30 minutes at

37°C in a moist box after which they were rinsed with filtered distilled water (0.22 µm pore

size) and the protocol was continued as described above.

2.7 ELECTRON PARAMAGNETIC RESONANCE (EPR)

Spin traps were used to determine the concentration of radicals in plasma-treated solutions. The

spin traps and reagents described in Table 2.1 were used for this set of experiments.

2.7.1 EPR calibration

EPR calibration was performed using aqueous solutions of the stable radical TEMPO using

concentrations of 4, 10, 20 and 200 µM. The calibrations curves were built and the linear

equations with zero intercept to the data were obtained. The values for the linear equation were

averaged and a single formula (y=0.9x) was used to calculate the concentration of radicals

trapped (Figure 2.3).
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Abbreviation Reagents (purity)
Species

measured
Provider

DMPO 5,5-dimethy-1-pyrroline-

N-oxide (≥ 99 %) 

OH FLUKA,

Sigma

MGD-Fe2+

complex

N-Methyl-D-glucamine

dithiocarbamate (≥ 98 %) 

complex with Fe2+

NO/NO2
- Santa Cruz

Biotechnology

Inc.

DEPMPO 5-(Diethoxyphosphoryl)-

5-methyl-1-pyrroline-N-

oxide (≥ 99 %) 

OH Santa Cruz

Biotechnology

Inc.

TEMP 2,2,6,6-

Tetramethylpiperidine

(≥ 99 %) 

O3/O/O2(a1Δg) Sigma Aldrich 

TEMPO 2,2,6,6-

Tetramethylpiperidine 1-

oxyl (98 %)

standard

radical for

calibration

Sigma Aldrich

Table 2.1. Spin traps and standard reagents used for EPR spectroscopy.
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Figure 2.3. TEMPO calibration for the estimation of the concentration of radicals in

plasma-treated liquids. (a) Calculation of the concentration of spin radical adduct present in

the sample using TEMPO. Bottom: First derivative of the absorption signal (experimentally

obtained spectrum). Centre: Absorption signal, obtained through integration of the first

derivative. Top: Area under the absorption signal, obtained by further integration of the

absorption signal. The value obtained is proportional to the number of radicals present in the

sample. (b) EPR calibration was done using the radical TEMPO in H2O, PBS, DMEM and

LB, as described in Section 2.7.1. (c) Corresponding linear equations for TEMPO in each

liquid. An average of all the linear equations was calculated (y=0.9x) and used for the

estimation of radical concentration in samples.
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2.7.2 Experimental conditions

Plasma was generated with the AP-DBD plasma jet at 12 kV (peak-to-peak), 30 kHz, 2 slm He

+ 0.5 vol % O2. Ambient humidity was in the range of 20 – 24 %. The distances between the

nozzle and the sample was 30 mm. Samples were treated for 30, 60 or 90 seconds.

0.1 M solutions of spin traps were freshly prepared in PBS, DMEM, DMEM + 10% (v/v) FCS,

LB and filtered distilled H2O (0.22 µm pore size) prior to use. For all plasma experiments

except MGD2-Fe2+, 500 µL of each spin trap solution were added to a 24-well plate for

treatment. DMEM without phenol red was used in all experiments (Gibco). For all plasma

experiments with MGD2-Fe2+, 250 µL of 0.1 M MGD was mixed with 250 µL 0.02 M

FeSO4.7H2O.

2.7.3 Detection of hydroxyl and superoxide radicals

5,5-dimethy-1-pyrroline-N-oxide (DMPO) was used as it forms radical adducts with O-centred

radicals that have a distinguishable EPR spectra. Besides DMPO, 5-(Diethoxyphosphoryl)-5-

methyl-1-pyrroline-N-oxide (DEPMPO) was used for the detection of O-centred free radicals

(Table 2.1). DEPMPO has a longer life-time than DMPO and higher affinity for OH radical.

Both spin traps were used for the detection of OH and O2
– in plasma-treated liquids.

To test the role of ionic strength and pH in the formation of OH, 500 µL of 0.1 M DMPO in

0.5x, 1x and 4x PBS were plasma-treated. To determine the stability of the DMPO-OH adduct

in the different tested liquids, 500 µL of 0.1 M DMPO in H2O, PBS and LB were treated with

the plasma for 90 seconds and analysed immediately after treatment, and at 5 and 10 minutes

post-treatment.

2.7.4 Detection of ozone, singlet delta oxygen and atomic oxygen

O2(a
1Δg) was detected indirectly by electron paramagnetic resonance spectroscopy of 2,2,6,6-

tetramethylpiperidine-1-oxyl (TEMPO) (Table 2.1) formed by the reaction of 2,2,6,6-

tetramethylpiperidine (TEMP) with O2(a
1Δg). Because TEMP can be oxidized by reactive 

species other than O2(a
1Δg) such as ozone and atomic oxygen, sodium azide (NaN3) (a known

scavenger of O2(a
1Δg)) was used to identify oxidation of TEMP (Sigma Aldrich) due to other 

reactive oxygen species. NaN3 (≥99.5 % purity) were purchased from Fluka.  

Spin trap solutions were freshly prepared in argon-saturated liquids. 0.1 M TEMP and 0.1 M

TEMP + 0.1 M NaN3 solutions were plasma-treated as described in Section 2.7.2.

2.7.5 Detection of nitric oxide and nitrite ion

N-Methyl-D-glucamine dithiocarbamate (MGD) in combination with iron(II) sulphate (FeSO4)

was used to measure NO and NO2
– in plasma treated liquids (Table 2.1). Upon the addition of

FeSO4, MGD forms the MGD2-Fe2+ complex, which is a NO/NO2
– spin-trapping reagent.

Because this complex is sensitive to the redox state of Fe and the presence of O2, oxidation was
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prevented by using a reducing agent. After plasma treatment, 250 µL 0.1 M Na2S2O4 (reducing

agent) was added to the reaction and mixed for 1 minute. Additionally, MGD, FeSO4 and the

reducing agent were added after treating H2O, PBS, DMEM and LB with plasma for 60 seconds

to determine the presence of NO and NO2
– post-treatment.

2.7.6 Acquisition of the EPR signal

After each plasma treatment, a sample of the plasma-treated liquid was immediately collected in

an 80 mm x 1.0 mm capillary tube (Marienfeld Laboratory Glassware). The overall time after

the exposure and before recording the spectrum was 2 minutes.

Electron paramagnetic resonance measurements were carried out on a Bruker EMX Micro EPR

spectrometer with Bruker WinEPR Acquisition software version 4.40. EPR spectra were

recorded using the following conditions: modulation frequency = 100 kHz; microwave power =

3.17 mW (31.7 mW for MGD2-Fe2+); modulation amplitude = 0.1 G; time constant = 40.96 ms,

and magnetic field scan of 100 G for DMPO, TEMPO and TEMP, MGD2-Fe2+ and 170 G for

DEPMPO. The absence of signal saturation with MGD2-Fe2+-NO adducts at elevated power was

tested in the power range of 3.17 to 31.7 mW and no saturation was observed. The hyperfine 

coupling constants for EPR spectra simulations are presented in Table 2.2.

2.7.7 Data analysis

For MGD2-Fe2+-NO adducts the spectra were corrected by subtracting the background (solution

of MGD2-Fe2+ complex in respective media).

The amount of O2(a
1Δg) generated by the AP-DBD plasma jet in liquids was estimated from the 

difference between the EPR measurements of TEMP solution and TEMP + NaN3 solution. The

combined amount of atomic oxygen and O3 was obtained from the EPR measurement of TEMP

+ NaN3 solutions. Concentration was calculated and a correction was made for the loss of

volume due to evaporation during plasma treatment.

To confirm the proposed assignments of the spin trap adducts found in each sample, EPR

spectra simulations were performed on NIH P.E.S.T. WinSIM software ver. 0.96 (138). This

analysis allows one to compare the experimental spectra obtained with that of reference in the

literature. Simulated spectra were analysed using SpectrumViewer Plus ver. 2.6.3 (Spectrum

Viewer program and documentation written by Erwin Timmerman). The hyperfine coupling

constants for the simulations were obtained from a database available online

(http://tools.niehs.nih.gov/stdb/index.cfm).

2.8 COLORIMETRIC ASSAYS FOR H2O2 AND NO2
–

UV-Vis spectrophotometry was used for the quantitative determination of H2O2 and NO2
– in

plasma-treated solutions as described below.
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Hyperfines

Spin adduct aN (G) aH (G) aP (G)

DMPO-OH 14.94 14.74 --

DEPMPO-OH 14.00 13.17 47.15

DEPMPO-OOH - - -

(MGD)2-Fe2+-NO complex 12.68 -- --

TEMPO 17.24 -- --

Table 2.2. Hyperfine coupling constants for EPR spectra simulations.
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2.8.1 Experimental conditions

For plasma treatment, 500 µL of each liquid were added to a 24-well plate prior to treatment.

Plasma was generated with the AP-DBD plasma jet at 12 kV (peak-to-peak), 30 kHz, 2 slm He

+ 0.5 vol % O2, 20 – 25 % ambient humidity, and 30 mm distance from nozzle to sample.

Samples were treated for 30, 60 or 90 seconds.

UV measurements were performed on a UV-1800 Shimadzu UV-VIS Spectrophotometer with

Optical Glass Precision Cells (10 mm light path) provided by Hellma Analytics, using

Shimadzu UVProbe software version 2.34. The baseline was pure medium. The background

was subtracted from all samples.

2.8.2 Measurement of hydrogen peroxide

The reaction of titanium(IV) salts with H2O2 to form a yellow-coloured complex detected by

colorimetry was used to determine the concentration of H2O2 formed in plasma-treated solutions

(139). Calibrations were done using a mixture of 500 µL titanium(IV) solution and 300 µL

aqueous H2O2 solutions in a range of concentrations 0.0979 – 4.895 mM. H2O2 solutions were

prepared in each of the following liquids: filtered distilled H2O (0.22 µm pore size), PBS,

DMEM, DMEM + 10 % (v/v) FCS or LB (Figure 2.4a). H2O2 (30 % (v/v)) and sulphuric acid

H2SO4 (> 95 % purity) were purchased from Fluka. Potassium oxodioxalatotitanate(IV)

dihydrate (K2[TiO(C2O4)2]2H2O) was obtained from Alfa Aesar. To prepare the titanium(IV)

solution, 3.54 g of potassium bis(oxalato)oxotitanate(IV) dihydrate was added to a mixture of

27.2 mL of sulphuric acid and 30 mL of filtered distilled H2O (0.22 µm pore size). The resulting

solution was taken to a total volume of 100 mL and left to cool down before use.

After plasma treatment, 500 µL titanium(IV) solution were mixed with 300 µL of the plasma-

treated liquid and immediately analysed. The spectra of the titanium(IV) – peroxide complex

was collected in the wavelength range between 325 to 800 nm, with 0.5 nm increments. The

intensity value of the peak at 400 nm was used.

The amounts of H2O2 in plasma-treated samples were also studied after 15 and 30 minutes of

plasma treatment of H2O and LB to determine whether the stability of the molecule in the

solutions varied due to the presence of biomolecules.

Catalase was added to plasma-treated DMEM and LB to a final concentration of 32 U/mL and

100 U/mL to confirm the specificity of the assay to detect H2O2 and no other peroxides formed

in the solution.

2.8.3 Detection of nitrite ion with Griess reagent

Calibration curves for the detection of NO2
– in liquids (filtered distilled H2O (0.22 µm pore

size), PBS, DMEM, DMEM + 10 % (v/v) FCS or LB) were obtained using 400 µL of the Griess

reagent (Sigma Aldrich) and 400 µL aqueous sodium nitrite (NaNO2, Sigma Aldrich, ≥ 97.0 % 

purity) solution in a range of concentrations from 3.125 – 100 µM (2-fold dilutions) (Figure
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H2O PBS DMEM DMEM+FCS LB

Linear

equations
y = 3.1079x y = 2.6282x y = 2.5473x y=2.634x y = 2.2354x

R2 values 0.9999 1 0.9994 0.9997 0.9996

H2O PBS DMEM DMEM+FCS LB

Linear
equations

y=54.648x y=53.843x y=53.91x y=55.887x y=63.454x

R2 values 0.9982 0.9991 0.9968 0.9992 0.9996

(a)

(b)

Figure 2.4. Calibration curves for the estimation of the concentration of H2O2 and NO2
– in

plasma-treated liquid samples and corresponding linear equations. Data for (a) H2O2 and

(b) NO2
–. Each dot represent a single measurement.
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2.4b). For plasma-treated samples, 400 µL of each sample was used for this experiment.

Calibration standards or plasma-treated samples were mixed with Griess reagent and incubated

for 5 minutes in the dark at room temperature. Afterwards, samples were mixed and

immediately analysed. Spectra were collected in the wavelength range between 350 to 800 nm,

with 0.5 nm increment. Intensity values of the peak at 526 nm were used. To determine the

formation of NO2
– in liquids during treatment, Griess reagent was added to H2O and PBS before

plasma treatment.

2.8.4 Data analysis

In each assay, the background spectrum for filter distilled H2O (0.22 µm pore size), PBS,

DMEM, DMEM + 10 % (v/v) FCS or LB was subtracted from the spectra of plasma-treated

samples. The resulting linear equations from the calibration curves (Figure 2.4) were used to

convert absorbance of the plasma-treated sample into concentration of H2O2 and NO2
–.

2.9 STATISTICAL ANALYSIS

One-way ANOVA followed by Tukey’s multiple comparisons test was performed using

GraphPad Prism v. 4.00 for Macintosh (GraphPad Software) for the analysis of DDD Assay and

flow cytometry results. Statistical significance was set at P<0.05.

2.10 DETERMINATION OF PLASMA TEMPERATURE

Optical emission spectroscopy and a thermocouple were used for the quantitative determination

of the temperature of the plasma effluent as described below.

2.10.1 Optical emission spectroscopy (OES)

Measurements targeting the visible spectral region of the plasma were performed at 21 mm

from the nozzle. A UV-visible spectrometer HR2000+ High-Speed Miniature Fiber Optic

Spectrometer with wavelength range of 200 – 1100 nm, and the HR4000 High resolution

Miniature Fiber Optic Spectrometer with wavelength range of 200 – 400 nm were used. Data

was acquired using the SpectraSuite software (Ocean Optics), considering an integration time of

60 seconds, 5 and 10 averages per measurement. The macroscopic temperature of the plasma

was obtained by measuring the rotational temperature of the second positive system of N2,

which corresponds to the transition between the electronic states C 3u and B 3g. Spectra were

analysed in the range between 376 – 382 nm as this band dominates in this spectral region.

Results were analysed by Kari Niemi with an algorithm developed in the LabVIEW platform

(140).

Plasma was generated with the AP-DBD plasma jet at 5.6 kV (peak-to-peak) using the double

electrode configuration (Section 3.3.1), 123 kHz, 2 slm He + 0.5 vol % O2. Ambient humidity

was 16 – 20 %.
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2.10.2 Thermocouple

The Tenma 72-2060 thermocouple (K probe, accuracy ± 0.3 % + 1 °C) with wire diameter of 1

mm was used to measure the temperature of the plasma. The probe was located directly under

the plasma jet (x=0 mm) at different distances from the nozzle in the axial direction (y=20, 25

and 30 mm from nozzle) at x=0 mm and x=10 mm. The thermocouple was placed over a LB

agar plate to determine the temperature the sample would experience during treatment.

Measurements were taken every 30 seconds for 120 seconds.

2.11 MEASUREMENT OF UV RADIATION EMITTED BY AP-
DBD PLASMA JET

The UV radiation emitted by the AP-DBD plasma jet was measured with a shortwave meter

(Blak-Ray Ultraviolet meter, UVP) in the range 220 – 290 nm, with maximum sensitivity at 254

nm and a minimum detection limit of 20 µW/cm². A Tungsten mesh (Goodfellow Cambridge

Ltd.) with 0.2 mm nominal aperture and 0.05 mm wire diameter (64 % open area, 99.95 %

purity) was placed between the detector and the plasma jet to shield the detector from

electromagnetic fields. The mesh was grounded to the aluminium base of the plasma box.

Plasma was generated with the AP-DBD plasma jet at 5.5 kV (peak-to-peak) using the double

electrode configuration (Section 3.3.1), 123 kHz, 2 slm He + 0.5 vol % O2. The distances

between the nozzle and the shortwave meter were 10 mm, 20 mm and 30 mm. UV emission was

measured for 60 seconds and the temperature was controlled with a thermocouple (65 °C at

ignition).

2.12 TREATMENT WITH PLASMA-GENERATED UV
RADIATION ONLY

A magnesium fluoride (MgF2) window with transmittance ≥ 55 % at 121 nm (Crystran Ltd.) 

was then used to assess the effect of plasma-generated UV radiation on bacteria. The MgF2

window was fitted to the lid of a Petri dish to create a sealed chamber with the dish (Figure

2.5). Agarose-coated slides for the DDD Assay or LB agar plates to assess bactericidal activity

were enclosed in this chamber for plasma treatment with the AP-DBD plasma jet and µAPPJ.

The chamber was sealed and air inside the chamber was replaced with Helium + 0.5 vol % O2

prior to treatment. This was done to ensure UV transmittance through an environment with

similar O2 characteristics as where plasma was generated. The input of gas to the chamber was

maintained during treatment. The gas exited the chamber through a tube located at the opposite

side of the input conduct.

2.13 UV-ABSORPTION SPECTROSCOPY

UV-absorption spectroscopy is a technique commonly used to measure ozone density. Ozone

has a high cross section at Hartley bands between 200 – 320 nm in the ultraviolet with a
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Figure 2.5. Experimental design for the treatment with plasma-generated UV radiation.

The effect of the UV radiation emitted by the AP-DBD plasma jet and the µAPPJ on

bacterial cells was assessed using a MgF2 window fitted to a Petri dish to create a sealed

chamber. The MgF2 window allowed the pass of light above 121 nm with a transmittance ≥ 

55 %. The air in the chamber was replaced with the gas admixture used to generate plasma 2

minutes before treatment.

4 slm
He + 0.5 vol % O2

2 slm
He + 0.5 vol % O2

MgF2

window

Chamber for
UV treatment

2 slm
He + 0.5 vol % O2

Gas outlet

Gas inlet
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maximum absorption at 255 nm (141). This method is widely used for the measurement of the

ozone density in plasmas (142-144).

The determination of ozone density in the AP-DBD plasma jet was done with Apiwat

Wijaikhum as part of a collaborative work between the Centre for Immunology and Infection

and York Plasma Institute. For this purpose, the AP-DBD plasma jet was housed in a metallic

box with a metallic mesh at the top, as described in Section 3.2. The ultraviolet (UV) light

source (UV-LED UVTOP TO18 LED 250) was mounted in an electronic control box

(ThorLABS TCLDM9). The LED was controlled by two parameters via the connections to the

temperature control box (TED200C) and current control box (LDC205C). The UV-LED at light

source position was imaged by 100-mm focusing lens to the e uent region of the plasma

defined as a probe beam via UV beam splitter (BS; UVFS, 50/50, BBAR 250 – 450 nm, fused

silica plate, BSW20, Thorlabs) (Figure 2.6a). It was assumed that the probe beam was parallel

throughout the e uent region. The reference beam was also split by the UV beam splitter and

was imaged at the middle between the UV beam splitter and the mirror (MR). Both beams were

symmetrically reflected, split and imaged to the slit position, but on different vertical positions. 

The two beams at the slit were resolved by the dispersing element grating with a groove density

of 2399 lines/mm (optical resolution) blazed at 300 nm in the Czerny-Turner spectrograph with

0.5-m focal length (Andor SR-500i) and were imaged by the CCD camera (Andor, Newton

DU940P-BU2, 2048 x 512 pixels, pixel size 13.5 µm x 13.5 µm).

The Beer-Lambert law for absorption spectroscopy was used to determine the ratio of

transmitted light (IT) and incident light (I0):

0
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n L T

I I I
 


  
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Where n denotes the density of O3, L denotes the absorption length of the plasma and σ denotes

the cross section of O3 centre at 255 nm. To calculate the absorbance of UV light by the plasma,

4 measurements were taken:

– IPL: Emission UV-LED light ON, plasma ON

– IP: Emission of plasma ON, UV-LED light OFF

– IL: UV-LED light ON, plasma OFF

– IBG: Room background, UV-LED light OFF, plasma OFF

The length of treatment used for bacterial assays was used for the acquisition of each of the

aforementioned measurements, capturing 36 images per measurement. Absorbance of UV light

by ozone produced in the plasma effluent was measured in the axial direction at 1, 10, 20 and 30

mm distance from the nozzle and in the radial direction starting from the treatment site (radial

position = 0 mm) up to 40 mm, in 5 mm steps. The absorption profiles were transformed by two
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Figure 2.6. Schematics for experimental methods. (a) UV-LED absorption spectroscopy

method used. The UV-LED light is split by the beam splitter BS1 and equally directed

towards the mirrors MR1 and MR2. The signal collected from the probe beam and reference

beam were collected by a spectrograph and imaged by a CCD camera. Image adapted from

Wijaikhum et al. (unpublished data). (b) Schematic of the µAPPJ source.
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electrode

Plasma
channel

Ground
electrode

Gas inlet

+ –
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window
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algorithms of Abel inversions (described in (145, 146)) into radial O3 density distribution

profiles.

2.14 RADIO-FREQUENCY ATMOSPHERIC PRESSURE
PLASMA JET (µAPPJ)

The µAPPJ has been described in detail in (147) (Figure 2.6b). The homogeneous, low gas

temperature glow-mode plasma generated with the µAPPJ has been well characterized with

experimental (148) and in silico analyses of the plasma parameters including gas temperature,

electron properties, O, O2(a
1Δg), O3, and helium metastables densities (113, 149). Plasma was

generated in a plasma channel of 30 mm long and 1 mm x 1 mm cross-section created by two

plane parallel stainless steel electrodes mounted in between two quartz windows (148). Two slm

He + 0.5 vol % O2 where supplied to the channel to generate plasma, using 13.56 MHz radio-

frequency voltage provided to the active electrode via an impedance matching network. The

plasma configuration is such that the electric field direction is perpendicular to the gas flow and

to the plasma channel exit nozzle. This confines the charged particles within the electrode gap

inside the core plasma region. With no direct power input and very short mean free paths for

charged particles, the plasma effluent is devoid of charged carriers and neutral species and UV

radiation dominate the effluent characteristics (51). Preliminary data indicates the temperature

of the plasma is under 40 °C at distances higher than 5 mm from the nozzle in the axial

direction (150).
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3 OPTIMIZATION OF THE AP-DBD PLASMA JET
FOR BACTERIAL ELIMINATION

3.1 INTRODUCTION

In this chapter, the experimental plasma setup used throughout the dissertation is introduced.

The atmospheric-pressure dielectric barrier discharge (AP-DBD) plasma jet is described and

diagrammed. The aim of this chapter is to gain a better understanding of the antibacterial

potential of the AP-DBD plasma jet by examining the various physical and biological

parameters that determine the antimicrobial effectiveness against bacteria in solid and semi-

solid environments. The AP-DBD plasma jet was optimized to study its bactericidal activity

considering the radial distribution of plasma species over the bacterial sample. This is further

addressed in Chapter 4. Results are reported using an atmospheric pressure dielectric barrier

discharge plasma jet, generated with helium and small percentage admixtures of molecular

oxygen. Bacterial load, media composition, distance from nozzle to sample, composition of the

feed gas, length of treatment, electrode configuration, voltage, frequency, current and dielectric

barrier configuration were considered and optimized for plasma treatment of bacteria. The

antimicrobial effectiveness for each condition was studied using S. Typhimurium as a model

organism.

3.2 DESCRIPTION OF THE PLASMA SOURCE

The AP-DBD plasma jet is a linear-field device where the flow field and the electric field run in

parallel (151). The plasma jet is sustained through a streamer-like mechanism. A high electric

field region at its tip propagates the plasma in the helium channel outside the plasma tube (152,

153). These types of plasmas usually consist of transient plasmas and as this source is driven by

a sinusoidal voltage source we expect multiple breakdowns per applied cycle.

A schematic diagram depicting the arrangement of the AP-DBD plasma jet is shown in Figure

3.1a. The plasma jet is housed inside a plasma box the contents of which are fixed and

grounded, with interlock installed. Outside the plastic plasma box (Figure 3.1b), an

oscilloscope (Agilent Technologies DSOX 2004A) with a signal function generator provides

sinusoidal waveforms of frequencies from Hz to kHz into an audio amplifier connected to a DC

power supply. The amplifier increases the amplitude of the input signal, typically outputting

voltages of 10 to 20 Volts. The output from the amplifier feeds into the plastic plasma box;

every conducting pathway has an impedance less than 0.5 Ohms.

In one compartment of the plastic plasma box, the amplifier is connected to the primary coil of a

frequency-dependent transformer (Plasma Technics Inc.). The transformer has a turns ratio of

1:10 but the secondary voltage produced exceeds this ratio due to the stray capacitance of the

secondary coil of the transformer. A 470 pF capacitor that reduces the resonant frequency of the
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Figure 3.1. Schematic and picture of the atmospheric pressure dielectric barrier

discharge (AP-DBD) plasma jet built in-house in a plastic plasma box. (a) The plastic box

was divided into two parts, providing a space for sample treatment and another

compartment for the electronic components of the plasma. (b) Picture of the AP-DBD

plasma setup. Power supply, oscilloscope, amplifier and mass flow controllers were located

outside the plastic box as shown in picture. (Continues in the following page.)
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Figure 3.1. (cont.) (c) Picture showing the plasma jet generated between the powered and

the ground electrode with the AP-DBD plasma jet. For this picture, plasma was ignited at

voltages higher than those used in experiments for demonstration purposes only.
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transformer from 124 kHz to approximately 30 kHz (4.1-fold decrease) is connected to the

secondary coil of the transformer to reduce the resonant frequency (Figure 3.2a; see also

Section 3.3.7). The 470 pF capacitor was selected among a set of capacitors since it can reduce

the resonant frequency and generate a plasma with gas temperature below 40 °C. A comparison

between the experimental data and a fit curve model for an ideal transformer demonstrates that

the reduction in the resonant frequency of the system was obtained as a consequence of the stray

capacitance in the secondary coil of the transformer (Figure 3.2b). Because the capacitance is

temperature-dependent, a fan cools down the capacitor to preserve the capacitance and therefore

the stability of the signal. The transformer sends the voltage to the powered electrode with

amplitudes between 5.00 and 12.00 kV (± 0.1; peak-to-peak), measured with a high voltage

probe (Tektronix P6015A) connected to the oscilloscope. The plasma is generated in the second

compartment of the plastic plasma box. In this compartment, two symmetrical copper electrodes

of equal length (10 mm) are wrapped around a hollow dielectric glass tube of 1 mm inner

diameter and 6 mm outer diameter (Figure 3.1c). The powered electrode is placed 10 mm above

the nozzle of the quartz tube. The grounded electrode is located upstream of the active electrode

with 20 mm separation between electrodes and the corresponding wires were oriented in

opposite directions to prevent the formation of electromagnetic fields. The feed gas flows at 2

standard litres per minute (slm) in the axial direction. The feed gas consists of an admixture of

He with O2 and the flow rate is controlled by mass flow controllers (Brooks; GFC) located

outside the box. The gas passes through the electric field generated by the electrodes and

becomes ionized as it travels in the axial direction. Biological samples are placed on an

adjustable metallic stage that is grounded to the aluminium base. The generation of plasma is

controlled from a laptop connected to the oscilloscope. A code is executed from the laptop to

find the resonant frequency as the voltage increases to the desired value (set in the code,

expressed in kV) and to register overheating of the capacitor. The plasma is generated and a

stable signal at the desired high voltage is produced.

For the measurement of the ozone density in the gas phase and its correlation with the

bactericidal activity of the plasma, the AP-DBD plasma jet was installed with a different

electrical arrangement (Figure 3.3). For this arrangement, the plasma was housed inside a

metallic box grounded to the aluminium base. The dielectric tube and an adjustable stage were

installed in a motorized support that allowed the mobilization of both structures in the axial and

radial direction. The powered electrode connected to the transformer passed through an orifice

in the metallic box that was properly insulated. The top part of the box was covered with a

metallic mesh, grounded to the aluminium base. Outside the metallic box, a plastic box

contained in a similar arrangement the oscilloscope probe, transformer, capacitor and fan. The

contents of the plastic box were grounded, with an interlock installed. Outside the plastic box,

the oscilloscope, amplifier and power supply were connected as indicated before.
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Figure 3.2. Identification of the resonant frequency for capacitors coupled to the

secondary coil of the transformer at low voltages. (a) Measurement of the resonant

frequency for capacitors ranging from 22 to 100,000 pF. (b) Fit curve of experimental and

model data that demonstrate that the reduction in the resonant frequency of the system is due

to the stray capacitance in the secondary coil of the transformer.
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Figure 3.3. Schematic of the atmospheric pressure dielectric barrier discharge (AP-DBD)

plasma jet installed in an open box with a protective mesh. The plasma was generated

inside a metallic box was divided into two parts, providing a space for sample treatment and

another compartment for the electronic components of the plasma. Power supply,

oscilloscope and amplifier were located outside the plastic box.
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The setup for the AP-DBD plasma jet was improved over the time and the conditions were

optimized as described in the following section. The final version of the AP-DBD plasma jet is

depicted in Figures 3.1 and 3.3, according to the electrical arrangement in each of the boxes

where the components were housed. The conditions for plasma treatment of S. Typhimurium

were optimized and maintained in either electrical arrangement. The experimental conditions

for the optimization of each parameter studied here are individually stated in each of the

following subsections.

3.3 OPTIMIZATION OF CONDITIONS FOR PLASMA
TREATMENT OF S. TYPHIMURIUM

As plasma is rich in neutral and charged particles, electrons and UV radiation, plasma can

initiate a cascade of biological and chemical events in the treated microorganism. The

antimicrobial activity of plasmas can be affected by several physical, biological and chemical

factors. It is well accepted that these factors can determine the bactericidal action of plasmas

(154, 155). Thus, the rate and type of the chemical reactions occurring in the gas or liquid phase

and the characteristics of the sample can determine the effect of plasma on the biological target

(156).

The biological and physical conditions that can determine the antimicrobial activity of the AP-

DBD plasma jet were studied. Conditions for the treatment of S. Typhimurium were

standardized considering reference conditions from the literature (13, 109, 110, 135, 157-166).

For this purpose, the zone of inhibition after treatment of bacteria on an agar plate was used.

Samples were prepared and the zone of inhibition was assessed as described in Section 2.4,

unless otherwise stated.

3.3.1 Electrode configuration

The configuration of the electrodes used to generate the plasma jet can determine the

propagation of the jet in the axial direction, the reactive species produced and the overall

bactericidal activity of the plasma. It has been suggested that in DBD sources, the jet resembles

a positive streamer (153, 167), where the discharge starts from the powered electrode and

extends both in the axial direction towards the sample and in the upstream direction. The

addition of a grounded electrode to the DBD plasma source could modify the propagation of the

jet (157) and therefore impact on the bactericidal properties of the plasma.

The effect of different electrode configurations on the bactericidal effect of plasma was

determined. Three configurations were tested (Figure 3.4):

a) Single powered electrode, 10 mm from end of nozzle

b) Double electrode, powered electrode 10mm from end of nozzle, grounded electrode 20

mm upstream powered electrode
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Figure 3.4. Optimization of electrode configuration for the AP-DBD plasma. Left:

Representative agar plates of samples treated for 45 seconds with the AP-DBD plasma jet

using 2 slm He or He + 0.5 vol % O2. Right: Schematic of the electrode configurations used.

Plasma was generated with the (a) single electrode configuration, (b) conventional double

electrode configuration and (c) an inverted double electrode configuration. The distances

between the nozzle and the sample were 25 mm. Results are representative of two

experimental repeats. Scale bar 10 mm.
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c) Double electrode, grounded electrode 10mm from end of nozzle, powered electrode 20

mm upstream grounded electrode

Plasma was generated with the AP-DBD plasma jet at 5 kV (peak-to-peak), 123 kHz, using 2

slm He only or He + 0.5 vol % O2. Ambient humidity was 15 %. Samples were treated for 45

seconds. The distances between the nozzle and the sample were 25 mm.

The plasma ignites around the powered electrode due to the strong electric fields in this region

and propagates in both directions along with He (condition (a)). The addition of a grounded

electrode to the dielectric tube (conditions (b) and (c)) modified the propagation of the plasma

on the direction of the grounded electrode, as no visible plasma was observed beyond the point

where the grounded electrode was placed. This phenomenon has been explained for DBD

plasmas (168, 169), where the propagation of positive ions in the positive streamer in the

direction of the grounded electrode induced the polarization of the dielectric. This leads to the

deposition of charges at the inner edge of the grounded electrode. The deposited surface charges

can induce a surface ionization wave that propagates on the inside of the dielectric surface when

the applied voltage is large enough. If the voltage does not exceed this threshold, the charge

build up and the associated electric field is not sufficient to launch the ionization wave, and the

plasma terminates inside the dielectric tube at the grounded electrode.

For conditions (b) and (c), no visible plasma was observed beyond the grounded electrode.

Plasma generated with the grounded electrode in the downstream region (condition (c)) did not

present a visible plasma jet outside the nozzle, however this does not mean neutral species

cannot reach the sample. Reactive neutral species produced by the plasma confined inside the

tube can be carried to the sample with the feed gas and were observed to be effective against

bacteria (Figure 3.4c). The addition of a grounded electrode to the system increased the area

treated by the plasma, increasing the zone of inhibition 5.4 times (condition (b) 1216 mm2 and

(c): 1244 mm2). The resulting zones of inhibition in plates treated with conditions (b) and (c)

were of similar size and presented similar number of CFU in this region. This was true for

plasma treatments generated with He + 0.5 vol % O2, but not for plasma generated with He only

((b): 39 mm2 and (c): 39 mm2) (Figure 3.4).

The fact that configurations (b) and (c) provided similar antibacterial activity when O2 was

added to the feed gas could represent a significant participation of neutral species in the

elimination of bacteria, specifically those derived from oxygen. The participation of charged

species and neutrals delivered for a plasma jet generated using the configuration (b) was further

studied and is described in Chapters 4 and 5.

The bactericidal activity of plasma was limited to a small region when plasma was generated

using the single electrode configuration. For further experiments, the conventional double

electrode configuration (b) (grounded electrode 10mm upstream end of nozzle, powered

electrode 20 mm upstream grounded electrode) was used as it provided an increased area of
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bactericidal action. This is in agreement with other devices used for biomedical applications

(44, 170).

3.3.2 Bacterial concentration

It has been demonstrated that the initial concentration of bacteria (CFU/ml) determines the dose

of antibacterial treatment required to eliminate bacteria (171). The microbial load can also limit

the time of exposure to chemical germicides (172). For biomedical plasmas, Fernandez et al.

demonstrated that the rate of inactivation decreased when increasing concentration of S.

Typhimurium deposited in polycarbonate membrane filters where exposed to plasma (135). For

a pulsed spark plasma, higher deposited energies levels in the plasma jet were required to

achieve 1-log10 reduction in the bacterial concentration when treating 108 CFU/mL compared

with 106 CFU/mL E. coli in water (115). Thus, the efficiency of plasma treatments to kill

bacteria could depend on the size of the initial inoculum.

To determine the initial concentration of bacteria to use for plasma experiments with the AP-

DBD plasma jet, 100 µL 1.6x109 CFU/mL, 1.6x108 CFU/mL and 1.6x107 CFU/mL late

logarithmic phase S. Typhimurium were spread in LB plates and plasma treated. Plasma was

generated with the AP-DBD plasma jet at 6 kV (peak-to-peak) using the single-electrode

configuration (Section 3.3.1), 123 kHz, 2 slm He + 0.5 vol % O2. Ambient humidity was 17 %.

The distances between the nozzle and the sample were 25 mm.

The zones of inhibition for all three conditions presented a similar area (approx. 300 mm2).

However, plasma-treated agar plates containing 100 µL 1.6x107 CFU/mL presented a zone of

inhibition with less bacterial growth and more defined edges than those with higher initial

inoculum (Figure 3.5). Total clearance of bacterial growth in the zone of inhibition was not

obtained, as bacterial colonies could be observed even at the lowest initial inoculum tested.

Deng et al. suggested that an increased bacterial load of B. subtilis spores in polycarbonate

filters could favor the formation of multiple layers of cells, where those in the outer layer are

directly affected by the plasma and protect spores underneath, contributing to their survival

(173). For the experiments presented here, we could consider that the average size of the rod-

shaped Salmonella bacterium is 2 – 5 microns long by 0.5 – 1.5 microns wide (174). Then, 100

µL of 1.6 x 109 CFU/mL would occupy a surface area of approximately 786 mm2. Since the

surface area of a Petri dish is 5800 mm2, the chances that multiple layers of bacteria were

formed in agar plates prior to plasma treatment are limited. However, the formation of bacterial

clumps at higher bacterial concentrations has been suggested to provide a physical protection

against plasma treatment to bacteria deposited on membrane filters (135). In cell aggregates, it

is possible that peroxidation of phospholipids and polysaccharides occurs in a limited surface

area and the membrane damage could be repaired in cells that recover in a nutrient-rich

environment. This hypothesis could be supported by the findings of Dobraynin et al. that

suggest that the main target of charged species is the cell membrane (156). However, the
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1.6 x 109 CFU/mL 1.6 x 108 CFU/mL 1.6 x 107 CFU/mL

10 mm

Figure 3.5. Effect of bacterial concentration in the killing effect of plasma. Three

concentrations of late logarithmic phase cultures of S. Typhimurium (1.6 x 109, 1.6 x 108

and 1.6 x 107 CFU/mL) were used to test the bactericidal activity of the AP-DBD jet. One

hundred microliters of each dilution were plated in LB agar plates. Samples were plasma-

treated for 60 seconds and cultured overnight at 37 °C. Scale bar 10 mm.
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number of bacterial cells plated at the highest concentration in the present study covered only 14

% of the total surface area of a Petri dish. The aggregation of bacterial cells could be minimal.

Therefore, bacterial aggregation might not be the only factor contributing to an increased

survival of bacteria to plasma treatment and other factors may be involved in this process.

Based on these results, the lowest initial concentration of bacteria here tested (1.6x106

CFU/plate) was used for all further experiments, unless otherwise stated. The chosen bacterial

concentration lies within the range 105 – 107 CFU/mL commonly used for the study of

antibacterial treatments (158). The possible interaction of plasma with the nutrients in the

culture media was explored as described in Section 3.3.3 and further studied in Chapter 5.

3.3.3 Media composition

The different challenging environments where bacteria live and multiply require the adaptation

of bacterial cells to variations in nutrient availability, pH, temperature and other stress

conditions (175). Under these circumstances, bacterial cells can induce physiological and

genetic changes to facilitate the response to multiple stress signals, including oxidative stress

(176). It has been suggested that bacteria exposed to nutritional and oxidative stress may adjust

their regulatory systems to adapt to exogenous oxidative stress rather than starvation (177). That

is the case of the stringent response, activated by the absence of basic nutrients such as iron,

phosphate, carbon source or fatty acids in the environment. This response is characterized by

down-regulation on the expression of house-keeping genes and up-regulation on the expression

of survival genes to adequately administer the resources available (178). In Gram-negative

bacteria, the stringent response could represent an increase in the defense against oxidative

stress upon exposure to antimicrobials (179). Thus, the nutritional state of bacteria at the time of

exposure to oxidative stress induced by the plasma could determine the outcome of the

treatment.

While a nutrient-rich environment is beneficial for cell growth and development, the nutrients in

the media could also be oxidized or reduced during plasma treatment. It has been described that

the culture media RPMI used for eukaryotic cell culture interfered with experiments aiming to

induce oxidation of low density lipids in vitro (180). In the plasma field, it has been

demonstrated that plasma treatment of amino acids in solution induced preferentially the

oxidation of sulphur-containing and aromatic amino acids (102). Additionally, low temperature

plasma induced structural changes in proteins and amino acids in solution due to oxidation

processes (181). Thus, it is possible that the bactericidal activity of plasmas is affected by the

nutrient composition of the media.

To determine the effect of the media during bacterial elimination by plasma, two culture media

were used. Lennox Broth (LB) was used as a rich source of peptides, lipoproteins, amino acids,

salts and carbohydrates derived from yeast extract and is known to allow fast growth. The

second medium used was the minimal medium M9 that contains the minimum nutrients
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possible for bacterial growth. It has a basic source of carbon (glucose as the only source),

nitrogen and salts, from which bacteria can synthesize amino acids and nucleic acid bases.

Briefly, 100 µL 1.6x107 CFU/mL late logarithmic phase S. Typhimurium cultured in LB or M9

were spread on LB or M9 plates, respectively. Plasma was generated with the AP-DBD plasma

jet at 5.5 kV (peak-to-peak), 123 kHz, 2 slm He + 0.5 vol % O2, using the double-electrode

configuration (Section 3.3.1). Ambient humidity was 16 %. The distance between the nozzle

and the sample was 25 mm. Samples were plasma-treated for 30 seconds and incubated for 24

(LB) and 48 hours (M9) at 37 °C overnight.

Results showed that S. Typhimurium treated in M9 plates presented an increased zone of

inhibition compared to those treated in LB plates (Figure 3.6b,f). In these zone of inhibition,

colony forming units (CFU) were observed, each of them originated from a single bacterium.

The presence of CFU in the zone of inhibition might represent the efficacy of plasma to kill

bacteria in the treated area. Plasma treatment was more efficient in eliminating bacteria when

bacteria were treated in M9 agar plates, observing approximately 80 CFU in the zone of

inhibition 48 hours post-treatment. In addition, the area of the zone of inhibition (2027 mm2)

was clearly delimited. In contrast, S. Typhimurium treated in LB agar plates presented a zone of

inhibition of 123 mm2 with more than 200 CFU.

Changes in the availability of basic nutrients such as phosphate, nitrogen and carbon and

variations in the pH level and oxygen can trigger physiological and morphological changes in

the bacterial cell to allow their adaptation to the new environment for survival (182). Bacteria

growing in minimal culture medium such as M9 can change their metabolism to promote the

biosynthesis of basic biomolecules, primarily the amino acid biosynthetic pathways. These

metabolic changes are usually translated into the up-regulation and down-regulation of genes

associated with growth and increased expression of genes involved in bacterial survival and

biosynthetic pathways (178). In turn, bacteria growing in a nutrient-rich media such as LB can

grow fast and increase their protein synthesis (183). Results showed that plasma-treated bacteria

in M9 agar plates presented slower growth rates than those in LB plates. In M9 agar plates,

CFU were observable in the zone of inhibition only after 48 hour post-treatment (Figure 3.6f,i).

The preferentially biosynthetic metabolism displayed by bacteria growing in minimal medium

is controlled by RpoS, a sigma factor that confers resistance to several stress and starvation

treatments and helps to maintain redox homeostasis (184). Thus, although bacteria in minimal

medium redirect their metabolism to promote biosynthesis, it provides resistance to external

insults that include oxidative stress. This includes the upregulation of dps, a protein that affects

gene expression and protects chromosomal DNA from oxidative stress (185) and an increase in

the expression of antioxidant enzymes such as superoxide dismutase, catalase and glutathione

reductase, among others (22). Therefore, the differences in the metabolism of bacteria grown in

both culture media may not be solely responsible for the increased bactericidal activity of

plasma on M9 agar plates.
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Figure 3.6. Effect of media composition in plasma treatments. S. Typhimurium was spread

on (a-d) LB and (e-h) M9 agar plates. (a, e) Untreated samples presented confluent growth.

(b) LB agar plate treated with the plasma for 30 seconds presented a kill zone with > 200

CFU, whereas (f) plasma-treated M9 plates presented a wider, well-defined kill zone with

approx. 80 CFU after 48 h incubation. (c, g) Plates pre-treated for 30 seconds or (d, h) 60

seconds did not present inhibition of growth. (i) M9 plate after 24 h incubation. Results are

representative of two experimental repeats. Scale bar 10 mm. Pre-treated agar plates (c, d, g,

h) had a central indentation due to local heating of the agar exposed to the plasma jet, but

confluent bacterial growth was observed.
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RNOS can react with lipids, proteins, nucleic acids and carbohydrates and do not discriminate

between cell components or nutrients in the culture medium. Thus, it is possible that the

nutrients in culture media are oxidized during plasma treatment. This reaction could represent a

reduction in the amount of RNOS available to interact with bacterial cells and a decrease in the

antibacterial activity of plasma. It has been reported that plasma can oxidize and induce

structural changes in proteins, amino acids and DNA in solution (51, 186), and the oxidation of

proteins can promote the formation of secondary reactive free-radicals (187, 188).

It could be possible that the exposure of nutrients in the culture media to plasma contribute to

the formation of toxic secondary reactive species. To determine if the bactericidal effect of

plasma was enhanced by the formation of secondary reactive species due to the oxidation of

nutrients in the media, LB and M9 plates were pre-treated for 30 and 60 seconds under the same

conditions. S. Typhimurium was plated immediately after plasma treatment. Although it has

been proposed that plasma can induce the formation of toxic compounds as the result of amino

acid peroxidation in liquid cultures (189), pre-treatment of LB and M9 agar plates did not affect

Salmonella growth and plates presented similar growth to untreated plates (Figure

3.6a,c,d,e,g,h). The contribution of secondary reactive species formed upon oxidation of

nutrients in the media towards bacterial elimination could be limited and it could not observed

under these conditions. These results could suggest that the elimination of bacteria in culture

media with plasma is related to the direct interaction of plasma species with bacteria.

It is likely that the bactericidal activity of plasma is reduced as a result of the competition for

RNOS between nutrients in culture media and bacterial cells during plasma treatment. The

effect of external biomolecules during plasma treatment for bacterial elimination was further

studied and is described in Chapter 5. LB agar plates were chosen for further experiments as

they are routinely used for antimicrobial susceptibility testing (159, 160).

3.3.4 Distance from nozzle to sample

It has been demonstrated that the ability of low temperature plasmas to kill bacteria is affected

by variation of distance between the powered electrode and the surface of the bacterial sample

(110, 163). Schneider et al. described a decrease in the absolute atomic nitrogen density in the

effluent of a µAPPJ operated with He and small admixtures of molecular nitrogen with

increasing distances from the nozzle (190). Using a similar device, it has been reported that

atomic oxygen density declines and O3 density increases with distance to the nozzle (108, 149).

In addition, a decrease in the discharge power was observed with increasing distances between

the powered electrode and the sample for a DBD plasma setup, results correlated with the

decrease in the antibacterial activity and gas temperature of the plasma (191). Thus, there is

evidence that the composition of the plasma varies as it travels away from the nozzle and this

affects the bactericidal activity of plasma. However, it is important to consider that although

plasma is more effective when the distance from nozzle to sample is reduced, the temperature of
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the plasma may be higher at smaller distances from the nozzle (191). Thus, careful

measurements of the gas temperature at the contact point with the sample needs to be performed

and monitored when optimizing the distance between nozzle and surface of sample for bacterial

elimination.

To determine the optimal distance at which samples should be placed for plasma treatment, LB

agar plates containing 100 µL 1.6x109 CFU/mL S. Typhimurium were placed at 25, 30, 35 and

40 mm distance from the nozzle. Plasma was generated with the AP-DBD plasma jet at 5 kV

(peak-to-peak) using the single electrode configuration (Section 3.3.1), 123 kHz, 2 slm He + 0.5

vol % O2. Ambient humidity was 17 %. Samples were treated for 60 seconds. The temperature

of the sample during plasma treatment was measured with a thermocouple placed on an agar

plate.

Bacterial elimination in plasma-treated agar plates was inversely proportional to the distance

between the powered electrode and the surface of the sample. Plasma-treated plates that were

placed at 25 mm from the nozzle, presented more defined zones of inhibition than plates located

at 40 mm, as shown in Figure 3.7a. None of the treatments tested were able to completely

eliminate bacterial growth in the zone of inhibition, but the high bacterial load used in this

experiment could explain this. A lower initial inoculum (100 µL 1.6x107 CFU/mL) was also

tested, generating more defined zones of inhibition with > 200 CFU (Figure 3.7b). There was

no visual difference between the zones of inhibition of LB agar plates plasma-treated at 25 and

30 mm from the nozzle. However, the temperature of the plasma at 25 mm from the nozzle

(contact point with the sample) was 47 °C after 60 seconds of treatment. This temperature is

above the thermal tissue damage threshold (43 °C) (192), a value that has to be considered for

the design of plasma treatments with biomedical purposes. Therefore, a treatment 30 mm

distance from the nozzle was chosen as plasma was able to eliminate bacteria with similar

efficiency at lower temperatures (37 °C).

Results are in agreement with the literature, supporting the effect of the distance to sample on

bacterial inactivation (110, 193). For further experiments, samples were placed at 30 mm from

the nozzle to prevent interference of the temperature on bacterial elimination.

3.3.5 Composition of the feed gas

Noble gases like helium are relatively easily ionized compared with molecular gases at

atmospheric pressure. Helium is one of the preferred gases to generate plasmas at atmospheric

pressure because it possesses high heat conductivity and contributes to the generation of

plasmas that maintain low temperatures (194). Metastable helium, an electronically excited

state, acts as an energy reservoir for Penning ionization (113), which is one of the dominant

plasma sustaining mechanisms for the generation of RNOS in the plasma. It has been reported

that the addition of small percentages of O2 to the feed gas of the plasma contributes to the
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Figure 3.7. Optimization of distance from nozzle to sample and composition of feed gas.

LB plates treated with plasma (a) placing samples at different distances from the nozzle (25,

30 35 and 40 mm) using 1.6 x 109 CFU/mL as initial inoculum; (b) placing samples at

different distances from the nozzle (25 and 30 mm) using 1.6 x 107 CFU/mL as initial

inoculum. (c) Effect of variation in the composition of the feed gas (2 slm He + (0 to 0.9) vol

% O2); (d) Area of the zone of inhibition as a function of the concentration of O2 in the feed

gas, expressed in mm2. Each dot represents one plate, bars represent mean values ± S.D.

Scale bar 10 mm. Due to technical reasons, it was only possible to test single agar plates for

plasma generated with > 0.6 vol % O2 in gas admixture.
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production of O, O2(a
1Δg) and O3 in the effluent (195). An increase in the concentration of

reactive species could potentiate the bactericidal activity of plasmas (108).

To determine the concentration of O2 in the feed gas required to increase the bactericidal effect

of the plasma, different values of vol % O2 were added to the feed gas. Briefly, 100 µL 1.6x1010

CFU/mL overnight culture S. Typhimurium were spread on LB plates. Plasma treatment was

done for 60 seconds. Plasma was generated at 6 kV (peak-to-peak), 123 kHz, 2 slm He + (0 –

0.9) vol % O2, using the single electrode configuration described in Section 3.3.1. Ambient

humidity was 18 %. The distance between the nozzle and the sample was 20 mm. The distance

between the nozzle and the sample differ from the value chosen in the previous section for

further experiments, thus the temperature of the plasma jet may have played a role in the

treatment outcome. It was not possible to ignite the plasma jet with values above 0.9 vol % O2

under these conditions.

A plasma jet generated only with helium, no oxygen admixture, killed S. Typhimurium in a

restricted area of approx. 100 mm2. The killing zone increased with the addition of O2 to the

feed gas. A plateau was reached around 0.5 vol % O2 and further addition of O2 to the feed gas

did not increase the size of the zone of inhibition (Figure 3.7c,d). Complete elimination of

bacteria in the zone of inhibition was not obtained for any of the gas admixtures tested here,

possibly due to the high concentration of initial inoculum used for this experiment. However,

results consistently demonstrate that an increase in the concentration of O2 in the gas admixture

can improve the bactericidal activity of the plasma jet.

The enhancement of the inactivation and bactericidal activity of reactive species generated by

the plasma when 0.5 vol % O2 is added to helium has been previously reported (161, 162, 166).

The results obtained here were consistent with the literature (164) and a gas feed containing He

+ 0.5 vol % O2 was used for further experiments.

3.3.6 Length of treatment

It has been previously demonstrated that increasing the treatment time can increase the

bactericidal activity of plasmas and it depends on the plasma source and the biological and

physical conditions used. This correlation has been shown for E. coli treated with different

plasma sources in solid and liquid environments (13, 109).

To determine the optimal plasma treatment time to kill S. Typhimurium with the AP-DBD

plasma jet, LB agar plates were treated with the AP-DBD plasma jet for 30, 60, 90 and 120

seconds. Plasma was generated with the AP-DBD plasma jet at 6 kV (peak-to-peak), 123 kHz, 2

slm He + 0.5 vol % O2, using the double electrode configuration described in Section 3.3.1.

Ambient humidity was 34 %. The distance between the nozzle and the sample was 30 mm.

Results demonstrated that the area of the zone of inhibition increased with treatment time (1810

mm2 for 30 seconds, 2552 mm2 for 120 seconds) (Figure 3.8). The area of the zone of inhibition
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10 mm

Figure 3.8. Optimization of treatment time for S. Typhimurium with the AP-DBD plasma

jet. Representative agar plates treated with the AP-DBD plasma jet for 30, 60, 90 and 120

seconds (sec). Plasma was generated at 6 kV (peak-to-peak) using the double electrode

configuration for DBD (Section 3.3.1), 123 kHz, 2 slm He + 0.5 vol % O2. The distances

between the nozzle and the sample were 30 mm. Results are representative of two

experimental repeats. Scale bar 10 mm.
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was similar for agar plates treated for 90 and 120 seconds (2290 vs. 2552 mm2, respectively). In

the same way, longer treatments decreased the number of CFU in the zone of inhibition (260

CFU for 120 seconds and > 350 CFU for 30 seconds, respectively).

Thus, a short treatment of 90 seconds was chosen for further experiments considering the

possible increase of the sample temperature with longer treatments. In addition, short treatments

that can eliminate S. Typhimurium could be used to target intracellular bacteria in future

applications with a reduced impact on the host cell.

3.3.7 Voltage, frequency and temperature of the plasma

An increase in the voltage of the plasma jet has been related to increasing gas temperatures at

the surface of the sample (165). Increasing the voltage can improve the generation of active

species in the plasma (108), increase the electron energy (150) and the length of the plume

(196). Changes in plasma parameters could all contribute to bacterial elimination. However, the

risk of increasing the voltage resides on the possibility of inflicting thermal damage to the

sample or host tissue. For biomedical applications of plasma, it is important that the treatment

provided does not exceed the thermal tissue damage threshold.

The initial version of the setup operated with a resonant frequency of 123 kHz. Plasma was

generated with the AP-DBD plasma jet at this frequency and 5.5 kV (peak-to-peak), using 2 slm

He + 0.5 vol % O2. Samples were treated for 90 seconds at 30 mm distance between the nozzle

and the sample.

The macroscopic temperature of the plasma is similar to that of heavy neutrals and ions (in

contrast to the high temperature of electrons) (50). The temperature of the plasma can be

determined by measuring the rotational temperature of N2 by optical emission spectroscopy

(OES). The results presented below refer to the macroscopic temperature of the gas measured

by OES or a thermocouple, as described in Section 2.10.

The results of OES demonstrated that the use of this method is restricted to the visible spectral

region of the jet, as it relies on the detection of the second positive system of N2. The

temperature obtained with OES for a plasma generated at 5.5 kV and 21 mm distance from the

nozzle was 74 ± 14 °C (Figure 3.9). Because the acquisition of the data for these measurements

takes place over approximately 5 to 10 minutes (based on the integration time and number of

averages used), results could provide a value that might not represent the temperature the

sample would actually experience during a treatment of 90 seconds. A temperature more

equivalent to the temperature a sample would experience was measured with a thermocouple at

25 mm and 30 mm distance from the nozzle in the axial direction and at 0 and 10 mm distance

from the treatment site (d=0 mm) in the radial direction. At this distance, the temperature of the

plasma after 30 seconds of exposure was below 40 °C (Table 3.1). The working voltage was

determined based on the temperature of the plasma jet at the contact point with the sample. The
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Figure 3.9. Measurement of plasma temperature with OES. The macroscopic temperature

of the plasma was obtained by measuring the second positive system of N2 around 380 nm.

Graphics represent the measurements done at 21mm from the nozzle with Left: 5 averaged

readings or Right: 10 averaged readings. Temperature expressed in degree Kelvin.
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OES Thermocouple

Treatment

site (d=0 mm)
Treatment site (d=0 mm) d=10 mm

5.5kV 5.0kV 5.5kV 5.0kV

20 mm 74±14°C -- -- --

25 mm -- 28°C 50°C 30°C

30 mm -- 27°C 37°C 22°C

Table 3.1. Temperature measurement of the plasma at different axial and radial distances

from nozzle. The temperature of the plasma at the contact point with the sample (d=0 mm)

was measured by optical emission spectroscopy (OES) in the visible fraction of the plasma

jet and with a thermocouple at further distances in the axial direction. Results show the

average of triplicate measurements of the plasma temperature, measured at different

distances from the nozzle in the axial direction and in the radial direction. Plasma generated

for 30 seconds at 123 kHz. (--) = not measured.
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temperature of the plasma jet was measured with a thermocouple as described in Section 2.10.2.

The working voltage was set at 5.5 – 6 kV (peak-to-peak) for 90 seconds treatments.

The final version of the setup described in Section 3.2 was modified to operate at lower

frequencies to decrease the gas temperature. By reducing the frequency, less individual plasma

breakdowns occur. As the gas is exposed to less plasma, the gas temperature remains low. The

AP-DBD plasma jet was tested using a 470 pF coupled capacitor. Plasma was generated at 10

kV (peak-to-peak), 30 kHz, 2 slm He + 0.5 vol % O2, using the double electrode configuration

described in Section 3.3.1. Ambient humidity was 36 %. The distance between the nozzle and

the sample was 30 mm. Plasma treatment was applied for 120 seconds. The gas temperature at

30 mm from the nozzle (contact point with the sample) was 39°C after 120 seconds, measured

with a thermocouple. This reduction represents a decrease of from 63 °C to 37 – 43 °C from the

gas temperature obtained when operating at 123 kHz (Figure 3.10). Capacitors with higher

capacitances were also tested. However, this idea was discarded as further reduction of the

resonant frequency did not allow plasma ignition.

To improve the stability of the signal, the ignition of the plasma jet was controlled remotely

using a code written by Dr. Roddy Vann. The advantage of controlling the plasma jet from a

laptop is the adjustment of the oscillating resonant frequency in real-time to deliver a constant

voltage to the system. After finding the resonant frequency at the desired voltage, the code

automatically adjusts the oscillating resonant frequency to deliver a stable signal to the system.

The operating voltage was increased from 10 kV to 12 kV (peak-to-peak) and the gas

temperature was measured with a thermocouple at 30 mm from the nozzle for 120 seconds.

With the addition of the 470 pF capacitor to the system, the gas temperature at 30 mm from the

nozzle was reduced to 36.5°C. The addition of a fan to cool down the capacitor improved the

stability of the signal and allowed a further reduction in the gas temperature from 36.5 °C to

29.5 °C.

The working voltage for the final version of the setup was set at 12 kV (peak-to-peak) for the

AP-DBD plasma jet with a 470 pF capacitor coupled to the secondary coil of the transformer

and the corresponding cooling system for the capacitor. These conditions were used for further

experiments, unless otherwise stated.

3.3.8 Current measurement

The parameters of the external electrical circuit and the presence of the dielectric barriers can

influence the voltage and current of DBD plasma jets (197). The AP-DBD plasma jet described

here was generated inside a plasma box for a set of experiments. To perform experiments to

measure the ozone density in the gas phase, the plasma jet was installed to fit in an open box

covered with a protective mesh (shown in Figure 3.3). For this purpose, the electric circuit was

rearranged to fit the conditions of the new box and therefore the electrical parameters were

altered.
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Figure 3.10. Reduction of the temperature of the plasma. Temperature of the plasma at 30

mm from the nozzle with a plasma generated with or without the addition of 470 pF

capacitor and cooling fan to the system. Each dot corresponds to the mean value of triplicate

measurements, vertical bars represent S.D. w/o = without. Data are representative of three

experimental repeats. Time expressed in seconds (sec).
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The current in the plasma setup in both electrical arrangements was monitored when possible.

The current in the AP-DBD setup was measured using a current transformer (CM-100-L, IPC),

with 50 Ohms sensitivity into the external and an equivalence of 1 Amp per Volt. The current

probe was connected to a high-resolution oscilloscope (LeCroy WaveRunner 204Mxi-A). For

the measurements, the cable connecting the grounded electrode (current-carrying conductor) to

the aluminium base of the plasma box was passed through the current probe opening.

Plasma was generated at 12 kV (peak-to-peak), 30 kHz, using the double electrode

configuration described in Section 3.3.1. Ambient humidity was 21 %. The distances between

the nozzle and the sample were 30 mm. Plasma was generated with 2 slm He + 0.5 vol % O2.

The current and voltage were recorded over one cycle with the plasma ignition (generation of

plasma) and extinction (no feed gas, no ionization).

Results demonstrated that varying the electrical circuit arrangement of the plasma setup affected

the current in the system. Figure 3.11 shows both the sinusoidal driving voltage and the current

through the discharge. The plasma generated inside the plastic plasma box presented an

amplitude 12 times higher than the plasma generated in the open box covered with a protective

mesh (12 mAmp and 1 mAmp, respectively). In OFF mode, the non-plasma waveforms are near

sinusoidal (Figure 3.11c,d). The signal presents multiple plasma breakdowns when the plasma

ignited (Figure 3.11a,b). The negative jet current pulse during the voltage rise time could

represent the main breakdown that give rise to the streamer propagating from the tube; the

positive current pulses could represent a more homogeneous plasma, as the current is

maintained for longer (169).

The presence of a stage to support the dielectric and the position of the powered electrode in

relation to this stage modified the capacitance of the system. This could have led to a change of

current and electric field, as reported before (50).

It has been demonstrated that variations in the current has a direct impact in the electric field

and plasma streamer velocity (198), which can alter the chemical reactions in the plasma and

consequent formation of RNOS. For this reason, the same electrical arrangement was

maintained between experiments that needed to be compared. For experiments described in

Chapter 4, plasma was generated in the plastic box, whereas experiments described in Chapter 5

the plasma was generated in the open box covered with a protective mesh.

3.3.9 Delivery of plasma species with different dielectric barrier discharge
arrangements

Plasma rich in reactive oxygen and nitrogen species is generated during the ionization process

in the surroundings of the powered electrode. Classic DBD plasmas use a straight glass tube

connected to a powered and a grounded electrode, as in condition (b) in Section 3.3.1. In this

configuration, the plasma leaves the dielectric and the plasma-generated electrons, metastables

and UV radiation can freely react with molecules present in ambient air. Other configurations of
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Figure 3.11. Measurement of the current and voltage of the AP-DBD plasma jet. The

current and voltage were recorded over one cycle with (a,b) ignition of the plasma and (c,d)

OFF (no feed gas, no ionization). (a,c) Data collected for the AP-DBD plasma jet installed in

the plastic plasma box. (b,d) Data collected for the AP-DBD plasma jet installed in the open

box with a protective mesh shown in Figure 3.3.
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the dielectric or the nozzle downstream the electrodes to deliver only UV radiation, reactive

species or both to the sample have been used. In the case of a modified radio-frequency-driven

µAPPJ (X jet), the plasma generated between the two electrodes passes through a glass channel

connected downstream from the electrodes (199). The plasma effluent is diverted to one side,

whereas the UV radiation continue traveling in straight line towards the sample (200). A similar

modification to the nozzle allows the delivery of the plasma effluent and not UV radiation to the

sample (104). Zhang et al. suggest the use of an inverted funnel-shaped nozzle to concentrate

plasma RNOS to improve the delivery of reactive species produced by a DBD plasma needle

(201). However, the formation of RNOS in the plasma effluent depends on many factors as

mentioned in the previous sections, including the composition of the feed gas and the

interaction of plasma species with oxygen, nitrogen and water molecules in ambient air. Thus,

limiting the interaction of UV radiation with the plasma in the downstream region or limiting

the access of oxygen, nitrogen and water molecules to the plasma effluent could impact on the

outcome of plasma treatment of bacteria.

To determine the effect of the dielectric arrangement for the treatment of bacteria with the AP-

DBD plasma jet, three conditions were tested (see Figure 3.12):

a) Straight glass tube (1 mm inner diameter, 6 mm outer diameter)

b) Glass tube with a curvature of 60° on the downstream region under the powered

electrode (1 mm inner diameter, 6 mm outer diameter, prepared by a glassblower)

c) Glass funnel (rim diameter 35 mm, VWR) fused to the nozzle of the glass tube

The direct delivery of plasma RNOS in combination with UV radiation (condition (a)) can

effectively inhibit bacterial growth, as shown before (combined treatment). The curvature on the

downstream region of the dielectric glass tube in condition (b) aimed to dissociate the

bactericidal effect of UV radiation from the effect of plasma-generated RNOS. As light travels

in straight line, the dielectric glass tube with a curvature of 60° at the downstream region

prevents the delivery of UV radiation, but allows the delivery of RNOS to the sample (particles-

only treatment). No visible light was observed outside the nozzle for this condition. Condition

(c) was developed to restrict the interaction of plasma with ambient air, concentrate and control

the delivery of RNOS to the sample. For this condition, the funnel was placed 2 mm above the

agar plate and ambient air was removed from the funnel by flushing the feed gas for 2 minutes

prior to plasma treatment.

Plasma was generated with the AP-DBD plasma jet at 123 kHz, 2 slm He + 0.5 vol % O2, using

the double-electrode configuration described in Section 3.3.1. Ambient humidity was 20 %. The

distances between the nozzle and the sample were 30 mm. Samples were treated for 90 seconds.

For conditions (a) and (b), plasma was generated at 6 kV (peak-to-peak) and for condition (c) at

5 kV (peak-to-peak). LB agar plates containing S. Typhimurium were placed under the funnel
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Figure 3.12. Comparison of different dielectric arrangements for the AP-DBD plasma jet.

Representative agar plates treated with plasma generated (a) in the straight dielectric glass

tube; (b) with a glass tube with a curvature of 60° on the downstream region; (c) with a glass

funnel fused to the nozzle. Experiments done with the double-electrode configuration

described in Section 3.3.1.
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with 2 mm distance between the rim and the plate to allow the evacuation of the plasma, with a

total distance of 30 mm from the nozzle.

LB plates treated with condition (a) presented a zone of inhibition of 1806 mm2 (Figure 3.12a).

Samples treated with condition (b) presented an increased zone of inhibition (2210 mm2),

possibly because the dielectric tube was not perpendicular to the sample (Figure 3.12b). This

could have promoted the diffusion of plasma towards one side of the plate that increased the

size of the zone of inhibition. Alternatively, this effect could be caused by the deformation of

the inner compartment of the dielectric glass tube during its preparation. Agar plates treated

with condition (b) presented 1.8-fold increase in the number of CFU found in the zone of

inhibition when compared to condition (a). Because the transmittance of UV radiation was

reduced by the curvature in the downstream region of the dielectric in configuration (b) and UV

radiation contributes to the formation of reactive species (199, 200), it is likely that the

composition of the plasma differs between configurations (a) and (b). Nevertheless, both

configurations showed antibacterial activity that can be attributed to the effect of RNOS and

charged species delivered to the sample.

Plates treated with condition (c) presented a zone of inhibition of approximately 1350 mm2 with

defined borders and irregular shapes between replicates (Figure 3.12c). The number of colonies

was reduced in agar plates treated with this condition, but it was not possible to anticipate the

shape of the zone of inhibition. Complete elimination of bacteria in the zone of inhibition was

not achieved with any of the dielectric arrangements tested here. Agar plates treated presented

zones of inhibition with irregular shapes with homogeneous distribution of CFU. This could be

explained by a possible recirculation of plasma inside the funnel that could not be fully

evacuated through the 2 mm gap. The lack of small CFU growing at the edges of the zone of

inhibition (as observed for plates treated with the other two configurations) could be explained

by the exit of the plasma through the 2 mm gap. The incoming gas forces the plasma-generated

reactive species to exit the funnel through a small gap, exposing the bacteria located at the rim

region to higher concentrations of reactive species than those obtained when not using the

funnel. The formation of reactive species inside the funnel relied on the composition of the feed

gas. Since only oxygen was added to the feed gas to generate the plasma, these results could

support the importance of reactive oxygen species for the elimination of bacteria with plasma

treatments.

The use of a straight glass tube as a dielectric present the advantage of delivering a combined

treatment of RNOS, charged species and UV radiation. The use of a glass tube with a curvature

downstream the powered electrode was not considered further as UV radiation contributes to the

formation of RNOS in the effluent and therefore should be considered. The contribution of UV

radiation in the induction of DNA damage and bacterial elimination was further studied as

described in Chapter 4. Finally, the use of a funnel fused to the downstream region of the
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dielectric to deliver plasma demonstrated to provide homogeneous clearance in the zone of

inhibition, but generated irreproducible zones of inhibition between replicates. Based on these

results, a straight glass tube was used for all further experiments.

3.4 DISCUSSION

One of the most interesting applications of LTPs that operate below the thermal damage

threshold is their use in biomedicine. The multiple reactive species, charged particles and UV

photons produced in the plasma are effective biocidal agents. In this regard, the field of

biomedicine could benefit from the development of new therapies that employ LTPs that can be

administered topically to treat target pathogens from a distance.

The efficacy of LTP treatments depends on a range of physical parameters, as described here.

These parameters can be modulated to generate antimicrobial treatments. In the same way, the

characteristics of the target sample such as cell type, concentration and composition of the

surrounding environment can contribute to the outcome of plasma treatments. In this chapter,

the various physical and biological parameters that determine the antimicrobial effectiveness

against bacteria were investigated and the conditions to eliminate S. Typhimurium from solid

and semi-solid surfaces were determined.

The AP-DBD plasma source designed and built in-house was optimized for the treatment of S.

Typhimurium in solid and semi-solid surfaces. Results demonstrated that an increase in the

initial inoculum exposed to plasma decreased the efficacy of the treatment (Section 3.3.2) and is

in agreement with the literature (135, 173). In the plasma treatment of bacteria on solid surfaces,

the decrease in the efficacy of plasma treatment with increasing concentration of bacteria could

be explained by the formation of multiple layer of bacterial cells that provide protection from

oxidative stress to those located at the bottom. Although multiple layers of cells could aid the

survival of bacteria after plasma treatment, the highest concentration of bacteria used here (1.6 x

108 CFU/plate) covered less than 15 % of the surface area of the plate. Thus, the formation of

multiple layers of cells is unlikely. The decrease in the efficacy of the treatment could

correspond to other factors such as bacterial aggregation, as proposed by Fernandez et al. (135)

and the physiological state of the culture or accumulation of metabolic by-products for

antibiotic treatments as proposed by Udekwu et al. (202). For the plasma treatments applied

here, late logarithmic phase bacteria cultures were diluted 100-fold in fresh media and vortexed

prior to plating to avoid aggregation. Experiments were restricted to the use of bacterial cultures

in late logarithmic phase, reducing the variability in the response to treatment due to variations

in the growth phase. As samples were diluted prior to plating, it would be expected that the

amount of molecules secreted by bacteria that could contribute to cell aggregation present in the

sample would be minimal.
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In addition to bacterial concentration, it was observed that the composition of the surrounding

environment where bacteria were exposed to plasma had an effect on the treatment outcome.

The results presented here demonstrated an increased bactericidal activity of the AP-DBD

plasma jet on S. Typhimurium treated in minimal medium M9 plates than S. Typhimurium

treated in LB plates. Nosenko et al. reported that E. coli in PBS suspensions required shorter

plasma treatments to achieve 100% elimination than E. coli in LB suspension when treated with

a plasma torch (203). This could be due to the presence of proteins, lipoproteins, carbohydrates

and vitamins in the culture media that oxidize in the same way as bacterial components. These

reactions between plasma species and nutrients could lead to a reduction in the amount of

RNOS available to interact with bacterial cells and therefore, a decrease in the antibacterial

activity of plasma. In addition, the metabolic state of bacterial cells growing in the presence of

abundant or minimal nutrients might also play a role in the response to oxidative damage

induced by plasma, as discussed in Section 3.3.3.

Although it has been proposed that toxic compounds could be formed in liquid cultures as a

consequence of amino acid peroxidation (189), the pre-treatment of LB and M9 agar plates did

not affect the growth of Salmonella and plates presented similar growth to untreated plates.

Variations in the composition of the culture media does not only affect the amount of RNOS

interacting with cell components, but also affects the metabolism of bacteria. Variations in the

concentration of carbon, nitrogen and phosphate sources in the culture media can induce

changes in the physiology (redirecting their metabolism to cope with nutritional stress) and

morphology (delay of cell division and septation) of bacterial cells (204). Thus, considering that

bacteria recover from plasma treatment in the presence of nutrients in a nutrient-rich (LB) or

minimal media (M9), the metabolic differences between both cultures could contribute to the

effect observed here. Further analysis of the composition of the reactive species in plasma-

treated media and their effect on the bactericidal action of plasma treatments is described in

Chapter 5.

One of the advantages of LTPs resides in the ability to modulate the several physical parameters

to develop specific treatments, specifically their operation at low temperatures for their

application in biomedicine. Because the plasma setup was built in-house, it was possible to test

different dielectric barrier and electrode configurations, modify the electrical arrangement of the

electronic components and replace parts when needed. In the same way, the composition of the

feed gas, voltage, frequency and distance to sample were investigated for the elimination of S.

Typhimurium. However, the operation of LTPs can be affected by small variations in any of

these parameters and such changes can have a direct impact on other parameters for the

generation of plasma. For example, the results obtained here showed that the gas temperature of

the plasma was affected by the voltage and quickly reduced as the plasma dissipated away from

the nozzle in the axial and radial direction (described in Section 3.3.7). A decrease in the

distance between the powered electrode and the sample also increased the temperature of the
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plasma. These results are in agreement with the literature, as previous reports identified an

increase in the temperature of the plasma with increasing values of discharge power, voltage

and decrease in the distance between the powered electrode (191).

The results presented in this chapter reflect a number of all the possible parameters that can be

modified to improve the bactericidal action of the AP-DBD plasma jet (for example, voltage,

distance to sample, gas composition, and bacterial load, among others). These parameters were

chosen based on their impact on the antibacterial properties of the plasma and on the resources

available at the time for this study.

Different DBD plasma sources have been tested in the past for the elimination of bacteria, but

the use of different conditions for the generation of plasma poses a challenge for data

interpretation and reproducibility of scientific results with different plasma sources. Thus, it is

important to acknowledge that these parameters are not independent from each other. Therefore,

the participation of UV radiation generated by the AP-DBD plasma jet might not directly

compromise the integrity of bacterial samples, but contributes to the chemical reactions to

generate more reactive nitrogen and oxygen species that contribute towards bacterial

elimination. These reactions are boosted by the interaction of ambient air and water molecules

with the plasma plume that propagates in the axial direction outside the nozzle. Thus, although

the conditions for the generation of plasma with different devices described in the literature are

variable, it is possible to identify trends in the bactericidal activity of LTPs. These trends

contribute towards the understanding of the mechanisms of action of plasma for bacterial

elimination and the development of effective therapies. Altogether, these results demonstrated

the importance of the optimization and characterization of plasma parameters for the

development of antibacterial treatments and the development of common and standardized

guidelines to assess the bactericidal properties of LTPs.

The effect of plasma treatment with the AP-DBD plasma jet on bacterial DNA at the single cell

level and the role of the nutrients present during treatment in the surroundings of the sample are

described in Chapter 4 and Chapter 5.

For the treatment of S. Typhimurium with the AP-DBD plasma jet in the following chapters, the

plasma was generated using the double electrode configuration (Section 3.3.1, configuration

(b)), 2 slm He + 0.5 vol % O2. Samples were treated for 90 seconds. The voltage and frequency

used for experiments is described in each section, corresponding to either the operation of the

plasma prior to (5.5 – 6 kV and 123 kHz) or after the replacement of the oscilloscope probe and

addition of the capacitor (12 kV and 30 kHz).
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4 DNA DAMAGE AND THE SPATIAL
DISTRIBUTION OF RNOS IN THE PLASMA

EFFLUENT

4.1 INTRODUCTION

Low temperature plasma treatments have been demonstrated to induce DNA damage in bacteria

via oxidative stress (13, 44). The RNOS produced by LTPs can induce two types of damage to

the DNA: damage to the sugar-phosphate backbone of the DNA that result in detrimental DNA

breaks and oxidation of nucleotide bases that may not result in DNA breaks but can cause

mutations if left unrepaired (205). The methods most commonly used to determine DNA

damage in plasma-treated samples (purified DNA or bacteria at the population level) are gel

electrophoresis to identify single- and double-strand DNA breaks (44, 51), enzyme-linked

immunosorbent assay (ELISA) to detect 8-hydroxydeoxyguanosine (oxidized nucleotide base)

(13), polymerase chain reaction to identify DNA damage that blocks polymerase progression

(71) and RAMAN spectroscopy to identify DNA modifications at the molecular level (104).

The current approaches used to investigate the induction of DNA damage in plasma-treated

samples present four limitations: a) Only few reports have studied the effect of LTP treatments

on DNA in the context of living bacterial cells (13, 206). Most of the studies are done on

purified DNA that is not representative of the modifications to the DNA in the context of living

bacterial cells. b) The study of plasma-treated bacteria in liquids does not represent the direct

effect of the RNOS delivered by the plasma, since the chemical reactions in the plasma-liquid

interaction modifies the composition of the RNOS delivered to the sample (207). c) The study at

the population level that assesses the averaged response could mask the effect caused by LTP

treatments on individual cells. Because heterogeneity is an inherent characteristic of bacterial

populations, it is expected that individual cells will respond in different ways to oxidative stress.

These existing approaches provide little or no information about the effect of LTP treatments at

the single cell level. d) Studies on the gas phase of LTPs have demonstrated that the RNOS

produced in plasmas are spatially distributed in the effluent (112, 122). However, there is a lack

of information about the effect of the spatial distribution of RNOS in the plasma effluent and

the damage induced to DNA in bacterial cells. To date, there are only two reports on the effect

of the spatial distribution of RNOS in the plasma on purified DNA (121, 208).

In this chapter, the effect of LTP treatments on the integrity of bacterial DNA at the single cell

level is described. This chapter has two aims: firstly, to identify the factors that determine the

level of DNA damage in plasma-treated bacterial cells at the single cell level and secondly, to

assess whether the level of DNA damage inflicted in bacterial cells is affected by the spatial

distribution of RNOS in the plasma effluent. For this purpose, the DNA damage diffusion assay

(DDD Assay, Section 2.6) was adapted for the quantitative study of DNA damage in bacteria in

dry surfaces at the single cell level after plasma treatment and complemented with the
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measurement of the 2-dimensional distribution of O3 in the plasma effluent. Two plasma

sources were used here to compare their effect on bacterial DNA: the AP-DBD plasma jet

(delivering charged and neutral species; see Chapter 3) and µAPPJ (delivering mostly neutral

species; see Section 2.14).

4.2 LTP INDUCED DNA DAMAGE IN S. TYPHIMURIUM IN
A RADIAL-DEPENDENT MANNER

To assess the role of the radial distribution of RNOS in LTPs, DNA damage induced by plasma

treatment was studied with the DDD Assay at the single cell level as function of distance to the

treatment site. With this method, DNA breaks obtained as a consequence of damage to the DNA

sugar-phosphate backbone can be detected. Bacteria treated with the AP-DBD plasma jet or the

µAPPJ were immobilized and lysed in situ and the DNA fragments diffused through the

agarose. The distance the DNA fragments diffuse through the agarose is dependent on size, and

thus a readout of the presence of DNA double-strand breaks as a result of plasma-induced

damage. The radius of diffusion of DNA originating from single cells was quantified, with

higher diffusion distance relating to smaller fragments, as described in Section 2.6. The ratio of

the radius of plasma-treated cells to the mean radius of untreated cells was calculated and is

expressed as Loge (see Section 2.6.5).

The AP-DBD plasma jet induced statistically significant DNA damage in S. Typhimurium

located directly under the plasma jet (P<0.0001) and up to 10 mm from the centre of the

treatment site (Figure 4.1a). When compared to the zone of inhibition produced in LB agar

plates, 10 mm distance from the treatment site corresponded to 40% of the zone of inhibition.

No double-strand breaks in bacterial DNA were detectable beyond this point. Controls that were

treated with the feed gas only (2 slm He + 0.5 vol % O2) at 5 mm from the nozzle with the AP-

DBD plasma jet setup did not present detectable DNA damage (P>0.05) (Figure 4.2a left).

Exposure of LB agar plates to the feed gas only did not inhibit bacterial growth either (Figure

4.2a right). S. Typhimurium treated with the µAPPJ presented detectable DNA damage only in

cells located directly under the plasma (P<0.01) (Figure 4.1b). DNA damage was not detected

in other regions beyond this point (P>0.05). The µAPPJ inhibited bacterial growth in LB agar

plates in an area with 15 mm radius, beyond the point where DNA damage was observed in

plasma-treated agarose-coated slides. A positive control of DNA damage obtained with

recombinant DNase I confirmed that the fragments observed around the core were indeed DNA

fragments originated by the breakage of DNA (Figure 4.2b). In addition, DNA damage induced

by recombinant DNase I was independent of the location of bacterial cells in the agarose-coated

slide.

Altogether, these results demonstrate that the levels of DNA damage induced in S.

Typhimurium by the AP-DBD plasma jet and the µAPPJ were inversely correlated to the

distance to the treatment site, and thus independent of the LTP source used.
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Figure 4.1. Plasma induced DNA damage in S. Typhimurium in a radially-dependent

manner. DNA damage at the single cell level was assessed with the DDD Assay. S.

Typhimurium treated with (a) the AP-DBD plasma jet, (b) the μAPPJ. Left: Plots show the

level of DNA damage on plasma-treated bacteria at the single cell level as a function of their

position to the treatment site (d=0 mm). Each dot represents a single cell; horizontal bars:

mean values ± S.D.; ****: P<0.0001; ***: P<0.001; **: P<0.01. Ratio expressed as Loge

(radius plasma-treated cells/mean radius untreated cells). Right: Representative agar plates

for S. Typhimurium treated with the AP-DBD plasma jet or μAPPJ. Scale bar 10 mm. 
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Figure 4.2. Controls of DNA damage in gas-treated or DNase-treated samples. Left: Plots

show the level of DNA damage on (a) samples treated with the feed gas only (He + 0.5 vol

% O
2
) at 5 mm from the nozzle with the AP-DBD setup and (b) DNase-treated samples.

Each dot represents a single cell; horizontal bars: mean values ± S.D.; P>0.05. Ratio

expressed as Log
e

(radius plasma-treated cells/mean radius untreated cells). Right:

Corresponding LB agar plate for S. Typhimurium exposed to 2 slm gas only at 5 mm

distance from nozzle. Scale bar 10 mm.
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4.3 PLASMA INDUCED DAMAGE TO NUCLEOTIDE BASES
OF CELLS LOCATED UNDER THE PLASMA JET

Cells exposed to oxidative stress can present damage to the DNA sugar-phosphate backbone

that result in DNA breaks, as shown here with the DDD Assay (Section 4.2). However, the

nucleotide bases can also be affected, leading to the formation of mutagenic base by-products

that can be dangerous to cells. Thus, the DDD Assay was modified to identify damage to

nucleotide bases induced by the AP-DBD plasma jet. The enzyme formamidopyrimidine-DNA

glycosylase (FPG) can detect and remove mutagenic base by-products that occur as a result of

exposure of purines to reactive oxygen species, creating a nick in the DNA strand. FPG was

added to the protocol for the DDD Assay to identify damaged purines as a consequence of

plasma treatment (See Section 2.6.6). If plasma treatment induced the oxidation of purines in

addition to the damage of the sugar-phosphate backbone, it would be expected to observe an

increase in the level of DNA fragmentation observed in single cells and therefore, an increase in

the radius of the halo formed by DNA fragments around the core. The protocol described in

Figure 2.1 including step 3a was followed to identify oxidized purines and damage to the sugar-

phosphate backbone of bacterial DNA. The regular DDD Assay was performed in parallel to

identify only damage to sugar-phosphate backbone of bacterial DNA. Experiments were done

using the final version of the AP-DBD plasma setup housed in the metallic box as described in

Chapter 3.

Using the regular DDD Assay for the identification of damage to the sugar-phosphate backbone,

it was observed that plasma treatment induced DNA damage in bacterial cells located only at

the treatment site (P<0.05; Figure 4.3a). In this experiment, no DNA damage was observed in

cells located at 10 mm distance from the treatment site in the radial direction, as described in

Section 4.2. Plasma-treated samples processed with the modified DDD Assay for the

identification of oxidized purines and damage to the sugar-phosphate backbone presented high

levels of DNA damage in cells located at the treatment site and therefore it was not possible to

measure the radius of diffusion of DNA fragments in the samples (Figure 4.3b). No DNA

fragmentation was detected in samples located at 10 mm, 20 mm or 30 mm from the treatment

site.

These results suggest that oxidation of purines and DNA breaks occur in bacterial cells directly

located at the treatment site as no increase in the level of DNA fragmentation due to oxidized

purines was detected in cells a distance of 10 mm away from this point. Thus, mutations in

bacterial DNA as a result of oxidative damage to purines might appear in bacterial cells located

at the treatment site that survive to LTP treatment. In contrast, it is less likely that cells located

at positions away from the treatment site (where the digestion with FPG enzyme did not

produced detectable DNA fragmentation) could develop mutations as a consequence of LTP-

induced purines oxidation.
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Figure 4.3. Damage to purines in DNA was only detectable in cells that also present

damage to sugar-phosphate backbone. Plots show the level of DNA damage on plasma-

treated samples to detect (a) single- and double-strand DNA breaks due to damage to the

sugar-phosphate backbone and (b) single- and double-strand DNA breaks due to damage to

purines and sugar-phosphate backbone. DNA damage could not be measured in samples

located at the treatment site due to extreme fragmentation. Each dot represents a single cell;

horizontal bars: mean values ± S.D.; **: P<0.01; *: P<0.05. Ratio expressed as Log
e

(radius

plasma-treated cells/mean radius untreated cells).



91

4.4 LONGER TREATMENTS WITH LOW PERCENTAGES
OF O2 IN THE GAS ADMIXTURE GENERATED
HIGHER LEVELS OF DNA DAMAGE

To assess the role of the gas composition and length of treatment on DNA damage induced by

the plasma, S. Typhimurium was treated with the AP-DBD plasma jet varying the percentages

of O2 in the gas admixture and the treatment time. Plasma was generated with the AP-DBD

plasma jet at 5.5 kV (peak-to-peak), 123 kHz, 2 slm He only, He + 0.3 % vol O2 and He + 0.5

vol % O2, using the single electrode configuration (Section 3.3.1). The distance between the

nozzle and the sample was 25 mm. Samples were treated for 30, 60 or 120 seconds. DNA

damage was assessed in bacterial cells located at the treatment site (0 mm) and at 10, 20 and 30

mm from this point as described in Figure 2.2.

In agreement with the results shown in Section 4.2, an inverse correlation between the level of

DNA damage and the radial distance to the treatment site was observed, with the highest DNA

damage found in bacteria located directly at the treatment site (0 mm). This was observed in all

samples treated with the plasma generated with different concentrations of O2 in the feed gas

(Figure 4.4). Statistically significant differences were found in the level of DNA damage

between cells located at different distances to the plasma jet (P<0.0001). Cells located at 30 mm

from the treatment site presented compact DNA loops around the core and no detectable

fragmentation, similar to the untreated controls.

Samples showed an inverse correlation between the concentration of O2 in the feed gas and the

level of DNA damage inflicted in bacteria located a distance of up to 20 mm from the plasma

jet. Thus, plasma generated with He + 0.5 vol % O2 induced DNA damage in cells located up to

10 mm from the treatment site, whereas samples exposed to plasma generated with He + 0.3 vol

% O2 presented detectable DNA damage in cells located up to 20 mm from the treatment site

(120 seconds treatment; P <0.0001; Figure 4.5b,c bottom). For plasma generated with He only,

an increase in the loge radius for cells located at 20 mm from the treatment site was observed,

but no statistically significant difference was found (120 seconds treatment; P>0.05; Figure

4.5a bottom). Values for cells located at 30 mm from the treatment site were comparable to

results obtained for untreated samples or bacterial cells exposed to the feed gas only (He only)

for 30 and 60 seconds (Figure 4.6). Exposure of bacterial cells to the feed gas for 120 seconds

affected the integrity of bacterial DNA, as an increase in the radius of diffusion of DNA was

observed (P<0.05).

As expected, an increase in the length of treatment with the AP-DBD plasma jet generated with

any of the feed gas compositions increased the DNA damage induced in bacterial cells (Figure

4.5). Longer plasma treatments evidenced the variation in the level of DNA damage obtained in

bacterial cells located at different distances from the treatment site.
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Figure 4.4. Effect of composition of the feed gas on DNA integrity of plasma-treated

bacterial cells at the single cell level. Representative images of DNA damage observed in

single cells at the treatment site (0 mm) and at 10 mm, 20 mm and 30 mm from it. S.

Typhimurium was treated for 120 seconds with the AP-DBD plasma jet, generated with the

single electrode configuration and 2 slm (a) He only, (b) He + 0.3 vol % O
2

and (c) He + 0.5

vol % O
2
. DNA damage was assessed with the DDD Assay. False colour images of DNA

corresponding to single cells are presented.

He + 0.5 vol % O2(c)

He only(a)

He + 0.3 vol % O2

0 mm 10 mm 20 mm 30 mm

(b)

0 mm 10 mm 20 mm 30 mm

0 mm 10 mm 20 mm 30 mm
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Figure 4.5. (Caption overleaf.)

(a
)

(b
)

(c
)
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Figure 4.5. Effect of composition of feed gas and length of treatment on DNA damage in

S. Typhimurium. DNA damage at the single cell level was assessed with the DDD Assay.

Samples were treated with the AP-DBD plasma jet generated with the single electrode

configuration and 2 slm (a) He only, (b) He + 0.3 vol % O
2

and (c) He + 0.5 vol % O
2
.

Three lengths of treatment were tested for each condition (30, 60 and 120 seconds). Each dot

represents a single cell; horizontal bars: mean values ± S.D.; Radii values expressed as log
e
.

****: P<0.0001; ***: P<0.001; **: P<0.01; *: P<0.05.



95

L
o

g
e

(R
a
d

iu
s

[
m

])

Figure 4.6. Controls of DNA damage in untreated and gas-treated S. Typhimurium. DNA

damage at the single cell level was assessed with the DDD Assay. DNA damage was

assessed in untreated and gas-treated samples (He only). Each dot represents a single cell;

horizontal bars: mean values ± S.D.; Radii (µm) values expressed as log
e
.*: P<0.05.
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4.5 PLASMA-GENERATED UV RADIATION DID NOT
SOLELY CONTRIBUTE TO DNA DAMAGE DETECTED
IN BACTERIAL CELLS

UV photons produced in LTPs can propagate through the helium feed gas used to generate the

plasma without being absorbed, as UV photons are absorbed by oxygen and ozone molecules. It

is well known that UV radiation can kill bacteria by breaking molecular bonds within DNA,

producing thymine dimers that can lead to cell death. UV radiation has been used for decades to

disinfect surfaces and air (209). In the range 320 - 400 nm, UV photons can induce DNA

damage indirectly by promoting the formation of reactive oxygen species, whereas UV in the

range 10 – 320 nm can directly induce DNA lesions, particularly pyrimidine dimers (210, 211).

To determine if the AP-DBD plasma jet generated UV radiation and if so, to measure its

contribution to the bactericidal effect and DNA damage, three approaches were taken. In the

first place, UV radiation emitted by the AP-DBD plasma jet was measured with a shortwave

sensor. In the second place, samples were placed in a sealed chamber to allow exposure to UV

radiation generated by the AP-DBD plasma jet and the µAPPJ, but not to plasma-generated

RNOS or charged species. Lastly, plasma generated with the AP-DBD plasma jet using a

dielectric glass tube with a curvature of 60° on the downstream region under the powered

electrode (described in Section 3.3.9; Figure 3.12) was used to treat samples with plasma-

generated RNOS without direct exposure to UV radiation. Using these approaches, DNA

damage and inhibition of growth in S. Typhimurium were assessed.

4.5.1 UV radiation in the range 220 – 280 nm was not detected in the AP-DBD
plasma jet

As mentioned above, UV radiation can directly and indirectly affect the DNA integrity.

Therefore, it is necessary to assess if the AP-DBD plasma jet can emit UV photons that

contribute to the induction of DNA damage. UV radiation emitted by the AP-DBD plasma jet

was measured with a shortwave meter (range 220 – 290 nm; maximum sensitivity at 254 nm,

minimum detection limit 20 µW/cm²) shielded by a tungsten mesh, as described in Section 2.11.

No UV radiation was detected by the sensor after 30 and 60 seconds of exposure at 10 mm, 20

mm and 30 mm distance from the nozzle.

4.5.2 UV radiation induced low levels of DNA damage and did not inhibit
bacterial growth

A chamber with a MgF2 window installed on the top compartment was used to expose samples

(bacteria in agar plates or agarose-coated slides) to the UV radiation emitted by the AP-DBD

plasma jet and the µAPPJ, but not to RNOS or charged species (MgF2 transmittance ≥ 55% at 

121 nm; Section 2.12). UV radiation with wavelengths below 180 nm in the range of vacuum

UV are readily absorbed in air by oxygen molecules (174), and thus does not contribute to the

observed effects under these conditions.
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The induction of DNA damage and inhibition of growth in S. Typhimurium were assessed in

samples treated with plasma-generated UV radiation for 90 seconds, the same length of

treatment used to assess the effect of direct treatment with LTP. To compensate for the limited

transmittance of the MgF2 window, a longer exposure to UV photons generated by the µAPPJ

plasma jet was also carried out for 180 seconds. For both plasma sources, exposure to only the

UV radiation generated for 90 or 180 seconds was insufficient to cause a zone of inhibition on

agar plates (Figure 4.7, right). Furthermore, there was no statistically significant difference in

samples treated for 90 seconds with either LTP source and therefore LTP treatments did not

induce significant DNA fragmentation in bacterial cells (P>0.05, Figure 4.7a,b). Bacterial cells

exposed to the µAPPJ for 180 seconds presented low levels of DNA fragmentation in cells

located at the treatment site (P<0.05; Figure 4.7c). However, this level was not significantly

higher than the levels observed at the same site for a 90 second exposure to UV only generated

by either plasma, and still was significantly lower than for the level obtained in samples

exposed to all components of the plasma for only 90 seconds (P<0.0001; Figure 4.1).

It can be concluded that direct interaction of LTP-generated UV photons with DNA of living

bacterial cells is not a significant contributor to the overall amount of DNA fragmentation

observed. Plasma-generated RNOS could be the main factor that leads to DNA damage in LTP-

treated bacteria. These results are in agreement with the literature (199, 200). UV radiation

could participate in the generation of reactive species in the plasma, and exert an indirect

contribution to bacterial elimination. Thus, a synergistic activity of UV photons and RNOS

delivered to bacterial cells was considered.

4.5.3 Particle-only treatment induced similar DNA damage to combined plasma
treatment

The AP-DBD plasma jet uses a straight glass tube to generate and deliver the plasma to directly

expose samples to UV radiation, RNOS and charged species (combined treatment). In this way,

plasma components act synergistically on target cells. To assess the effect of plasma treatment

on DNA in bacterial cells independently of direct exposure to plasma-generated UV radiation, a

dielectric glass tube with a curvature of 60° at the downstream region was used as described in

Section 3.3.9 (Figure 3.12a,b). This configuration blocks the propagation of UV radiation and

visible light emitted by the plasma outside the tube, but allows the interaction between UV

radiation and plasma species upstream the curvature. With this configuration, the treatment is

composed of RNOS and charged species only (particles-only treatment).

The DDD Assay was used to study the effects of combined treatment or particles-only treatment

on the integrity of DNA in bacterial cells. These experiments shown that both treatments

induced DNA damage in bacterial cells located up to 10 mm from the treatment site (combined

treatment: P <0.0001; particle-only treatment: P <0.01; Figure 4.8a,b), as presented above.

Cells located at 20 mm and 30 mm distance from the treatment site did not present detectable
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Figure 4.7. UV radiation induced low levels of DNA damage and did not inhibit bacterial

growth. The effect of plasma-generated UV radiation above 121 nm on bacterial DNA at the

single cell level was examined using the DDD Assay. Left: Radii of dispersion of bacterial

DNA for S. Typhimurium treated with (a) the AP-DBD for 90 seconds, (b) μAPPJ for 90 

seconds and (c) μAPPJ for 180 seconds. Each dot represents a single cell; horizontal bars: 

mean values ± S.D. *: P<0.05. Ratio expressed as Loge (radius treated cells/mean radius

untreated cells). Right: Representative agar plates for S. Typhimurium treated with UV

radiation generated by the AP-DBD plasma jet or μAPPJ. Scale bar 10 mm. 
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Figure 4.8. Combined and particle-only treatment induced similar levels of DNA damage

in bacteria. The DDD Assay was used to assess the synergistic effect of plasma-generated

UV radiation, RNOS and charged species and the effect of RNOS and charged species only.

DNA damage induced by the AP-DBD plasma jet generated using (a) combined treatment

(delivery of plasma and UV radiation) or (b) particle-only treatment (delivery of RNOS and

charged species only). Experiment done using the 60° curved dielectric tube, as described in

Section 3.3.9b. Each dot represents a single cell; horizontal bars: mean values ± S.D. Ratio

expressed as Loge (radius plasma-treated cells/mean radius untreated cells). ***: P<0.001,

**: P<0.01; *: P<0.05.
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DNA damage. Both treatments had similar bactericidal action against S. Typhimurium in LB

agar plates as described in Section 3.3.9. These results demonstrate that similar levels of DNA

damage were obtained in bacterial cells exposed to the combined and particle-only treatments

(no UV photons). These results suggest that DNA damage is mainly caused by the direct effect

of RNOS delivered in plasma and not exclusively by exposure to plasma-generated UV

photons.

From the set of results obtained in this section, it can be concluded that UV radiation generated

by the plasma does not induce significant levels of DNA damage in S. Typhimurium and does

not impair bacterial growth. These results provide evidence that it is effectively the presence of

RNOS in the plasma which is responsible for DNA damage and cell death observed in plasma-

treated S. Typhimurium.

4.6 ROLE OF NUTRIENTS ON DNA DAMAGE DURING
PLASMA TREATMENT

Bacteria exposed to nutritional stress can change their metabolism to adapt to the nutritional

restrictions present in the environment. Such modifications can alter the way bacteria respond to

and protects themselves from oxidative stress (183). In addition, the presence of external

biomolecules during plasma treatment of bacteria could interact with RNOS produced by the

plasma, reducing their bactericidal action (see Section 3.3.3). Thus, to determine how the

culture media where bacteria were cultured affects the level of DNA damage induced by the

AP-DBD plasma jet, two culture media were used. S. Typhimurium was grown in LB and

minimal media M9 as described in Section 2.3, and prepared for plasma treatment as described

in Section 2.6. Bacteria were plated in the corresponding media agar plates and transferred to

agarose-coated slides for plasma treatment.

DNA damage in cells grown in LB and M9 was observed in cells located under the plasma jet

and up to at 10 mm from it (P<0.0001) (Figure 4.9). In addition, comparing the data from

Figure 4.9a,b, it was observed that bacterial cells grown in M9 presented higher levels of DNA

damage than those grown in LB at 0mm and 10 mm (P<0.001 and P<0.0001, respectively). The

level of DNA damage for cells located at 20 and 30 mm from the treatment site was comparable

to values obtained for the corresponding untreated controls. These results demonstrate an

increase in the levels of DNA damage in bacterial cells grown in M9 located at 10 mm distances

from the treatment site compared to those grown in LB.

4.7 CORRELATION BETWEEN SPATIAL DISTRIBUTION
OF O3 IN PLASMA AND DNA DAMAGE

The chemical composition of the plasma effluent can change as the plasma leaves the dielectric

and interacts with air and water molecules in the surrounding environment, in addition to the

variation in the electric field and presence of UV photons. Thus, it is possible that at different
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Figure 4.9. Bacteria cultured in minimal media were more susceptible to DNA damage

than bacteria cultured in nutrient-rich media. The effect of growth state and nutrient

composition in culture media on plasma-induced DNA damage at the single cell level was

examined using the DDD Assay. DNA damage in plasma-treated S. Typhimurium

previously cultured in (a) LB or (b) M9 media. Plasma treatment done using the AP-DBD

plasma jet. Each dot represents a single cell; horizontal bars: mean values ± S.D. Ratio

expressed as Log
e

(radius treated cells/mean radius untreated cells). ****: P<0.0001.
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axial and radial positions from the plasma jet, the bactericidal properties of the plasma change

due to variations in the type and concentration of RNOS present.

Ozone (O3) is one of the toxic molecules formed in the plasma that can damage the DNA. The

distribution of O3 in the plasma effluent was measured in collaboration with Apiwat Wijaikhum

using UV-absorption spectroscopy, as described in Section 2.13. To determine the relationship

between the spatial distribution of O3 and the DNA damage induced by the plasma, two

approaches were taken: a) To place samples perpendicular to the plasma jet to determine DNA

damage in cells as a function of their radial position to the plasma jet (Figure 4.10a). For this

condition, 3 feed gas compositions were used: He + 0.2 vol %, 0.5 vol % and 1.2 vol % O2. b)

To place samples parallel to the plasma jet to determine DNA damage in cells as a function of

their axial and radial position to the plasma jet (Figure 4.10b). For this condition, plasma was

generated using He + 0.5 vol % O2.

Experiments were done using the final version of the AP-DBD plasma setup housed in the

metallic box, as described in Chapter 3. The DDD Assay was used to determine DNA damage

in bacterial cells and the zone of inhibition assay was performed to confirm bactericidal activity

of plasma treatments.

4.7.1 The radial distribution of O3 did not correlate with DNA damage

The relationship between O3 density and the level of DNA damage in plasma-treated bacterial

cells as a function of their radial position to the plasma jet was investigated. The O3 density was

measured at 30 mm distance from the nozzle in the axial direction, at the surface of the sample.

The O3 density was measured at both sides of the treatment site (0 mm). These experiments

demonstrated symmetry in the distribution of O3 in the plasma effluent at different positions in

the radial direction (Figure 4.10c). Increasing the concentration of O2 in the gas admixture

increased the amount of O3 detected (Figure 4.10c). The plasma jet generated using 0.2 vol %

O2 in the gas admixture showed the lowest levels of O3 (5 ppm). In contrast, the plasma jet

generated using 1.2 vol % O2 in the gas admixture presented up to 12 ppm O3.

S. Typhimurium were treated with the AP-DBD plasma jet as described in Figure 4.10a. The

highest levels of DNA damage in treated S. Typhimurium were observed in samples treated

with plasma generated with 0.2 vol % O2 in the gas admixture (Figure 4.11a, left). The levels

of DNA damage decreased with increasing concentrations of O2 in the gas admixture (Figure

4.11b,c, left). DNA damage in bacterial cells was highest at the treatment site and was

detectable up to 10 mm from the treatment site for all treatments.

The bactericidal activity of plasma generated with the three gas admixtures used here was also

assessed in relation to the O3 density in the plasma jet. S. Typhimurium in LB agar plates

exposed to the plasma jet generated with 0.2 vol %, 0.5 vol % and 1.2 vol % O2 in the gas

admixture presented zones of inhibition of 226 mm2, 1450 mm2 and 3340 mm2, respectively
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Figure 4.10. Experimental designs and measurement of O
3

density. Experimental designs

for the measurement of O
3

density, DNA damage and bacterial elimination (a) in the radial

direction, with sample placed in the horizontal position at 30 mm from the nozzle; (b) in the

axial and radial directions, with samples placed parallel to the plasma jet at 10 mm, 20 mm

and 30 mm distance from the treatment site (red dot), using an aluminium support to keep

the sample in vertical position. (c) O
3

density was measured by UV-Absorption spectroscopy

at 30 mm distance from the nozzle, as described in (a). Plasma was generated using 2 slm

He + 0.2 vol % O
2
, 0.5 vol % O

2
and 1.2 vol % O

2
. O

3
density expressed in parts per million

(ppm). Image (c) adapted from results obtained in collaboration with Apiwat Wijaikhum.
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Figure 4.11. O
3

at the surface of the sample was not responsible for DNA damage but for

bacterial inactivation. S. Typhimurium were treated with The AP-DBD plasma jet generated

with (a) He + 0.2 vol % O
2
; (b) He + 0.5 vol % O

2
and (c) He + 1.2 vol % O

2
. Left: Plots

show the level of DNA damage on plasma-treated bacteria at the single cell level as a

function of their radial position to the treatment site (d=0 mm). Each dot represents a single

cell; horizontal bars: mean values ± S.D.; ****: P<0.0001; ***: P<0.001; **: P<0.01. Ratio

expressed as Log
e

(radius plasma-treated cells/mean radius untreated cells). Right:

Representative agar plates with S. Typhimurium treated for 90 seconds with the plasma jet

generated with the corresponding gas admixtures. Scale bar 10 mm.
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(Figure 4.11, right). These results correlated with those presented in Section 3.3.5, as an

increase in the percentage of O2 in the gas admixture increased the size of the zone of inhibition.

The radial position of the edges of the zones of inhibition in LB agar plates correlated with the

presence of 3 – 6 ppm O3 for the three gas admixtures tested. Thus, for plasma treatments

generated with 0.2 vol % O2 in the feed gas, LB agar plates presented a zone of inhibition with

radius 8 mm that corresponds to 5 ppm O3 in that position. For 0.5 vol % O2, the radius of the

zone of inhibition was 21 mm, corresponding to 5 – 6 ppm O3. For 1.2 vol % O2 the radius of

the zone of inhibition was 28 mm, corresponding to 3 – 4 ppm O3.

These results suggest that O3 may not be directly responsible of the DNA damage observed in

bacterial cells, as increasing concentrations of O3 in the plasma did not increase the levels of

DNA damage induced in plasma-treated bacterial cells. However, these results suggest the

participation of O3 in bacterial elimination with a possible threshold between 3 – 5 ppm O3 in

the plasma effluent required to achieve bacterial inactivation in agar plates.

4.7.2 Abundance of O3 in the axial direction did not correlate with DNA damage

The relationship between the 2-dimensional distribution of O3 in the plasma effluent and the

levels of DNA damage in cells as a function of their axial and radial position to the plasma jet

were investigated. O3 density was measured in the axial direction at 10, 20 and 30 mm distance

from the nozzle and in the radial direction starting from the treatment site (axial position = 30

mm from nozzle; radial position = 0 mm) up to 40 mm, with 5 mm steps. A plastic Petri dish

was placed at this distance to preserve the flow dynamics of the plasma, since samples were

placed parallel to the plasma jet. This experiment demonstrated that O3 was more abundant at

25 – 30 mm from the nozzle in the axial direction and at 0 – 20 mm in the radial direction

(Figure 4.12a). The concentration of O3 was 6 ppm at the treatment site. A maximum

concentration of 9 ppm O3 was found at 30 mm from the nozzle in the axial direction and 10

mm from the treatment site in the radial direction.

To assess the effect of the spatial distribution of O3 in the plasma effluent on DNA damage in S.

Typhimurium, samples were placed parallel to the plasma jet and the level of DNA damage in

cells was measured as a function of their axial and radial position to the plasma jet. S.

Typhimurium in agarose-coated slides were placed vertically at 10 mm, 20 mm and 30 mm

from the treatment site in the radial direction using aluminium supports (Thorlabs Inc.) (Figure

4.10b). DNA damage was only detected on the slide placed at 10 mm from the treatment site in

the radial direction, specifically in bacterial cells located at 27 mm in the axial direction

(P<0.0001; Figure 4.13a). In this region, the concentration of O3 was 7 – 8 ppm. No DNA

damage was detected in cells located in other locations of the sample. Slides placed vertically at

20 mm and 30 mm from the treatment in the radial direction did not present detectable levels of

DNA damage (Figure 4.13b,c).
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Figure 4.12. Elimination of S. Typhimurium in vertical agar sections did not correlate

with O3 distribution in plasma effluent. (a) Spatially-resolved O3 density in the e uent

region for a plasma generated within 30 mm distance from nozzle. O3 density expressed in

parts per million (ppm). (b) Representative vertical plasma-treated agar sections containing

S. Typhimurium at 10, 20 and 30 mm from treatment site in the radial position, treated for

90 seconds with the AP-DBD plasma jet. Scale bar: 10 mm. Arrows in (a) indicate the zone

of inhibition achieved in plasma-treated vertical agar sections at each radial position. Image

(a) adapted from results obtained in collaboration with Apiwat Wijaikhum.
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Figure 4.13. DNA damage in vertical samples was only induced in regions close to the

treatment site. Plots show the level of DNA damage on plasma-treated bacteria at the single

cell level as a function of their axial position to the nozzle and radial position to the

treatment site. Agarose-coated slides containing S. Typhimurium placed parallel to the

plasma jet at (a) 10mm; (b) 20 mm and (c) 30 mm in the radial direction. Each dot

represents a single cell; horizontal bars: mean values ± S.D.; ****: P<0.0001. Ratio

expressed as Log
e

(radius plasma-treated cells/mean radius untreated cells).
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The bactericidal activity of plasma considering the spatial distribution of O3 in the plasma

effluent was also studied. Agar sections carrying S. Typhimurium were fixed parallel to the

plasma jet at 10 mm, 20 mm and 30 mm from the treatment site in the radial direction, as

described above. Zones of inhibition were observed at the three radial positions (Figure 4.12b).

Vertical agar sections treated at 10 mm from the treatment site in the radial direction presented a

well-defined zone of inhibition starting at 25 mm in the axial direction (Figure 4.12b). The

shape of the zone of inhibition indicates that the presence of the agar section at close proximity

to the treatment site interfered with the flow of gas to the sides, generating a u-shaped zone of

inhibition. In this region, the corresponding concentration of O3 was between 6 – 9 ppm. No

inhibition of growth was observed in other parts of the agar sections. Vertical agar sections

treated at 20 mm from the treatment site in the radial direction presented zones of inhibition

starting at 15 mm in the axial direction with observable CFU in this region. The corresponding

concentration of O3 was 2.5 – 6 ppm. The bactericidal action of plasma decreased at 30 mm

distance in the radial direction, as agar sections presented zones of inhibition starting at 18 mm

in the axial direction with undefined edges and an increase in the number of CFU. At this

position, there was only 0 – 1 ppm O3, but bacterial growth was still inhibited. These results

indicate the participation of other RNOS spatially distributed in the plasma effluent on bacterial

elimination.

The results of DNA damage in bacterial cells in the context of the spatial distribution of O3

suggests that at least O3 alone does not participate in the induction of DNA damage in plasma-

treated bacteria and other RNOS spatially distributed in the plasma effluent, either solely or in

combination, would be responsible for this damage. Results of the zone of inhibition assays

suggest that other RNOS present in the plasma in the axial position would contribute to

bacterial elimination, certainly in regions where O3 is present at low concentrations below 1

ppm.

4.8 DISCUSSION

The aim of this chapter was to identify the factors that determine the level of DNA damage in

plasma-treated bacterial cells and to assess whether the level of DNA damage induced was

affected by the spatial distribution of RNOS in the plasma effluent. For this purpose, a modified

and improved version of the DDD Assay was used to quantify the damage to the DNA sugar-

phosphate backbone and oxidized purines in single bacterial cells.

The DDD Assay was previously used for the identification of DNA damage in microorganisms

exposed to antimicrobial treatments in solution (137). This method was optimized here for the

study of DNA damage in bacteria exposed to plasma treatments in dry environments and it was

improved by the addition of a quantitative analysis of DNA damage and enzymatic treatment

with FPG for the detection of the oxidized nucleotide bases purines. The method allows the
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identification of damage to the DNA sugar-phosphate backbone that can be lethal for the cells,

as the open ends are more prone to physical and chemical assaults. The addition of FPG to the

protocol allowed further identification of damage to purines, another type of injury to the DNA

that does not result in DNA breaks but generates mutagenic base by-products that can be

dangerous to cells (205). This modified method has demonstrated to be a valuable tool for the

study of DNA damage in plasma-treated samples that preserves information about the effect of

spatially-distributed RNOS in the plasma jet. Current approaches to identify oxidized nucleotide

bases in bacterial populations (13), single- and double-strand DNA breaks (51) or modifications

at the molecular level (104) in plasma-treated samples have provided insight in the general

effect of plasma over DNA (purified or in the context of bacterial cells in a population).

However, none of these provided information of the level of oxidative damage each cell was

exposed to.

To the best of my knowledge, this is the first report addressing the effect of LTP treatments in

the integrity of DNA in bacterial cells at the single cell level that considers the distribution of

RNOS in the plasma effluent. A combination of different approaches to study the lesion

inflicted by LTP treatments in bacterial cells could provide valuable information about the

effect of oxidative damage at the single cell level and how this correlates with the bactericidal

effect observed at the population level, considering the heterogeneity of the responses displayed

in a population of cells. Even more, efforts to improve the sensitivity of the modified DDD

Assay presented here could allow the identification of low numbers of single- and double-strand

DNA breaks that currently cannot be detected by this method but could still be mutagenic or

deleterious.

The results presented here demonstrated that the level of DNA damage induced by the AP-DBD

plasma jet and the µAPPJ in S. Typhimurium was inversely correlated to the distance to the

treatment site and is characteristic of LTPs generated in open air. This was never demonstrated

in the context of living bacterial cells at the single cell level, as the only two reports existing on

the effect of the spatial distribution of RNOS in DNA were done using purified DNA and

analysed by electrophoresis to identify single- and double-strand DNA breaks (121, 208). The

DNA damage reported here was found to be at the DNA sugar-phosphate backbone level

(single- and double-strand DNA breaks) and at the nucleotide base level, specifically due to

oxidation of purines. Whereas double DNA breaks can be irreversible and lead to cell death,

oxidation of purines can induce lethal and non-lethal mutations in the DNA. Both types of

lesions to the DNA were observed in bacterial cells located at the treatment site but not in those

located at further distances. This data suggest that oxidation of purines might not occur at high

rates in plasma-treated bacterial cells located away from the treatment site that are still exposed

to RNOS, and therefore the chances of inducing mutagenic lesions in DNA could be limited.

However, it is worth to mention that even one single mutation can be mutagenic. Highly

sensitive methods to detect lesions to the DNA (such as fluorescent protein reporters that
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specifically bind to double-strand breaks; (212)) could provide further insight in the type of

lesion inflicted to the DNA of plasma-treated bacterial cells.

The AP-DBD plasma jet was able to induce DNA breaks in cells located up to 10 mm distance

from the treatment site, whereas the µAPPJ only induce these lesions in cells directly located at

the treatment site. This could be explained by the different characteristics of both plasma

sources (electrode arrangement, plasma generation, frequency, among others). The µAPPJ

delivers mostly neutral species and the AP-DBD plasma jet deliver neutral and charged species.

However, both plasma sources induced DNA damage in a radial-dependent manner. These

results contrast with those obtained for plasma-treated S. Typhimurium in agar plates, where it

was not possible to identify a gradual decrease in the antibacterial activity of plasmas in the

radial direction. Other mechanisms of action could dominate the bactericidal effect of plasma

influenced by the radial distribution of RNOS, as bacteria were killed in regions where

corresponding DNA damage was not detected by the DDD Assay.

Evidence obtained from the study of other LTP sources indicate that the concentration of ROS

varies in the axial and radial direction (112, 122), demonstrating that RNOS are not restricted to

the visible region of the jet (91). Ozone is a relatively long-lived species that induces oxidative

damage to bacteria and is one of the toxic reactive species produced in plasma (104, 200).

Experimental and in silico analysis of a modified µAPPJ have shown that O3 and can be found

up to centimeters away from the plasma jet (108, 213). It could be expected that higher levels of

damage to the DNA, proteins, lipids and carbohydrates in plasma-treated bacteria would be

found where the concentration of RNOS is higher in the plasma. The collaborative work done

with Apiwat Wijaikhum provided insight on the spatial distribution of O3 on the effluent of the

AP-DBD plasma jet and its correlation with DNA damage. These experiments demonstrated

that O3 may not be solely related to the DNA damage observed in bacterial cells, as increasing

concentrations of O3 in the axial and radial direction did not increase the levels of DNA damage

induced in bacterial cells.

The DNA damage induced by plasma treatments may be due to the combined effect of RNOS

delivered to the sample and not solely due to O3. The presence of other RNOS in the plasma

effluent can be inferred from the results obtained for plasma-treated agar sections in the axial

direction, where bacterial elimination was achieved in regions with less than 1 ppm O3. In

addition, it is possible that after reaching the surface of the sample and being transported by

advection and diffusion processes, the various RNOS generated in the plasma are lifted together

with He, which could explain the increase in the size of the zone of inhibition in agar sections in

the axial direction (Figure 4.12). In any case, the high levels of DNA damage found in cells

located at the treatment site could be the result of the exposure to a high concentration of RNOS

produced by the plasma. It could be then expected that the level of oxidative damage induced in
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proteins, lipids and carbohydrates in bacterial cells would depend in the same way on the spatial

distribution of RNOS in the plasma effluent.

The participation of UV radiation in the mechanisms leading to bacterial elimination was also

studied. It is well-known that UV radiation can induce damage to the DNA, including double-

strand breaks and mutagenic lesions (205). The contribution of plasma-generated UV radiation

to DNA damage was minimal, since bacteria exposed to the combined treatment (particles and

UV radiation) presented similar levels of DNA damage than bacteria exposed to the particle-

only plasma treatment. The differences in the chemistry of the plasmas generated with the

straight and curved tube should be considered. However, these results suggest that RNOS are

the main agents leading bacterial elimination. Lackmann et al. described that the combined

treatment of UV radiation and particles and the particle-only treatment generated with a µAPPJ

induced similar damage to the cell envelope of B. subtilis, supporting that RNOS and not UV

radiation are responsible of the bactericidal action of plasmas (104). The same study showed

that the treatment with the complete jet was more effective than UV-only treatment on inducing

modifications to plasmid DNA at the molecular level. Thus, it is possible that the UV radiation

generated by the LTP sources used here has a minimal or no contribution to the bactericidal

action of LTPs rather than directly damaging bacterial targets.

The presence of external biomolecules during plasma treatment could compete with

biomolecules in bacterial cells and therefore interfere with the treatment outcome, as suggested

in Section 3.3.3. Bacteria cultured in LB or M9 were plated in the corresponding media agar

plate prior to transference to the agarose-coated slide for treatment. Results here demonstrated

that bacteria cultured in M9 presented higher levels of DNA damage than those cultured in LB.

These results could be due to the presence of nutrients transferred to the agarose-coated slide

together with the bacterial cells, since RNOS could react with nutrients in the medium rather

than with biomolecules in bacterial cells, as suggested in Section 3.3.3. Ingram and Haines

described that larger concentrations of O3 were required to inhibit bacterial growth in the

presence of nutrients than without nutrients (214). The authors suggested that the first action of

O3 was on the nutrients in the medium, therefore decreasing its antibacterial properties. The

short plasma treatments described here produce low concentrations of O3, but the interaction of

O3 with nutrients is still expected to interfere with the induction of DNA damage and bacterial

elimination. The sensitivity of bacterial cells to DNA damage could be also affected by the

metabolic state of bacteria, as cells exposed to nutritional stress change their metabolism to

adapt to a nutrient-limited environment (183). These changes include the up-regulation of

biosynthetic pathways and limitation of growth, but also an enhanced response to oxidative

stress. However, DNA damage in plasma-treated bacteria was measured immediately after

exposure and bacterial cells were not allowed to recover. Thus, it is then possible that the

differences in DNA damage found between the two populations of bacteria are a consequence
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of the reduction of RNOS available to interact with bacterial cells due to the oxidation of

nutrients present during treatment, rather than due to the metabolic state of the cells.

As demonstrated in Chapter 3, small variations in the parameters required to generate plasma

can affect the bactericidal action of LTPs. Here, it was observed that the addition of O2 to the

gas admixture increased the O3 density, but decreased the levels of DNA damage induced in S.

Typhimurium. These results contrast with those obtained for the elimination of S.

Typhimurium, as more O2 in the gas admixture correlated with an increased zone of inhibition.

The O3 density represents the formation and destruction processes occurring in the gas phase

and that determine the amount of O3 measured in the plasma. As O3 is formed in a three-body

reaction that involves molecular oxygen (215):

O + O2 + M → O3 + M

It can also dissociate via the reactions with O and H, as described for a RF-driven DBD plasma

jet (143):

O + O3 → 2 O2

H + O3 → O2 + OH

The increase in the O3 density observed here due to the combined effect of both processes could

have an impact on the density of other reactive species that are more important for the induction

of DNA damage in cells, such as OH radical and singlet oxygen. Alternatively, the increased

levels of DNA damage at low percentages of O2 in the gas admixture could be a consequence of

the presence of other long-lived species in the plasma such as H2O2 that can induce the

formation of intracellular ROS via Fenton reaction in interaction of H2O2 with iron ions (like

those bound to the DNA molecule). This particular reaction generates the highly damaging

agent OH radical that can effectively damage DNA. However, the chemical reactions occurring

in the plasma effluent of different plasma sources cannot explain the formation of O3 in the AP-

DBD plasma jet used here, since the composition of the gas phase vary between plasmas due to

inherent differences in the LTP source and parameters used. Therefore, experimental and in

silico approaches to understand the chemistry of the gas phase in this AP-DBD plasma jet

should be carried out in the future (216, 217). Together with biological experiments described

here, this could provide insights on the type of reactive species and concentrations required to

induce fragmentation of DNA in bacterial cells.

The study of the spatial distribution of O3 on the plasma effluent and its correlation with

bacterial inactivation demonstrated that bacterial elimination correlated with the presence of a

minimum of 3 – 5 ppm O3 in the plasma effluent, in addition to other RNOS. The concentration

of O3 in the plasma effluent was the highest at 30 mm in the axial direction, which corresponds

to the position of the surface of agar plates. The O3 density increased with the addition of O2 to

the gas admixture, as shown in Figure 4.10 and this also increased the size of the zones of
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inhibition in plasma-treated agar plates (Figure 4.11). Interestingly, the edges of the zone of

inhibition obtained in agar plates correlated with the presence of 3 – 5 ppm O3. These results

indicate that a minimum concentration of O3 in this range would be required to inactivate

bacteria with the AP-DBD plasma jet. The presence of O3, free radicals produced by the

breakdown of O3 and additional RNOS in the plasma would act synergistically to kill bacteria.

This is an advantage over other antimicrobial treatments using exclusively O3, where higher

concentrations and longer treatments are required to achieve complete elimination of bacteria

(214, 218, 219). Altogether, the data presented here highlights the participation of O3 in the

mechanisms leading to bacterial elimination with LTP treatments and the beneficial synergistic

action of the rich ‘cocktail’ of RNOS produced by plasmas.

UV radiation emitted by both LTP sources used here did not produce a zone of inhibition in

agar plates when administrated in an RNOS-free environment. It should be considered however

that the plasma jet was generated in a 1 mm gap compartment (1 mm inner diameter of the

dielectric in the AP-DBD plasma jet; 1 mm gap between electrodes in the µAPPJ). It is

expected that the bulk of UV photons produced by both plasma sources is delivered to the

region immediately under the nozzle (i.e. treatment site). However, because the area exposed to

UV photons might be of restricted size, it is possible that if UV photons inhibited the growth of

some bacterial cells in agar plates, it was masked by the proliferation of neighbouring cells.

In summary, these results indicate that the RNOS in the plasma jet, and not the UV radiation

emitted, are the main agents leading to bacterial inactivation and DNA damage. These results

are in agreement with the literature, as a number of reports describe the role of plasma-

generated RNOS in bacterial elimination (13, 71, 104). Even more, the results presented here

evidence that the antibacterial activity of plasmas is directly dependent on the spatial

distribution of RNOS in the effluent. The novel approach used here to identify DNA damage at

the single cell level contributes to the understanding of the mechanisms of action of LTPs to

eliminate bacteria. This approach has an advantage over previous studies assessing the effect of

plasma at the population level (13) or on purified DNA (121, 208), since discrete variations in

the level of DNA damage inflicted to single cells by LTP treatments can be identified. Whereas

most of the information available on the spatial distribution of RNOS in LTPs is dissociated

from the mechanisms of action that lead to bacterial elimination (71, 112, 122, 200), the current

study successfully combined approaches from physics and biology to determine DNA damage

and bacterial elimination achieved as a function of the spatial distribution of RNOS in the

plasma effluent. The data presented here highlight the importance of studying the effect of

plasma at the single cell level and the spatial distribution of RNOS in the plasma effluent for the

development of effective antibacterial treatments.



114

5 EFFECT OF EXTERNAL BIOMOLECULES
DURING PLASMA TREATMENTS

5.1 INTRODUCTION

The study of the gas phase of LTPs has provided valuable information on the species produced

by different plasma sources that could mediate the bactericidal action of LTPs (91, 112, 122).

LTP sources have demonstrated their antibacterial action in vitro in solid and liquid

environments (13, 71, 220) and in vivo to kill pathogens from infected wounds (15). However,

the biomedical application of LTP treatments of skin wounds or infected tissue should consider

the presence of interfering agents such as organic molecules (such as those in the wound

exudate) and non-target cells in the surroundings of the population to treat that could affect the

efficacy of the treatment.

While a nutrient-rich environment is necessary for the survival of bacterial cells, the nutrients in

the media can also get oxidized or reduced during plasma treatment and act whether as a further

source of radicals or as scavengers of reactive species (187, 188). In the same way,

carbohydrates that depolymerize in reaction with RNOS can contribute to the formation of

carbon-centred radicals (221) and exert pro-oxidant effects in proteins (21). It has been reported

that plasma treatment induced structural modifications on purified amino acids and proteins in

water suspensions, especially in sulphur-containing and aromatic amino acids (102, 114, 181).

In the context of biologically relevant solutions, Tresp et al. demonstrated that in plasma-treated

RPMI (culture media for eukaryotic cells rich in amino acids, vitamins, glucose and salts), NO2
–

and H2O2 were more abundant than in plasma-treated NaCl and PBS which was attributed to the

interaction of RNOS with nutrients in the solution (222). For bacterial elimination, Nosenko et

al. reported that E. coli in PBS suspensions required shorter plasma treatments to achieve 100%

elimination than E. coli in LB suspension, highlighting the role of the chemical composition of

liquids on the treatment outcome (203). The results presented in Chapter 2 and 3 support the

idea that the nutrient composition of the media where bacteria is exposed to plasma affects the

outcome of the treatment. S. Typhimurium in LB treated with the AP-DBD plasma jet presented

an increase in the number of CFU that survived to the treatment in agar plates (Chapter 3). In

addition, the level of DNA damage induced in bacteria treated in the presence of LB was higher

than those obtained in bacteria treated in the presence of minimal medium M9 (Chapter 4).

Thus, it is possible that the bactericidal activity of plasmas is affected by the composition of the

nutrient media.

To understand the mechanisms underlying oxidative damage in plasma-treated bacteria and

anticipate the treatment outcome in the presence of organic molecules, it is necessary to detect

and characterize the RNOS formed. There are different analytical approaches to detect RNOS

such as chemiluminescence, fluorescence and electron paramagnetic resonance (EPR) (223,

224). Fluorescence and chemiluminescent probes with high sensitivity are useful to monitor
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changes of RNOS (225) and they can be used in fluorometry, flow cytometry and fluorescence

microscopy (226). However, EPR spectroscopy is considered the gold standard method for the

specific detection of free radicals due to its high sensitivity (micromolar concentrations) (227).

EPR is a powerful method that can detect species with one or more unpaired electrons by

measuring the absorption of electromagnetic radiation in the microwave frequency region of the

spectrum (227, 228). In combination with spin trapping, transient radicals such as OH, O2
- and

NO (that under normal conditions would not be detected) react with organic molecules called

spin traps to form stable spin adducts. These adducts have characteristic spectra that allows their

identification and quantification by EPR spectroscopy (228). This method has been

demonstrated to be useful for the direct detection of radicals formed during plasma treatment

(229-231). It is important to note that the amounts of spin-trapped free radical species do not

represent the entire amount of radicals introduced in the studied sample due to the many side

reactions of the radicals (232). However, under similar conditions, the changes of the amount of

spin adducts will correspond to the respective changes of the amount of free radicals.

Other long-lived toxic species can be easily detected with colorimetric assays. That is the case

of H2O2 that in reaction with titanium(IV) reagent forms a yellow-coloured complex that can be

detected at 400 nm (139) with a lower limit of 10 µM and upper limit of 2 mM (139). Using this

method, Luke et al. reported a reduction in the bacterial load of plasma-treated E. coli in a water

suspension that correlated with the presence of H2O2 and peroxynitrite (220). In the same way,

it is possible to measure the formation of the product of NO oxidation, nitrite (NO2
–), in reaction

with Griess reagent (223).

The results presented in previous chapters (Chapter 3 and 4) suggested that the presence of

organic molecules during plasma treatment of S. Typhimurium in agar plates decreased the

ability of the AP-DBD plasma jet to induce DNA damage and eliminate bacteria. The present

chapter has two aims: firstly, to determine the role of organic molecules during plasma

treatment in the amount of RNOS detected and secondly, to determine their effect on the

elimination of plasma-treated bacterial cells. For this purpose, five liquids with different

composition of organic molecules and salts were chosen:

– H2O: no buffering properties, no organic molecules

– PBS: buffering properties, no organic molecules

– DMEM: buffering properties, amino acids, vitamins, salts and carbohydrates

– DMEM + 10 % FCS: buffering properties, amino acids, proteins, lipoproteins, vitamins,

salts and carbohydrates

– LB: no buffering properties, vitamins, peptides, lipoproteins, salts and carbohydrates
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Because it was not possible to quantify the concentration of RNOS produced on solid and semi-

solid surfaces, the formation of short- and long-lived species in plasma-treated samples was

assessed in liquids. This was done using EPR spectroscopy and colorimetric assays,

acknowledging the inherent differences between RNOS formed in the gas phase and those

formed in plasma-treated liquids. Furthermore, the antibacterial action of the AP-DBD plasma

jet was assessed in planktonic cultures of S. Typhimurium prepared in the aforementioned

solutions to quantify cell membrane damage and determine bacterial elimination.

5.2 IDENTIFICATION OF RNOS BY EPR

It is possible that the efficacy of LTP treatments to eliminate bacteria is affected by the presence

of external organic molecules during treatment, as these molecules can also participate in redox

reactions (21). EPR spin trapping was used to determine the effect of organic molecules during

plasma treatment of liquids on the concentration of RNOS measured. OH radical, O3/O,

O2(a
1Δg), NO and NO2

– were determined. Samples were prepared and plasma-treated as

described in Section 2.7.2. Experiments were carried out using the final version of the AP-DBD

plasma setup housed in the plastic box, as described in Chapter 3. Simulations confirmed the

presence of only one distinctive EPR spectrum per spin trap that was characteristic of the

particular radical trapped (Figure 5.1). The concentrations of spin trap radical adducts measured

are presented in Table 5.1.

The results obtained for EPR analysis of plasma-treated liquids were used here to identify a

trend in the formation of RNOS in the presence of organic molecules rather than to compare

absolute values between the different RNOS detected. This approach was taken since each spin

trap possesses different reaction rates for each radical and therefore results can only be

compared within experiments using the same spin trap.

5.2.1 Concentration of ROS in plasma-treated liquids was reduced in the
presence of organic molecules

DMPO and DEPMPO are two of the commonly used spin traps for the detection of hydroxyl

and superoxide radicals in biological milieu. While DMPO does not form a stable radical adduct

with superoxide radical (DMPO-OOH adduct decays overtime into DMPO-OH, which may

contribute to the measured amount of DMPO-OH), the adduct DEPMPO-OOH formed upon

reaction of DEPMPO and O2
– is significantly more stable and in most cases can be detected

using EPR (227). Notably, in the experiments done for this study, no DEPMPO-OOH was

observed even in plasma-treated water, thus suggesting that the superoxide radical was not

present in plasma treated solutions.

The spin traps DMPO and DEPMPO were used to detect OH. Results showed an increase in

the concentration of spin trap radical adducts with increase of the length of treatment. This

shows that despite the different reactivity of each spin trap with OH, an increase in the
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Figure 5.1. EPR spectra of radical adducts and chemical reactions. Left: Representative

computer-simulated (red) and experimental (black) first-derivative spectra of (a) DMPO-OH

adduct; (b) DEPMPO-OH adduct; (c) TEMPO from O2(a
1Δg), O3 and O; (d) (MGD)2-Fe2+-

NO complex formed in plasma-treated aqueous solutions. Right: Corresponding chemical

reactions for the formation of spin trap radical adducts.
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Table 5.1. (Caption overleaf.)
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Table 5.1. Concentration of spin trap radical adducts measured by EPR. Samples were

treated for 30, 60 and 90 seconds with the AP-DBD plasma jet and the formation of spin trap

radical adducts was assessed by EPR. Values expressed in µM. Single measurements for 30

and 60 seconds, averaged values of triplicate samples treated for 90 seconds. Volume

treated: 500 µL for all experiments except DEPMPO (150 µL).
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concentration of DMPO-OH and DEPMPO-OH adducts formed in plasma-treated liquids was

obtained (Figure 5.2a,b). The concentration of DMPO-OH adduct was higher in plasma-treated

H2O, PBS and DMEM than in the nutrient-rich liquids DMEM + 10 % (v/v) FCS and LB after

90 seconds of treatment (Figure 5.2a). The formation of the spin adduct DEPMPO-OH was

measured only in H2O, PBS and DMEM to confirm the trend observed for the detection of OH

radical with DMPO (Figure 5.2b). Differences between the levels of spin trap radical adducts

formed with DEPMPO and DMPO were due to the differences in the volumes used for

experiments (500 µL DMPO solutions and 150 µL DEPMPO solutions), kinetic constants of

reaction for each spin trap with OH and the stability of the respective radical adducts.

In order to investigate if the pH or the ionic strength of the solutions influenced the levels of

DMPO-OH adduct detected in plasma treated liquids, three liquid samples containing 500 µL of

0.1 M DMPO in 0.5x, 1x and 4x PBS were plasma-treated. An increase in the levels of DMPO-

OH were observed with increasing ionic strength of the solution (Figure 5.3a). The pH of the

solution decreased only 0.5 points (post-treatment) in all the three experiments, suggesting that

the ionic strength (and not the pH) affected the formation and stability of the DMPO-OH adduct

in plasma-treated liquids, or the availability of the radical. To estimate the stability of the spin

adduct formed, the decay of DMPO-OH adduct over time was also measured. After 10 minutes

post plasma treatment, the concentration of the spin adduct was reduced in 28 % for H2O and

PBS and 50 % for LB (Figure 5.3b). The latter was likely due to the high organic and inorganic

content of LB medium. However, in all cases only 10 – 15 % decay was observed 5 minutes

after treatment, confirming the stability of the spin adduct during the time required to process

the samples by EPR after plasma treatment.

2,2,6,6-tetramethylpiperidine (TEMP) was used to measure the amount of ROS in plasma-

treated liquids, specifically O2(a
1Δg), O and O3. Takamatsu et al. suggested that 2,2,5,5-

tetramethyl-3-pyrroline-3-carboxamide (TPC), an amine with similar structure and properties to

TEMP, could be converted into respective nitroxide by various oxidising species (229).

Preliminary control experiments demonstrated that superoxide (added as KO2), hydrogen

peroxide or a combination of the two did not produce TEMPO from TEMP. Ozone, however,

did oxidise TEMP to TEMPO (Gorbanev et al., unpublished data). Thus, to discriminate

between TEMPO formed due to O2(a
1Δg) and ozone/atomic oxygen, sodium azide (NaN3; a

known scavenger of O2(a
1Δg) (21, 229)) was used. The amount of O2(a

1Δg) generated by the 

AP-DBD plasma jet in liquids was determined from the difference between the EPR

measurements of exposed solutions of TEMP and TEMP + NaN3.

The nutrient-rich liquids DMEM + 10 % (v/v) FCS and LB displayed the lowest levels of

TEMPO from O2(a
1Δg) after 90 seconds treatment (6.7 and 6.4 µM, respectively; Figure

5.2c).The highest levels of the spin adduct TEMPO from O2(a
1Δg) were obtained in plasma-

treated H2O, DMEM and PBS (30.8, 37.3 and 15.5 µM, respectively). TEMPO formed in the
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Figure 5.2. Detection of oxygen-centred radical adducts in plasma-treated solutions by

EPR. Experiments to detect the formation of spin trapped radical adducts in 500 µL plasma-

treated H2O (blue), PBS (red), DMEM (black), DMEM + 10 % (v/v) FCS (green) and LB

(magenta). Samples were treated for 90 seconds with the AP-DBD plasma jet. (a) DMPO-

OH adduct; (b) DEPMPO-OH adduct; (c) TEMPO from reaction with O2(a
1Δg); (d)

TEMPO from O3 and O. Data represent single values for 30 and 60 seconds treatments and

mean values for 90 seconds treatment (n ≥ 2). Length of treatment expressed in seconds 

(sec).
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Decay of DMPO-OH adduct over time
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Figure 5.3. Features of DMPO-OH formation. (a) EPR experiments in 500 µL 0.5x, 1x

and 4x PBS to determine the effect of the ionic strength on the formation of DMPO-OH

adduct. (b) Decay of DMPO-OH adduct over time in H
2
O (blue), PBS (red) and LB

(magenta) measured after 0, 5 and 10 minutes (min) after treatment. Samples were treated

for 90 seconds with the AP-DBD plasma jet. Data represent single measurements.
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absence of O2(a
1Δg) was ascribed to the reaction of TEMP with ozone and/or atomic oxygen. 

The combined amount of O and O3 was estimated from the EPR measurement of TEMP +

NaN3 solutions. Similarly to hydroxyl radical trapping experiments, an increase over time in the

levels of TEMPO from O3/O was observed in all plasma-treated samples (Figure 5.2d). The

highest levels of TEMPO from O3/O after 90 seconds treatment where obtained in H2O, DMEM

and PBS (89.8, 68.3 and 76.2 µM, respectively). Similarly to the results observed for TEMPO

from O2(a
1Δg), the lowest levels of TEMPO from O3/O were obtained in the nutrient-rich

liquids DMEM + 10 % FCS and LB (46.5 and 37.6 µM, respectively). Although sodium azide

is often described as a specific O2(a
1Δg) quencher, it was reported to react with ozone under 

basic conditions (233). The solutions of TEMP used were at pH 12 (due to TEMP dissolution),

and thus it was possible that the amount of TEMPO formed with the additions of sodium azide

in the reaction mixture would not be representative of the real concentration of ozone present in

the sample due to the enhanced ozone decay observed in solutions with alkaline pH.

To determine if TEMP could trap ROS at physiological pH, 100 mM TEMP solutions prepared

in H2O and PBS were adjusted to pH 7 using phosphoric acid and treated with the AP-DBD

plasma jet for 30, 60 and 90 seconds, with and without sodium azide for the detection of

O2(a
1Δg). No TEMPO was detected under these conditions (0 µM detected in all samples). 

These results suggest that at pH 7 TEMP may be protonated, preventing its interaction with

ROS. Therefore, it was not possible to determine the formation of ROS at physiological pH

using this approach.

The results presented here suggest that the levels of ROS in liquids decreased when organic

molecules were present in the plasma-treated solutions and that the ionic strength of the solution

can influence the availability of plasma-generated OH upon plasma treatment. The generation

of ROS in plasma-treated liquids demonstrated a build up with increasing treatment times, as

most of the species measured here increased with longer plasma treatments. However, the levels

of O, O2(a
1Δg) and O3 trapped in plasma-treated liquids should be carefully interpreted, as

sodium azide could affect the concentrations of ozone in the samples and therefore the

concentration of TEMPO formed.

5.2.2 Formation of NO species was independent of the presence of organic
molecules

The (MGD)2-Fe2+ complex, a NO spin-trapping reagent was used for the detection of NO and

NO2
– in plasma-treated liquids (234). Results demonstrated that the levels of the (MGD)2-Fe2+-

NO complex were higher in samples treated for 60 seconds and then decreased in all samples

treated for 90 seconds, except H2O (Figure 5.4a). H2O and LB possessed the highest levels of

(MGD)2-Fe2+-NO complex after 60 seconds of plasma treatment (16.2 and 22.3 µM,

respectively). The two solutions do not exhibit buffering properties, but do have different ionic

strengths. Experiments where the (MGD)2-Fe2+ complex was added after 60 seconds of plasma
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Figure 5.4. Detection of NO and NO
2

– by EPR in plasma-treated solutions. (a)

Experiments to detect the formation of (MGD)
2
-Fe

2+
-NO complex for NO and NO

2
–. in 500

µL plasma-treated H
2
O (blue), PBS (red), DMEM (black), DMEM + 10 % (v/v) FCS

(green) and LB (magenta). Samples were treated for 90 seconds with the AP-DBD plasma

jet. Data represent single values for 30 and 60 seconds treatments and mean values for 90

seconds treatment (n ≥ 2). (b) Comparison of the formation of the (MGD)
2
-Fe

2+
-NO

complex when (MGD)
2
-Fe

2+
complex was added before (solid bars) or after (pattern-filled

bars) 60 seconds plasma treatment. Data represent single measurements. Length of treatment

expressed in seconds (sec).
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treatment showed a reduced level of (MGD)2-Fe2+-NO complex compared to the values

obtained when the (MGD)2-Fe2+ complex was added prior to plasma treatment (Figure 5.4b).

These results demonstrate that the concentration of (MGD)2-Fe2+-NO complex in plasma-treated

samples was reduced in buffered solutions, especially in those with high concentration of

organic molecules, but the reduction of the pH of the plasma-treated solutions contributed to the

formation of (MGD)2-Fe2+-NO complex in non-buffered solutions, even in the presence of high

organic content (H2O and LB; Figure 5.4a). Here, however, (MGD)2-Fe2+ complex could react

with nitrite anion, thus increasing the amount of (MGD)2-Fe2+-NO complex measured (234).

Therefore, the decrease observed in (MGD)2-Fe2+-NO complex in liquids treated for 90 seconds

or samples where (MGD)2-Fe2+ complex was added after plasma treatment suggested that

(MGD)2-Fe2+ complex interacted predominantly with NO and not NO2
–. Alternatively, NO2

–

anion introduced into liquid sample during plasma treatment underwent further oxidation to

NO3
– during plasma exposure. Either of these would result in reduced amount of detected

adduct when the (MGD)2-Fe2+ complex was added after the treatment. In other words, there is

no direct evidence that NO radical was detected by this method in these experiments. This does

not imply that NO radical was not present in the liquid; in fact, its introduction explains the

presence of nitrite anion. However, when introduced into the liquid sample, nitric oxide could

potentially be completely converted into nitrite via interaction with water (which is in large

excess to the spin-trapping complex) and oxygen species. However, the results obtained here do

not allow the exclusion of the participation of NO radical in the formation of adducts.

5.3 IDENTIFICATION OF RNOS BY COLORIMETRY

NO and H2O2 can cross membranes and diffuse between and within cells and give rise to more

reactive free radicals to attack bacterial cells (21). The detection of NO is often achieved by the

indirect measurement of its further oxidation product NO2
– (235) or in combination with NO3

–

(236), whereas H2O2 can be directly detected in liquids (139). To determine the presence of

NO2
– and H2O2 in plasma-treated solutions, the Griess assay and titanium(IV) oxalate were

used. The formation of an azo dye and titanium(IV)-hydrogen peroxide complex for the

detection of NO2
– and H2O2 respectively was assessed colorimetrically by UV-Vis

spectrophotometry in liquids after plasma treatment (described in Section 2.8). Samples were

prepared and plasma-treated as described in Section 2.8.1. Experiments were carried out using

the final version of the AP-DBD plasma setup housed in the plastic box, as described in Chapter

3. The concentrations of titanium(IV)-peroxide complex and azo dye measured are presented in

Table 5.2.

5.3.1 Nutrient-rich solutions presented higher levels of NO2
–

The presence of NO2
– in plasma-treated liquids was assessed with the Griess assay to indirectly

detect NO radical and the toxic NO2
– itself, as described in Section 2.8.3. The detected azo dye
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Table 5.2. Measurement of NO2
– and H2O2 by colorimetry. Results of UV-Vis

spectrophotometric experiments to detect the formation of Azo dye and titanium(IV) –

peroxide complex for the identification of NO2
– and H2O2 in plasma-treated solutions,

respectively. Measurements done by colorimetry after plasma treatment with the AP-DBD

plasma jet. Concentration expressed in µM. Single measurements for 30 and 60 seconds,

averaged values of triplicates for 90 seconds treatments. Volume treated: 500 µL for all the

experiments.

Azo dye (NO2
-)

(µM)

Titanium(IV) –

peroxide complex (µM)

30 sec 60 sec 90 sec 30 sec 60 sec 90 sec

H2O 2.6 2.7 4.1 6.0 20.5 41.1

PBS 1.2 1.7 1.7 12.1 17.0 21.0

DMEM 4.2 10.9 14.8 25.7 57.5 74.5

DMEM+FCS 4.7 9.4 17.1 0.0 12.4 60.8

LB 6.9 12.3 20.4 25.8 44.1 83.9
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was formed in plasma-treated liquids as the consequence of the reaction of NO2
– and Griess

reagent. Results demonstrated a time-dependent increase in the concentration of the azo dye

formed in all plasma-treated samples when Griess reagent was added after plasma treatment

(Figure 5.5a). After 90 seconds of treatment, the highest levels were observed in the nutrient-

rich liquids LB, DMEM + 10 % (v/v) FCS and DMEM (20.4, 17.1 and 14.8 µM, respectively).

Levels below 5 µM were observed in H2O and PBS (4.1 and 1.7 µM, respectively).

Griess reagent was also added to the liquids prior to plasma treatment to investigate the

possibility of detecting NO2
– during treatment with this method. Results demonstrated that

higher levels of azo dye were detected in H2O and PBS using this approach (Figure 5.5b).

However, the signal obtained increased with reaction time. Here, Griess reagent was present in

the liquids during plasma treatment which adds to the total reaction time. Additionally, some of

the Griess reagent, or even the azo dye, was likely degraded by the plasma-generated species.

Thus, the addition of Griess reagent prior to plasma treatment might not be useful for the in situ

determination of NO2
–. Nevertheless, the main contribution to the increased levels of azo dye

was likely due to the increased amount of reactive NO2
– which decreases after exposure, similar

to what was described above for (MGD)2-Fe2+ complex and NO (Section 5.2.2).

These results demonstrate that plasma-treated nutrient-rich liquids presented higher levels of

NO2
– than H2O and PBS. This suggests the oxidation of NO2

– to NO3
– occurred at lower rates in

the nutrient-rich media, or that the by-products of transformed organic components in these

media also contributed to the levels of azo dye detected.

5.3.2 H2O2 was increased in plasma-treated nutrient-rich solutions

The presence of H2O2 in plasma-treated liquids was quantitatively determined using the

titanium(IV) oxalate method (139) as described in Section 2.8.2. Samples exposed to the AP-

DBD plasma jet presented a time-dependent increase in the concentration of the titanium(IV)-

hydrogen peroxide complex. After 90 seconds of plasma treatment, the highest levels were

obtained in LB, DMEM and DMEM + 10 % (v/v) FCS (83.9, 74.5 and 60.8 µM, respectively).

The lowest levels were obtained in H2O and PBS (41.1 and 21 µM, respectively) (Figure 5.6a).

The levels of titanium(IV)-peroxide complex decreased approximately 50 % in plasma-treated

H2O 30 minutes after plasma treatment, in contrast to a decrease of 30 % in plasma-treated LB

(Figure 5.6b).

Potentially, organic components of the nutrient-rich media could undergo chemical

transformations and form peroxo-compounds or contribute to the formation of H2O2 by the

reaction of O3 with lipids (21). Therefore, catalase (a specific H2O2 scavenger enzyme) was

added to plasma-treated DMEM and LB to a final concentration of 32 U/mL and 100 U/mL to

confirm the specificity of the assay to detect H2O2. Results showed that the addition of the

enzyme reduced (and with 100 U/ml, abrogated) the amount of titanium(IV)-peroxide complex

detected, demonstrating the specificity of the reaction (Figure 5.6c).
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Figure 5.5. Detection of NO
2

– by colorimetry. Experiments to assess the formation of azo

dye formed by the reaction of NO
2

– with Griess reagent. (a) NO
2

– measured with Griess

reagent added after plasma treatment and (b) measured with Griess reagent added before

plasma treatment. 500 µL plasma-treated H
2
O (blue), PBS (red), DMEM (black), DMEM +

10 % (v/v) FCS (green) and LB (magenta). Samples treated for 90 seconds with the AP-

DBD plasma jet. Data represent single values for 30 and 60 seconds treatments and mean

values for 90 seconds treatment (n ≥ 2). Length of treatment expressed in seconds (sec). 
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Figure 5.6. Measurement of H
2
O

2
in plasma-treated liquids, stability and specificity of the

reaction. Colorimetric experiments to quantify H
2
O

2
by the reaction with titanium(IV). (a)

titanium(IV)-hydrogen complex formed in plasma-treated H
2
O, PBS, DMEM, DMEM + 10

% (v/v) FCS and LB. (b) Decay of H
2
O

2
after 0, 15 and 30 minutes of plasma treatment in

H
2
O and LB. (c) Plasma-treated DMEM and LB supplemented with catalase after treatment

for the detection of H
2
O

2
. 500 µL of each solution treated for 90 seconds with the AP-DBD

plasma jet. Data represent single measurements.
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The performed experiments indicated that plasma-treated nutrient-rich liquids possessed higher

levels of H2O2 than H2O and PBS, suggesting the participation of nutrients in the formation of

secondary ROS in liquids. In addition, the specificity of the method to detect H2O2 and not

possible organic peroxides formed in the plasma-treated solutions was demonstrated, as the

addition of catalase to the samples abrogated the detection of H2O2.

5.4 EFFECT OF EXTERNAL ORGANIC MOLECULES
DURING BACTERICIDAL LTP TREATMENT

The bactericidal action of low temperature plasmas in liquid suspensions has been demonstrated

in planktonic cultures and solid surfaces (44, 237-240). However, it is unclear whether the

bactericidal action of LTPs is affected by organic molecules present in the surroundings of the

sample during treatment. The experiments described in Section 5.2 and 5.3 for the detection of

RNOS in plasma-treated liquids demonstrated that the presence of nutrients during treatment

affected the levels of RNOS measured. It would be expected then that plasma treatments of

bacteria in nutrient-rich solutions were less effective.

To understand the effect of external biomolecules on the bactericidal activity of the AP-DBD

plasma jet, three approaches were taken. In the first place, the reduction of colony forming units

(CFU) in bacterial suspensions was assessed. In the second place, the damage to the cell

membrane was assessed by flow cytometry, using the Live/Dead Assay immediately after

treatment. Lastly, the addition of scavengers to agar plates prior to plasma treatment was tested

to indirectly determine the contribution of reactive oxygen species delivered by the plasma

towards bacterial elimination.

5.4.1 Organic molecules present during treatment reduced bactericidal action of
plasma

In the previous section, experiments demonstrated that the presence of nutrients affected the

amount of RNOS found in plasma-treated solutions. To determine the effect of such RNOS on

bacteria, S. Typhimurium suspensions were treated with the AP-DBD plasma jet and the

reduction of CFU after treatment was assessed, as described in Section 2.5.2. Bacterial

suspensions were prepared using the same solutions analysed by EPR and UV-Vis spectroscopy

and exposed to the AP-DBD plasma jet, as described in Section 2.5.1. The number of CFU

surviving the plasma treatment was quantified and analysed considering the RNOS measured in

plasma-treated liquids.

These experiments demonstrated a statistically significant difference in the number of CFU

found with plasma-treated and untreated samples in H2O and PBS, as demonstrated by the

analysis with one-way ANOVA (P<0.0001; Figure 5.7). Bacteria in H2O presented a 1.5-log

reduction after plasma treatment, which corresponds to a percent reduction between 90 and 99

%. Plasma-treated bacteria in PBS presented a 3.5-log reduction, corresponding to a percent
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reduction between 99.9 and 99.99 %. The number of CFU recovered from samples in nutrient-

rich media exposed to plasma were similar to those found in the corresponding untreated

samples.

The results of these experiments suggest that the bactericidal activity of the AP-DBD plasma jet

was reduced in the presence of nutrients, as no decrease in the bacterial load was achieved in

bacteria treated in nutrient-rich solutions. In contrast, more than 99 % of bacteria exposed to

plasma in PBS and 90 % of those exposed in H2O were eliminated, respectively.

5.4.2 Plasma treatment in the presence of organic molecules induced non-lethal
membrane damage in Salmonella

The Live/Dead Assay is a method used to determine cell viability in bacteria that relies on the

integrity of the cell membrane to prevent the passage of the membrane-impermeable propidium

iodide (PI) inside the cells. The dye can access the cytoplasmic space to stain nucleic acids only

when the cell membrane presents damage to a degree that allows the diffusion of PI molecules.

This method was used here to determine the damage induced by the AP-DBD plasma jet in the

bacterial cell membrane of S. Typhimurium in liquid suspensions in the presence of nutrients.

Samples were prepared and treated with the plasma jet as described in Section 2.5.1. Bacterial

cells were stained with a mixture of the nucleic acid stains green-fluorescent SYTO9 dye (that

always enters the cell and therefore stain both live and dead cells) and red-fluorescent

membrane-impermeant PI (that stain only cells with compromised membrane integrity and dead

cells). The Live/Dead assay was performed as described in Section 2.5.3.

The flow cytometry gating strategy used for the analysis of plasma-treated bacterial suspensions

is described in Figure 5.8a where the positive control of membrane damage (heat-inactivated

bacteria) is presented as an example. Samples were gated from SSC/FSC plot. The frequency of

bacteria with damage to the cell membrane were calculated from PI/SYTO9 dot plot and

presented as the percentage of cells gated from SSC/FSC plots. Three populations of cells were

identified: cells with no damage (right gate) with a dominating SYTO9 stain; cells with

intermediate damage (middle gate) that are stained with similar levels of PI and SYTO9; and

cells with high damage to the cell membrane (left gate), where PI dominates the stain. Each of

the five bacterial suspensions used for this experiment presented a characteristic distribution in

the plots. Therefore, the gates in PI/SYTO9 plots were adjusted according to the characteristics

of the distribution of each population (Figure 5.8b).

Results showed that untreated bacterial samples in H2O suspension presented a statistically

significant difference in the percentage of cells with membrane damage than in those treated in

PBS and nutrient-rich solutions, as demonstrated by the analysis with one-way ANOVA

(P<0.0001; Figure 5.8c). Bacteria suspended in PBS and DMEM treated with the AP-DBD

plasma jet presented a decrease in the percentage of cells with no damage to the cell membrane

when compared to the corresponding untreated samples (P<0.05 and P<0.0001, respectively;
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Figure 5.8. (Caption overleaf.)
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Figure 5.8. Nutrient-rich media ameliorated the damage induced to the cell membrane of

S. Typhimurium by plasma. Five hundred microliters of each liquid containing

approximately 0.8 x 107 CFU were treated with the AP-DBD plasma jet for 90 seconds.

Bacterial cells were stained with SYTO9 and PI. (a) Flow cytometry gating strategy for the

analysis of membrane damage in plasma-treated S. Typhimurium. Left: SSC/FSC gate.

Right: Dot plot showing the gating of heat-inactivated bacterial cells presenting intact

membrane (right gate), intermediate damage (middle gate) and high damage (left gate). (b)

PI/SYTO9 dot plots for untreated and plasma-treated S. Typhimurium in H2O, PBS, DMEM,

DMEM + 10 % (v/v) FCS and LB. Gate numbers in the plots represent frequency of cells as

a percentage of the indicated population gated from SSC/FSC plots. Data from one of three

biological replicates are shown, representative of two independent experiments. (c)

Quantification of the three populations of cells shown in (b). Data presented as mean + S.D.

****: P<0.0001; **: P<0.01; *: P<0.05.
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Figure 5.8c). A corresponding increase in the percentage of cells with high and intermediate

damage to the cell membrane was observed in plasma-treated cells, but a statistically significant

difference was only observed for bacteria in DMEM (P<0.05). A statistically significant

difference was also observed between plasma-treated and untreated bacteria in DMEM + 10 %

(v/v) FCS (P<0.01). However, this did not translate into an increase in the percentage of cells

with intermediate and high damage to the cell membrane.

In general, the percentages of untreated bacteria with no membrane damage was the highest in

samples in nutrient-rich solutions, as expected. Membrane integrity was compromised in

samples suspended in H2O and to a lesser extent in PBS due to the osmotic pressure in H2O and

lack of nutrients. In the same way, few or no bacterial cells with damaged cell membranes were

observed in nutrient-rich bacterial suspensions. A statistically significant decrease in the

percentage of cells without membrane damage after plasma treatment was observed in bacteria

suspended in PBS, DMEM and DMEM + 10 % (v/v) FCS. The statistical significance of the

difference observed in bacteria treated in DMEM + 10 % (v/v) FCS could be due to the small

SD in these samples (mean ± SD: 98.6±0.3 % untreated bacteria vs. 98.0±0.3 % plasma-treated

bacteria).

These results suggest that the presence of nutrients during plasma treatment reduced the levels

of membrane damage in S. Typhimurium caused by plasma treatment. The reduction of the

percentage of cells with intact membrane achieved in the buffered solutions PBS, DMEM and

DMEM + 10 % (v/v) FCS does not correspond to bacterial elimination, since only S.

Typhimurium treated with the plasma in the presence of PBS were killed, as observed in

Section 5.4.1.

5.4.3 H2O2 produced in the gas phase participated in bacterial elimination

Antioxidant enzymes can confer protection from oxidative stress to bacteria. The specificity of

these enzymes for their substrate is used to establish the involvement of the substrate in a

particular biological process (21). For example, if catalase inhibits or reduces bacterial

elimination, it is assumed that H2O2 is involved in this process. This principle could be applied

to antioxidant enzymes and compounds, such as superoxide dismutase (SOD) and D-Mannitol,

known scavengers of O2
– and OH, respectively.

To determine the participation of H2O2, O2
– and OH in bacterial elimination caused by plasma

treatments, LB agar plates were supplemented with 2000 U Catalase/plate, 400 U SOD/plate

and 20 mM D-Mannitol/plate, respectively. All agar plates treated with the AP-DBD plasma jet

presented a zone of inhibition with the same area (1590 mm2) (Figure 5.9). Plates supplemented

with SOD presented a similar number of CFU in the zone of inhibition (269 CFU) to the plates

exposed to plasma without the addition of scavengers (270 CFU; Figure 5.9a,e). Plates

supplemented with catalase prior to plasma treatment presented an increase in the number of

CFU that survived the treatment in the zone of inhibition (> 400 CFU; Figure 5.9b). The
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10 mm

(a) (c)

(d) (e)

(b)

Figure 5.9. Effect of scavengers on plasma treatment of agar plates. Representative agar

plates with S. Typhimurium treated with the AP-DBD plasma jet. Plates supplemented with

(a) 400 U SOD/plate; (b) 2000 U catalase/plate; (c) 400 U SOD and 2000 U Catalase/plate;

(d) 20 mM D-Mannitol; (e) without scavengers. Scavengers were added to agar plates prior

to the addition of bacteria for treatment. Plates were exposed to plasma for 90 seconds. Scale

bar 10 mm.
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combined addition of SOD and catalase to agar plates did not further improve the survival of S.

Typhimurium to plasma treatment (Figure 5.9c). The colonies present on plates supplemented

with catalase were smaller than those present in plates treated without scavengers. In contrast,

plates supplemented with D-Mannitol presented bigger colonies, but fewer in number compared

to plates treated without scavengers (118 CFU; Figure 5.9d,e).

These results suggest that the addition of catalase to agar plates improved the survival of S.

Typhimurium to plasma treatment. SOD did not improve the survival of bacteria to plasma

treatment and did not provide additional protection when present in combination with catalase.

Also, D-mannitol did not contribute to the survival to treatment, as plates supplemented with

this scavenger presented less CFU in the zone of inhibition than plates without scavengers. In

addition, D-mannitol could act as an additional source of nutrients since Salmonella can

metabolize this sugar (241), which could explain the increased size of the surviving colonies in

the kill zone. Thus, the amount of O2
– and OH delivered to bacterial cells might not be

sufficient to be detected by this method. The participation of other RNOS produced by the

plasma such as NO, O, O2(a
1Δg), among others in the gas phase not assessed here could 

contribute to the bactericidal activity observed.

5.5 DISCUSSION

The aim of this chapter was to determine the effect of organic molecules during plasma

treatment on the amount of RNOS available and to investigate whether their presence during

plasma treatment reduced the ability of the AP-DBD plasma jet to eliminate bacteria. For this

purpose, two approaches were taken: (a) a chemical approach to identify the short- and long-

lived species formed in plasma-treated liquids; (b) a biological approach to determine whether

the antibacterial action of plasma was affected by the presence of organic molecules. With this

combined approach, the role of interfering agents during plasma treatment (such as organic

molecules and salts) was determined for elimination of S. Typhimurium in liquid environments.

The results presented here suggest that short-lived ROS formed in plasma-treated liquids

interacted with the organic matter in nutrient-rich media and therefore, could mediate the

bactericidal action of plasmas observed in plasma-treated S. Typhimurium. More than 90 % and

99% of bacteria in H2O and PBS, respectively, exposed to the AP-DBD plasma jet for 90

seconds were eliminated. The EPR results for the analysis of plasma-treated liquids

demonstrated that solutions with the highest content of organic matter presented the lowest

levels of O/O3, O2(a
1Δg) and OH (Section 5.2.1). Interestingly, the concentration of OH was

higher in PBS and DMEM than in water. This could be due to the presence of salts that provide

buffering in these liquids that could favour the formation of additional hydroxyl radicals, as

suggested by Tresp et al. (231). An increase in the OH formed in DMEM supplemented with

FCS was masked by the reaction of OH with the abundant organic matter present in the
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solution. This increase in the amount of OH radical available in plasma-treated PBS could

contribute to the bactericidal action of this liquid.

It has been demonstrated that the AP-DBD plasma jet used for this study generates a significant

amount of O3 in the gas phase, and this reactive species was also found to be abundant in

plasma-treated liquids. This indicates that part of the O3 formed in the gas phase is effectively

delivered to the liquid. O3 reacts with proteins, DNA and lipids in solution (as in culture media

shown here) and in biological systems and could mediate the damage inflicted to bacterial cells

exposed to plasma. However, in reaction with lipids, O3 can generate H2O2 (83). Considering

that the H2O2 found in plasma-treated water originates in the gas phase (Gorbanev et al.,

unpublished data), the reaction of O3 with lipids in nutrient-rich solutions could explain the

increase in the amount of H2O2 measured for these solutions (Section 5.3.2). In fact, this could

explain the reduced bactericidal effect of plasma-treated S. Typhimurium observed in

suspensions with high organic content, where part of the toxic O3 delivered to the liquids led to

the formation of H2O2 at concentrations that did not affect the viability of bacterial cells. This

could be due to the effective and redundant detoxifying mechanisms that S. Typhimurium

possess against peroxides, which contributes to the survival of cells under oxidative stress (80).

The results presented here could explain the findings of Sears et al., who described an increase

in the amount of H2O2 in plasma-treated DMEM with increasing treatment time and voltage

(242), as the formation of peroxides in the liquid could contribute to the amounts of H2O2

detected. In addition, Nosenko et al. reported that E. coli in PBS suspensions required shorter

treatments with a plasma torch to achieve 100% elimination than E. coli in LB suspension

(203). However, the authors attributed the bactericidal action to the synergistic activity of NO

and H2O2. The results presented here provide a new interpretation of the data presented by

Nosenko et al., suggesting that the reduced bactericidal action in plasma-treated LB could be a

consequence of the reduction of O3 in the liquid and the associated increase in the concentration

of H2O2 is not relevant for the induction of bacterial cell death.

Opposite to what was found for ROS, the amount of NO/NO2
– detected by EPR during plasma

treatment of liquids was independent of the presence or absence of organic molecules in the

solution during treatment (Section 5.2.2). However, it was highest in solutions without buffering

properties, suggesting that the acidification of the solution contributes to the formation and

stability of RNS. Plasma-treated water has been reported to acidify upon plasma treatment (116,

243). Lukes et al. attributed the bactericidal action of plasma treatment of E. coli to the

acidification of the plasma-treated liquid and corresponding increase of nitrogen-centred species

in acidified solutions (220). In addition, the authors indicated that the participation of O3 in

bacterial elimination was negligible. In contrast to this publication, the results obtained here

support the participation of ROS in bacterial elimination, especially O3 and OH, and under the

conditions used here, the presence of nitrogen-centred species measured were not related to
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bacterial cell death. Other biologically relevant species such as peroxinitrite (53, 220) that are

known to induce significant damage to biomolecules were not assessed in the present work and

could also participate in the elimination of bacteria. However, the amount of RNOS measured in

the liquid corresponds to more complex chemical reactions that occur upon interaction of

plasma and liquids. Factors such as the pH, ionic strength, presence of organic matter and

interaction with other RNOS in the solution determine the formation and degradation of reactive

species that affect the total amount available to interact with the spin trap or bacteria.

The multiple RNOS generated during plasma treatment of liquids can attack various cell targets

in bacteria. One of the mechanisms of action that contribute to bacterial elimination induced by

LTPs is damage to the cell membrane, the first barrier that protects the cells from external

insults such as oxidative stress (244). LTP treatment of bacterial cells have demonstrated to

induce etching (104), lipid peroxidation (44) and damage to the cell membrane (245). Short

treatments of up to 30 seconds with a nonthermal plasma induced membrane permeability in

Pseudomonas aeruginosa and Candida albicans deposited on membranes, as demonstrated by

fluorescence microscopy (14). Using a similar approach, Dolezalova et al. demonstrated that an

argon plasma jet induced membrane damage in E. coli exposed to plasma for 45 minutes in

water suspensions, also by fluorescence microscopy (71). Although fluorescent microscopy is a

very useful technique, it is difficult to obtain quantifiable data. Here, the Live/Dead assay was

used in combination with flow cytometry to quantify the percentage of cells with or without cell

membrane damage in plasma-treated bacteria in the presence or absence of organic molecules.

The experiments demonstrated a reduction in the percentage of viable bacteria with intact cell

membrane when treated in PBS, DMEM and DMEM + 10 % (v/v) FCS. These three solutions

possess buffering properties, but whereas the long-lived species H2O2 and NO2
– were detected

in higher concentrations in the nutrient-rich solutions, PBS was rich in short- and long-lived

ROS. Thus, a direct correlation between the RNOS detected in plasma-treated liquids and

membrane damage in these three solutions cannot be determined. However, the acidification of

the plasma-treated solutions would not be responsible for the bactericidal properties of LTPs on

planktonic cultures as suggested by other authors (220, 246), since the highest bactericidal

action was observed in PBS.

It is interesting to notice that the reduction in cell membrane integrity in plasma-treated bacteria

in nutrient-rich solutions did not correlate with bacterial elimination, as more than 99 % of cells

treated in such solutions recovered from treatment, as described above. In the case of cells

treated in PBS, a reduction in the percentage of viable bacteria with intact cell membrane was

followed by the elimination of more than 99 % of treated cells. These results are comparable,

since bacteria was cultured in LB and prior to experiments, bacterial suspensions were prepared

in the corresponding solution. In addition, to determine bacterial elimination in plasma-treated

solutions, samples were plated in LB agar plates immediately after treatment, where all samples

grew in the same nutrient-rich media to promote recovery. Thus, these results suggest that the



140

damage to the cell membrane induced in bacterial cells right after treatment could be repaired.

However, plasma-treated cells in PBS could have other cellular components in the intracellular

compartment (such as nucleic acids and proteins) irreversibly damaged by RNOS produced in

the plasma-treated PBS. Although S. Typhimurium is known to be resistant to oxidative stress

due to the presence of redundant antioxidant enzymes (247), the simultaneous and irreversible

damage of multiple biological components induced by RNOS would exceed the ability of cells

to recover, leading to bacterial death.

In the field of low temperature plasmas, the degradation of purified organic molecules in liquid

suspension has been reported (43, 102, 114, 181), but little is known about their effect in

biological systems. In plasma-treated liquids, some of the RNOS generated in the gas phase are

delivered to the sample which can react with molecules present in the liquid to originate new

reactive species (229). Therefore, the composition of RNOS in plasma-treated liquids and in the

gas phase are not comparable and the biological effects of LTP treatment of samples in liquid

environments should not be directly attributed to the RNOS detected in the gas phase.

Considering the possible biomedical application of LTP treatments in skin wounds, surgical site

infections and neoplasias, it is necessary to determine how the presence of organic molecules in

the surrounding of the target of the treatment (i.e. wound exudate, blood, non-target bacterial

cells and non-target host cells) affects the treatment outcome. In this chapter, results have

demonstrated that the presence of organic molecules during plasma treatment of S.

Typhimurium with the AP-DBD plasma jet decreased the efficacy of the antibacterial treatment.

Specifically, here it is demonstrated that the highest levels of bacterial elimination were

achieved in samples treated in the absence of organic molecules that presented short- and long-

lived reactive oxygen species. The reactive nitrogen species measured here may not be key to

the elimination of bacteria under these conditions. However, the RNOS measured here represent

only a small fraction of all the possible species present in plasma-treated liquids (248) and the

bactericidal effects observed in S. Typhimurium should not be solely attributed to the RNOS

found here.

As in vitro studies for the application of biomedical plasmas to treat eukaryotic and prokaryotic

cells are carried out in different solutions with and without organic molecules (13, 220, 236,

249, 250), it is important to consider the participation of such molecules in the overall process

for the correct interpretation of results. Here, it is demonstrated that organic molecules present

in solutions used for eukaryotic and prokaryotic cell culture can interact with RNOS formed

during plasma treatment and this affects the levels of short- and long-lived reactive species in

treated solutions. Moreover, this effect appears to outweigh the role of ionic strength or pH of

the solution. Biological and chemical approaches were combined to provide valuable

information on the interference of organic molecules with the bactericidal activity of LTPs.

These results allow the identification of a trend in the formation of RNOS in the presence of

organic molecules that can be used to understand the mechanisms leading to bacterial
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inactivation and membrane damage in S. Typhimurium exposed to plasma. The data presented

here highlight the importance of acknowledging that these compounds are present during

treatments in vivo and should be considered during the development of effective therapies.
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6 GENERAL DISCUSSION

6.1 PLASMA: A TOOL WITH ANTIMICROBIAL
APPLICATIONS

The current approaches used to assess the effect of LTP sources on bacterial cells have

limitations in their ability to explain the biological effect that underpin bacterial elimination.

Reports in the literature are based on the study of the effect of plasma at the population level

and do not reflect the oxidative damage induced in individual cells (13, 71, 91). In addition, the

lack of information on the effect of the spatial distribution of RNOS in the plasma effluent and

how it correlates with the bactericidal properties of the plasma poses limitations for the correct

assessment of the efficacy of plasma treatments. Furthermore, the use of purified DNA and

proteins that are not representative of the effect induced in living bacterial cells cannot be

extrapolated to the effect on molecular targets contained in living cells (44, 102, 121). Therefore

these approaches contribute only partially to the elucidation of antimicrobial mechanisms of

plasmas. Finally, there is a lack of studies addressing the interaction of plasma-generated RNOS

with external organic molecules in the surroundings of the target cells, even when it is well-

known that biomolecules can undergo redox reactions (21). These factors are important because

they could lead to the exposure of bacterial cells to sub-lethal doses of RNOS. This has the

potential to promote the adaptation of microorganisms to oxidative stress induced by the plasma

and induce mutations in the bacterial genome that could favour resistance to treatment.

The conditions described above that were overlooked in the past have been studied in this body

of work. This research has shown that the mechanisms leading to bacterial death are influenced

by the spatial distribution of RNOS in the plasma effluent, as demonstrated for the atmospheric-

pressure dielectric-barrier discharge (AP-DBD) plasma jet. The results obtained in Chapter 3

and 4 suggest that this characteristic is inherent to plasma jets generated in open air. This was

demonstrated by the comparison of the ability of the AP-DBD plasma jet (generating charged

and neutral species) and the µAPPJ (generating mostly neutral species) to induce DNA damage

in S. Typhimurium. Although the plasma source or conditions chosen for the generation of

plasma will determine its composition in interaction with ambient air, the concentration and

spatial distribution of RNOS at different regions of the plasma effluent will have a direct impact

on the level of damage induced in bacterial DNA. These findings were only possible due to the

use of a quantitative assay for the identification of the plasma-induced DNA damage at the

single cell level modified and improved here for this purpose, in combination with the

measurement of spatial distribution of ozone in the plasma.

The results presented in Chapter 5 suggest that redox reactions between plasma-generated

RNOS and organic molecules in the environment where the target population is contained

reduce the efficacy of the treatment. In addition, it is possible that only small amounts of

individual RNOS produced by the plasma are necessary to act synergistically on bacteria to
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induce cell death, as suggested by the reduced amounts of RNOS detected in plasma-treated

liquids. Altogether, these experiments provide evidence of the variability in the oxidative

damage induced at the single cell level by low temperature plasmas.

The data presented in Chapters 3, 4 and 5 can be brought together to provide a model for the

elimination of bacteria, considering the spatial location of the sample to the centre of the plasma

effluent and the presence of organic matter different from the target population (Figure 6.1).

Given the potential application of LTP treatments to disinfect wounds and promote wound

healing, treatment outcome could be affected by several factors. For example, a plasma jet could

be used to treat polymicrobial infections of skin wounds. The treatment delivers multiple RNOS

to the wound site and induce damage to the cell membrane and DNA of bacterial cells, among

others. However, the presence of debri and wound exudate (rich in organic molecules) could

decrease the efficacy of the treatment. In the same way, considering the spatial distribution of

RNOS in the plasma jet, it could be expected that the levels of cell membrane and DNA damage

will vary according to the location of the bacterial cells, i.e. directly under the plasma jet or at

the periphery where the levels of RNOS are two low to be effective. The exposure of bacterial

cells to sub-lethal concentrations of RNOS could lead to the development of resistance to

treatment or induce mutations and in bacteria. This could increase the chance of failure to

treatment since these bacteria could recolonize the wound, if unattended.

These results were only possible due to the interdisciplinary quantitative approaches considered

for this project. This body of work provides valuable information for the development of

successful antimicrobial plasma treatments, as it presents evidence of the importance of the

spatial distribution of RNOS in the effluent, presence of organic molecules during treatment and

analysis at the single cell level for the understanding of the mechanisms leading to bacterial

elimination.

6.2 STATE OF THE FIELD

Although the first reports on the application of atmospheric-pressure plasmas for bacterial

elimination appeared almost 20 years ago (251), it was not until recently that the mechanisms of

action involved in bacterial elimination and factors affecting the bactericidal activity of plasmas

started to be investigated in depth. Because LTP is a technology that originated from the plasma

field, much attention was paid to the development of new plasma sources and the

characterization of the physical and chemical parameters affecting the overall bactericidal action

of plasmas during the early years (11, 52, 111, 252). However, little attention was paid to study

how plasma mediated this killing. The most used approaches to assess the bactericidal action of

LTPs were to detect changes in cell morphology and measure the reduction of the bacterial load

after LTP treatments (253, 254). Purified proteins and nucleic acids where also studied in this

context to demonstrate the ability of plasma to inactivate toxins and plasmid DNA (44, 51, 255).
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Figure 6.1. Role of the spatial distribution of RNOS in plasma and presence of external

biomolecules in the outcome of biomedical LTP treatments. Hypothetical application of

LTP treatments of an infected surface, such as a skin wound. (a) A skin wound with a poly-

microbial infection and host cells in the wound bed, where the presence of wound exudate

and debris provides the ideal conditions for bacterial proliferation. (b) Different outcomes of

LTP treatment to kill bacteria according the conditions present at the moment of treatment:

1. When high concentrations of external biomolecules are present during LTP treatment,

plasma-generated RNOS can react with these molecules instead of with target cells, reducing

the efficacy of the treatment and leading to bacterial survival. 2. In the presence of low

concentrations of external biomolecules, LTP treatment kill microbes more effectively. The

multitarget action of LTP induces damage to the cell membrane and DNA in bacterial cells

more effectively in cells directly located under the plasma jet, where the amount of RNOS

delivered to the sample is the highest. UV photons generated in the plasma participate

mostly in the generation of RNOS. 3. Microbes located within the bactericidal radius of

action of LTP are eliminated, but due to the spatial distribution of RNOS in the plasma

effluent, low levels or no DNA damage is induced in bacterial cells and other mechanisms of

action will lead the killing. 4. Microbes located outside the radius of action of LTP could be

exposed to sub-lethal doses of RNOS. This could lead to development of resistance to

plasma-generated RNOS. Microbes could proliferate and recolonize the wound, if

unattended. Boxes outlined in green represent the contribution of this piece of work to the

field of low temperature plasmas for biomedical applications.
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However, most of these studies carried out by non-biologists lacked understanding of the

biological effects of oxidative damage in cells. This presented a challenging scenario for the use

of this technology in biomedical applications (e.g. to treat wounds and surgical site infections),

as the variability in the plasma sources used and poorly reported biological effects made it

difficult to identify the mechanisms responsible.

During the period that the work described in this thesis was carried out, the number and quality

of the publications focusing on the biological effects of application of LTPs for bacterial

elimination has significantly increased. The bactericidal properties of plasma has been ascribed

mainly to the presence of reactive nitrogen and oxygen species and LTPs have proved to be

effective against several bacterial species in liquid suspensions, biofilms, fresh produce and

medical equipment (256). In silico and in vivo studies have demonstrated that LTPs can induce

damage to the bacterial cell membrane due to lipid peroxidation (44, 71); to the DNA due to

oxidation of nucleotide bases and induction of DNA breaks (104, 257) and to the cell wall due

to damage to the peptidoglycan structure (258). These publications provide a good foundation

for the study of the biological effects of biomedical LTP sources on microbes. However, studies

in the field of physics that characterize the spatial distribution of RNOS in the gas phase (112,

122) are dissociated from the study of the mechanisms that cause cell death in bacteria. This is a

link that has never been established before in the study of bactericidal LTP treatments and that

is relevant to understand the consequences of LTP treatments on bacterial populations exposed

to spatially-distributed RNOS.

Considering the possible applications of LTPs in biomedicine to treat skin wounds or surgical-

site infections, this study used an interdisciplinary quantitative approach for the elucidation of

the mechanisms involved in bacterial elimination with LTP treatments. For this purpose, three

topics not addressed in the past were studied here: (a) determination of the impact of the spatial

distribution of RNOS in the mechanisms of action of LTPs; (b) determination of the impact of

external organic molecules present during treatment on the efficacy of plasma for bacterial

elimination; (c) determination of the impact of plasma treatment of bacteria at the single cell

level.

6.3 RESEMBLING THE WOUND ENVIRONMENT:
PRESENCE OF ORGANIC MOLECULES

As mentioned above, LTP treatments have been suggested as an alternative or complementary

therapy to eliminate pathogens in infected wounds (93). The fluid found in a wound (wound

exudate) contains all the nutrients required by the tissue to promote healing, such as inorganic

salts to buffer the pH in the wound, glucose, cytokines, proteolytic enzymes, plasma proteins

and globulins and cells of the immune system (87). Even more, wound debris formed during the

healing process and opportunistic microorganisms that colonize the wound can be found, in

addition to the cells forming the damaged tissue. Therefore, the application of plasma treatments
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to eliminate bacteria from infected wounds should consider the presence of this complex

environment rich in organic matter of different origin that can react with plasma-generated

RNOS.

In this study, Salmonella cultures were prepared in a set of solutions with different organic

compositions to resemble the environment of an infected wound exudate (see Chapter 5). The

application of the AP-DBD plasma jet to these bacterial suspensions demonstrated that solutions

with high nutrient content were more likely to present some damage to the cell membrane that

did not affect their viability. In contrast, plasma was able to eliminate 90 to 99 % and 99.9 to

99.99 % of bacterial cells treated in H2O and PBS, respectively, although a reduction in the

percentage of viable cells with no damage in the cell membrane was only observed in PBS-

treated samples. These results correlate with the findings of Ferrell et al. that used a similar

selection of liquids to treat the Gram-positive bacteria S. aureus with a spark-based non-thermal

plasma (259). The authors described a 2-log reduction in bacterial load after 2 minutes of

plasma treatment of S. aureus in samples treated in water and PBS, whereas bacteria treated in

the nutrient-rich media tryptic soy broth, DMEM and brain heart infusion broth did not produce

a statistically significant difference in the number of surviving cells compared to the controls. In

this study, they ascribed the reduced bactericidal action of plasma to oxidation of the organic

content of the solutions. The bactericidal action of a DBD plasma was also reduced in E. coli in

maximum recovery diluent suspension (containing nutrients) in comparison to PBS-treated

samples (260). In contrast, Rowen et al. suggested that the inactivation of S. Typhimurium and

S. Enteritidis in poultry wash water was more efficient compared to treatments in distilled water

due to the formation of nitric and carbonic acids originated from fatty acids, lipids and proteins

in poultry wash water during plasma treatment (133). However, Rowen et al. conducted plasma

treatments at 4 °C. The efficacy of the plasma treatment in the presence of biomolecules

described by the author could be explained by the increased stability (or reduced decomposition

rate) of reactive species at lower temperatures and the reduced metabolism of bacterial cells.

The results presented in this thesis together with the existing literature evidence the adverse

effect of external organic molecules on the bactericidal action of LTPs administered at room

temperature, a key point that should be considered when developing strategies for individual or

combined antibacterial LTP treatments in the clinical setting.

It is well-known that organic molecules such as proteins, lipids and carbohydrates can undergo

redox reactions (21, 74). In the field of biomedical plasmas, individual reports have described

the damaging effects of LTP treatments on biomolecules due to induction of oxidative damage.

For example, treatment of lysozyme in aqueous solution with an atmospheric pressure helium

plasma jet decreased its enzymatic activity and induced changes of the secondary structure

(103). Other plasma sources have been shown to inactivate and degrade the heme group of

horseradish peroxidase in PBS (261), oxidize and inactivate the catalytic cysteine in the

catalytic centre of glyceraldehyde 3-phosphate dehydrogenase (104), reduce the enzymatic
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activity of proteinase K (44) and induce single- and double-strand DNA breaks in purified

plasmid DNA in PBS (51, 121). Analysis at the molecular level have demonstrated that LTP

treatments can induce structural modifications in proteins and amino acids (181), being aromatic

and sulphur-containing amino acids preferentially affected by RNOS (102). However,

considering that LTP treatments could be used in biomedicine and that currently clinical trials to

clear infections and promote healing in patients with chronic wounds are ongoing, it is

fundamental to acknowledge that plasma-generated RNOS interact with organic molecules of

any origin and that their presence can determine the success or failure of the treatment.

In contrast to the study carried out by Ferrell et al. in plasma-treated S. aureus in liquids with

different nutrient content (259), the work presented in this thesis on plasma-treated S.

Typhimurium in liquids with organic content not only describes the reduction in bacterial load

but also presents a quantitative analysis of membrane damage of bacterial cells and

identification of RNOS formed in plasma treated liquids. Here it is demonstrated that the local

environment alters the ability of LTPs to induce oxidative damage to targeted cells. Whereas

membrane damage was induced in plasma-treated bacteria in PBS, DMEM and DMEM + 10 %

FCS (Figure 5.8), bacterial elimination was abrogated by the presence of organic molecules in

the culture media (Figure 3.6 and Figure 5.7) when exposed to plasma in both solid and liquid

environments. The presence of external organic molecules during treatment also correlates with

a decrease in the levels of DNA damage induced in S. Typhimurium (Figure 4.9). Thus, it is

likely that the interaction of plasma-generated RNOS with non-target organic matter is

responsible for the decrease in the bactericidal activity of LTPs.

The complex interactions between reactive species and organic molecules in biological systems

such as S. Typhimurium generate additional reactive species and toxic by-products that cause

oxidative damage to the cell. Thus, the damage observed in plasma-treated S. Typhimurium is a

consequence of a sum of events at the molecular level caused by the synergistic effect of RNOS.

This damage cannot be ascribed only to one or more specific species measured but to the

synergistic effect of short- and long-lived species. In addition, other biologically relevant

species such as peroxynitrite, superoxide and hydroperoxyl radical not analysed here could

participate in the induction of oxidative damage to bacteria.

In this study, the highest antibacterial activity was obtained in bacterial suspensions in PBS.

Plasma-treated PBS presented OH radicals, O3/O, O2(a
1Δg) and NO/NO2

–. Machala et al.

demonstrated that direct current-driven positive transient spark discharge plasma treatments of

E. coli in PB and PBS buffers were less effective that treatments in water and saline solution

(117). The authors attributed the bactericidal action of the plasma to the interaction of acidified

nitrites and hydrogen peroxide in non-acidic pH solutions. In the same way, plasma-activated

PBS was demonstrated to be less effective in eliminating E. coli than plasma-activated water

(116) or N-acetyl-cysteine (262), which suggest that the long-lived species formed in PBS that
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remain in the solution after treatment might not be present in high enough concentration to

induce cell death. However, Joshi et al. demonstrated the antibacterial properties of plasma-

activate PBS and its effect on gene transcription (107), where long-lived species would be

responsible for the effect measured. However, the bactericidal activity of plasma-activated PBS

described in these publications is mainly due to the long-lived species that remain in the

solution for several hours or even days after treatment and therefore does not benefit from the

synergistic action of short- and long-lived species formed during exposure to plasma. In the

work presented for this thesis, bacterial cells in PBS were directly exposed to plasma and

therefore exposed to the short- and long-lived species generated during the discharge. In

contrast to the findings of Machala et al., for the experiments presented in this body of work the

pH of plasma-treated PBS did not decrease more than 0.5 after treatment and the concentration

of nitrogen-centred species measured during and after plasma treatment were reduced. These

results suggest that under the conditions used here, variations in the pH and the resulting

formation of RNS favoured by the acidification of the plasma-treated solution would not be

responsible for the bacterial elimination observed in S. Typhimurium in PBS. The data

presented here suggest that in plasma-treated PBS, the combination of short- and long-lived

species makes this solution effective against bacteria, specifically by the presence of reactive

oxygen species. It has been suggested that the salts present in PBS contribute to the formation

of additional OH radicals in plasma-treated solutions (231), which could explain the enhanced

bactericidal action of PBS observed here.

The chemical reactions that lead to the formation of RNOS in plasma-treated liquids are

complex and besides being determined by plasma source and parameters chosen, the liquid

used, pH and presence of organic and inorganic molecules can also affect the type and

concentration of RNOS formed. In plasma-treated liquids, Tresp et al. reported that plasma-

treated RPMI (culture media similar to DMEM) presented lower levels of OH and O2
– than

plasma-treated PBS (222, 231), whereas Winter et al. described that the levels found between

plasma-treated PBS and RPMI were comparable (263). In the thesis presented here, the highest

concentration of OH was measured in plasma-treated PBS and DMEM, and it decreased in the

nutrient-rich solutions DMEM + 10 % FCs and LB (Figure 5.2a,b). These results are in line

with the findings reported by Tresp et al., since the organic molecules present in the solutions

could be degraded by RNOS produced by the plasma. In addition, the salt composition of PBS

could favour the formation of additional OH radicals that could mediate bacterial elimination

(231). Although the spin traps used here to detect OH can react with both, O2
– and OH

radicals, no O2
– was detected. This could indicate that although O2

– might be formed in the

solution, the transformation of DMPO-OOH adduct into DMPO-OH adduct due to the short

half-life time of the former could occur in plasma-treated samples.

The reduction in the concentration of O3/O, O2(a
1Δg) and OH found here in plasma-treated

solutions with high organic matter content could represent the loss of ROS in liquid due to
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reaction with biomolecules. Ozone was largely produced in the gas phase of the AP-DBD

plasma jet (Figure 5.2) and it was also abundant in plasma-treated liquids, specifically in

solutions without organic molecules (Figure 5.2). O3 reacts with unsaturated aromatic and

aliphatic compounds in cells but also in nutrient-rich solutions as shown here. This reaction

promotes the formation of peroxides and H2O2 in the solution:

HO2 + ROOH → RO2 + H2O2

This reaction could explain the increase in the levels of H2O2 measured in nutrient-rich solutions

exposed to plasma, given that most of the H2O2 found in plasma-treated water originates in the

gas phase (Gorbanev et al., unpublished data). Although H2O2 was increased in solutions with

high nutrient content, its presence did not correlate with bacterial elimination, suggesting that

H2O2 and derived peroxides formed upon oxidation of biomolecules would not be one of the

main reactive species responsible for bacterial death.

In addition to lipids, O3 also oxidises proteins and amino acids by attacking –SH groups and

reacts with polysaccharides (84) and this could be another mechanism of direct damage by O3 to

bacterial cells exposed to plasma. Indirectly, O3 decomposition in liquids could contribute to

further induction of damage in bacterial cells, giving origin to the highly reactive OH (264):

O3 + OH− → HO2
- + O2

O3 + HO2
− → OH + O2

− + O2

OH is considered to be the only oxygen species that can cause direct damage to most organic

molecules (74). However, because of its high reactivity, OH reacts only with molecules present

within 1 to 5 molecular diameters of their site of formation (265, 266). H2O2 present in plasma-

treated liquids could promote the formation of additional OH via Fenton reaction in the

intracellular compartment, especially in reaction with iron bound to the DNA:

H2O2 + Fe2+ → OH− + FeO2+ + H+ → Fe3+ + OH− + OH

The most significant impact of OH is upon DNA, since it attacks the sugar or base moieties by

abstracting electrons, as well as adding to the unsaturated bases producing a broad spectrum of

potentially mutagenic or lethal lesions (74). Although it is believed that most of the damage

induced by H2O2 is mediated by the formation of OH (21), plasma-treated liquids with

abundant organic content presented high levels of H2O2 that did not correlate with the bacterial

elimination observed (Figure 5.6). In fact, more than 99% of the population of S. Typhimurium

exposed to plasma in nutrient-rich solutions that presented the highest levels of H2O2 recovered

from treatment. Thus, it is likely that the redundant mechanisms that S. Typhimurium possess to

respond to oxidative damage induced by H2O2 and other RNOS play an important role in the

survival of bacteria to plasma treatment. Even more, it highlights that H2O2 is not the main

reactive species responsible for bacterial death under the conditions used here.
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In the case of nitrogen-centred species, the concentrations of NO and NO2
– in aqueous solutions

was dependent on the pH of the treated solution (Figure 5.4). In addition, the increase in the

treatment time demonstrated a consumption of the species that upon acidification of the

solution, could result in the formation of NO2
– and NO3

–. At neutral pH in buffered solutions,

the nitrites were less oxidized, which could explain the increase in the concentration measured

by EPR (Figure 5.4). However, in liquids without buffering properties such as H2O and LB,

nitrites are not stable and can be converted to nitrates via nitrogen oxide, nitrous acid and

nitrogen dioxide. The reaction of nitrites and hydrogen peroxide at low pH or NO and O2
– can

lead to the formation of the highly cytotoxic peroxynitrite (21). The presence of NO and NO2
–

however was not related to membrane damage or bacterial elimination, as described above. It is

possible that nitrogen-centred species participated in the formation of other reactive species

such as peroxynitrite and hydroperoxyl radical which are cytotoxic (267), but that were not

measured here.

Treatments using single RNOS to eliminate bacteria in liquid and solid environments usually

require high concentrations to be effective and the exposure to sub-optimal concentrations can

induce resistance (268, 269). For example, it has been reported that 20 µM O3 in water is

required to induce a 3.8 log10 reduction in treated E. coli, whereas 135 µM O3 would be required

to achieve similar results in O3-treated S. enteritidis (270). Christman et al. described that the

exposure of S. Typhimurium to the sub-lethal concentration of 60 µM H2O2 for 60 minutes

induced resistance to killing with 10 mM H2O2 (22), whereas Carlsson et al. demonstrated that

400 µM could induce a significant reduction in the bacterial load (271). In the same way,

treatments of 5 minutes with 3.3 x 10-6 mol O2(a
1Δg) generated in the air eliminated 50 % of S.

Typhimurium sample with an activity, described by the authors, as non-mutagenic but cytotoxic

(272). In the piece of work presented here, the levels of OH, O3/O and O2(a
1Δg) were found 

highest in solutions with low-nutrient content and it decreased in high-nutrient content solutions

exposed to plasma (Figure 5.2c,d). However, the concentration for each of these species was

below the values found to be toxic for individual treatments. These results indicate that the

bactericidal action of plasma is indeed improved by its multicomponent nature and synergistic

activity on bacterial cells. Nevertheless, genetic modifications in bacteria that survived LTP

treatment were not investigated in this study and further studies on this topic could be very

valuable for the determination of induction of resistance to plasma and antibiotic treatments in

bacteria exposed to sub-lethal concentrations of RNOS.

It is clear that the increase in the survival of S. Typhimurium to LTP treatment in the presence

of external biomolecules observed is due to the scavenging activity of such molecules present

during treatment. Although the composition and concentration of RNOS present in plasma-

treated liquid differ from those existing in the gas phase, the results presented here demonstrate

the interference of organic matter on LTP treatments that is expected to occur in either liquid or

solid environments. It could be proposed that external biomolecules consume the plasma-
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generated RNOS and compete with the biomolecules in the bacterial cells. In view of the impact

of this factor on the outcome of the treatment, it should be taken into consideration when

applying LTP treatments in biomedicine, e.g. treatment of infected wounds. In this scenario, the

rich environment of the wound could determine the success or failure of the treatment.

Therefore, the conditions for the generation of LTPs could be tailored to provide optimal

treatments, where a sufficient dose of RNOS to effectively eliminate pathogens from chronic

and acute wounds and surgical site infections can be delivered.

6.4 ELIMINATION OF BACTERIA IN DRY/SEMI-DRY
ENVIRONMENTS

6.4.1 Role of the spatial distribution of RNOS in the plasma

The elucidation of the effect of external biomolecules on the efficacy of antibacterial plasma

treatments in liquids demonstrated the importance of the environment on the efficacy of LTP

treatments. However, the application of plasma treatments in environments with reduced or no

liquid content would rely mostly on the RNOS formed in the plasma. In this context, it would

be expected that the oxidative damage induced in plasma-treated bacteria depends directly on

the composition of the plasma. Although there is evidence that the density of oxygen species

vary in the plasma effluent (108, 112, 122) and these variations could determine the molecular

targets of oxidative damage in plasma-treated cells and the level of damage produced, the effect

of the spatial distribution of RNOS in the plasma on bacterial elimination has never been

addressed before. Considering the possible applications of LTP treatments in biomedicine, it is

crucial to acknowledge the variations in the mechanisms of action used by LTPs to eliminate

microorganisms are influenced by the spatial distribution of RNOS.

This study has demonstrated for the first time that the spatial distribution of RNOS in the

plasma effluent has a direct effect on the mechanisms leading to bacterial elimination. For this

purpose, a single cell assay to determine DNA damage in plasma-treated bacteria was used,

since DNA damage is one of the most damaging lesions caused by oxidative stress (205). This

method was complemented by study of the composition of the gas phase of the AP-DBD

plasma jet and bactericidal action of plasma on agar plates. Here, combined approaches were

taken to determine the effect of plasma treatments at the population and single-cell level,

considering their relationship with the spatial distribution of reactive species in the plasma

effluent, specifically O3. This study provides crucial information for the development of

antibacterial plasma therapies and has demonstrated five critical points: (a) the level of DNA

damage induced in plasma-treated bacterial cells is dependent on the spatial distribution of

RNOS in the plasma effluent and is not a consequence of damage caused exclusively by

plasma-generated UV photons (Figure 4.1 and Figure 4.7); (b) this damage occurs in DNA

sugar-phosphate backbone and nucleotide bases in plasma-treated bacterial cells (Figure 4.3);

(c) the level of such DNA damage is reduced in the presence of biomolecules during the
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treatment (Figure 4.9); (d) the spatial distribution of O3 correlates with bacterial elimination in

agar plates but not with the induction of DNA damage (Figure 4.10 – 4.13); (e) other RNOS

present in the plasma effluent such as H2O2 contributes to bacterial elimination (Figure 5.9). To

the best of my knowledge, this is the first report addressing the effect of LTP treatments on the

integrity of DNA in bacterial cells at the single cell level that considers the distribution of

RNOS in the plasma effluent.

In silico (113, 147, 216) and experimental studies have demonstrated the variation in the spatial

distribution of RNOS in the plasma effluent (108, 112, 122, 273) and on the surface of plasma-

treated materials (274). This study has demonstrated that the level of DNA damage induced by

LTP treatments (both, AP-DBD plasma jet and µAPPJ) on S. Typhimurium was inversely

correlated to the distance to the treatment site. The damage inflicted to DNA in bacterial cells

was likely originated by the high concentration of RNOS at the treatment site that are carried

away due to diffusion and advection mechanisms with increasing distance to the treatment site.

The participation of UV photons produced in the plasma sources used here was demonstrated to

be minimal. The high levels of DNA damage obtained at the treatment site cannot be ascribed

solely to UV photons, although in combination with plasma species, UV photons can participate

in the generation of RNOS. Because the amount of UV radiation emitted with different plasma

sources vary, its participation in the induction of DNA damage and bacterial elimination must

be addressed for every plasma source.

The damage to bacterial DNA was used to demonstrate that the spatial distribution of RNOS

determines the damage inflicted by the plasma in biological samples depending on their location

relative to the jet. To date, there are only two publications addressing the effect of such

distribution on biomolecules exposed to plasma, specifically purified DNA (121, 208). The

results presented here are in agreement with the findings reported by the authors and provide

information on the damage induced in DNA in the context of living cells. Regarding other

biomolecules present in cells during treatment, it could be expected that the damage to bacterial

proteins, lipids and carbohydrates would be determined in the same way by the spatial

distribution of RNOS in the plasma effluent. This statement is supported by the recent findings

of Birer (275). The author describes the existence of reactivity zones in a plasma-treated

polyethylene surface due to the chemical changes dependent on the spatial distribution of

species in the plasma effluent. Although in this study only the spatial distribution of O3 in the

plasma effluent was assessed and it is not possible to extrapolate the data obtained for other

plasma sources, it is expected that other RNOS present specific patterns of distribution in the

plasma effluent.

It can be concluded that the mechanisms of action used by LTPs to treat cells (prokaryotic or

eukaryotic cells) is affected by the spatial distribution of RNOS in the plasma effluent. This

effect has proved to be inherent to the generation of plasma jets in ambient air, as described
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here. It could be expected that the level of damage inflicted on other biomolecules in the target

cell will be affected in the same way by the spatial distribution of reactive species. It should be

noted that the exposure of bacteria to sub-lethal doses of RNOS can promote their adaptation to

oxidative stress and induce mutations that could result in the development of resistance to

treatment. Thus, this is an important characteristic of LTP treatment that should be taken into

consideration for the development of plasma therapies, not only for biomedical applications but

also for food disinfection.

6.4.2 Identifying reactive species responsible for bacterial elimination

The O3 density measured in the gas phase depends on the formation and destruction processes

of O3. Thus, both processes determined the concentration of O3 detected in the effluent of the

AP-DBD plasma jet. One of the main processes associated with the formation of O3 is a ternary

reaction that involves molecular oxygen (215):

O + O2 + M → O3 + M

Where M represents a third particle that is not changed in the reaction but participates in the

energy and momentum transfer. The dissociation of O3 can be mediated by the reactions with O

and H, as occurring in the core of a RF-driven DBD plasma jet (143):

O + O3 → 2 O2

H + O3 → O2 + OH

The formation and destruction of O3 is limited by the abundance of O, O2, H, NO and singlet

oxygen, as well as by temperature, as increasing temperature accelerates the dissociation of O3

(143, 216). In other plasma sources similar to the µAPPJ used for part of this study, it has been

reported that O3 forms in the effluent and builds up as it leaves the nozzle, whereas O decays

(215). The same trend was reported by Ellerweg et al. for O3 in the axial direction of the plasma

effluent (108). The results presented in this study are in agreement with the trends described in

the literature. In addition, the data shown here provide further understanding on the effect of

such distribution on the elimination of bacteria with LTP treatments.

The present study demonstrated that there is a correlation between the spatial distribution of O3

in the gas phase with the biological effects in a bacterial cell. It was observed that

concentrations of 3 – 5 ppm O3 in the plasma effluent correlated with the edges of the zones of

inhibition in plasma-treated S. Typhimurium agar plates. Therefore, a minimum concentration

of O3 in this range was required to kill bacterial cells with the AP-DBD plasma jet. Treatments

using exclusively gaseous O3 to kill bacteria have been demonstrated to require high

concentrations of O3 (ranging from 5.3 to 100 – 500 ppm), longer treatment times (ranging from

5 to 240 minutes) or a combination of both to achieve reduction in the bacterial load (214, 218,

219, 276, 277). Thus, from the results obtained here, it could be inferred that short LTP

treatments with a minimum of 3 – 5 ppm O3 (in addition to other RNOS present in the gas
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phase) are effective at eliminating S. Typhimurium in agar plates. As described above, plasma-

generated RNOS including O3 can attack directly lipids in the cell membrane and initiate the

process of lipid peroxidation, which results in a decrease in membrane fluidity and disruption of

membrane-bound proteins, formation of secondary radicals and indirect oxidation of

intracellular targets (244). Due to the complex composition of charged and neutral species in the

plasma effluent that reach bacterial cells, it is likely that one of the mechanism of action of

LTPs is damage to the cell membrane as suggested before (13, 42), and that O3 mediates this

damage. However, outside the edge of the zone of inhibition where confluent growth of bacteria

was observed, it is possible that bacterial cells were exposed to sub-lethal concentrations of

plasma-generated RNOS. Thus, further studies addressing the effect of the exposure of bacteria

to sub-lethal concentrations of RNOS on the development of mutations and resistance to plasma

and other antibiotic treatments that rely on the induction of oxidative damage should be

considered.

In addition to O3, it was indirectly determined that H2O2 was formed in the gas phase and it

contributed to the elimination of S. Typhimurium. This was concluded by the study done with

agar plates supplemented with scavengers (Figure 5.9), where it was demonstrated that catalase

added to plates prior to treatment improved the number of bacteria that survived the treatment.

Agar plates supplemented with superoxide dismutase (SOD) did not improve the survival of S.

Typhimurium to plasma treatment. Even more, the addition of both SOD and catalase to agar

plates did not contribute to the survival of bacterial cells exposed to plasma. These results could

be explained by the possible antagonistic activity of H2O2 and O2
– over SOD and catalase,

respectively. Catalase decomposes H2O2 into water and molecular oxygen:

2 H2O2 → 2 H2O + O2

In turn, SOD dismutates O2
– and releases H2O2 and molecular oxygen:

2 H+ + 2 O2
– → H2O2 + O2

Interestingly, the activity of these two enzymes is limited or inhibited by the presence of the

opposite enzymatic substrate. Thus, Cu/Zn and Fe in SOD enzymes can be inactivated by H2O2

and in the same way, O2
– can inactivate catalase (278). When both enzymes are present at the

same time, they can enhance the activity of each other by removing the opposite substrates that

cause their inhibition. However, this was not observed in the experiments where both enzymes

were present during plasma treatment.

The fact that the addition of SOD to agar plates did not confer protection to plasma treatment in

S. Typhimurium has three possible explanations: (a) H2O2 was present in the plasma effluent at

high concentrations that inhibited the activity of SOD, even in the presence of catalase; (b) there

was little or no O2
– in the plasma effluent to be scavenged by SOD; (c) the reaction of O2

– with

biological targets in the sample was favoured over the reaction with SOD. Agar plates
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supplemented with catalase improved the survival of S. Typhimurium to plasma treatment,

indicating that H2O2 is indeed present in the gas phase, as suggested by Gorbanev et al.

(unpublished data). The author demonstrated that H2O2 originates in the gas phase and thus this

could be delivered to bacterial cells and contribute to the killing observed.

The third scavenger used, D-mannitol (21), was used to scavenge OH radical produced in the

plasma effluent. D-mannitol failed to provide protection against plasma treatment. Because D-

mannitol can be used by S. Typhimurium as an additional source of carbon (241), this could

explain the increase in size of bacterial colonies that survive to the treatment. However, this

scavenger promoted the elimination of bacteria in the zone of inhibition, possibly due to

degradation of the scavenger and formation of secondary toxic species. The presence or absence

of OH in the gas phase cannot be indirectly determined with this assay and therefore its

participation in bacterial elimination cannot be pinned down. However, given the fact that most

of the damage caused by H2O2 is mediated by the formation of OH (21), it is possible that this

radical participates in the events that lead to damage to intracellular targets. Further studies to

determine the spatial distribution of OH could provide information about its participation in

bacterial elimination or to the chemical reactions for the generation of other toxic RNOS.

From the results presented here, it could be inferred that H2O2 produced in the gas phase

participates in the elimination of S. Typhimurium, but its concentration and distribution in the

plasma effluent is unknown. Norberg et al. suggested that the increase in the concentration of

H2O2 in the effluent at distance from the nozzle was accompanied by the reduction of its

precursor OH (216). It is possible that H2O2 presents a spatial distribution similar to the one

described here for O3, where H2O2 builds up over time and its density increases at the surface of

the sample. If this was the case, it could be expected that both O3 and H2O2 will not only

damage the biomolecules at the cell surface, but also cross the cell membrane to directly and

indirectly damage intracellular molecules such as DNA and proteins. In this hypothetical

situation, long-lived species such as H2O2 and O3 (described here) delivered by the AP-DBD

plasma jet would play a major role in bacterial elimination.

Although these results suggest the participation of H2O2 in bacterial elimination in solid

surfaces, contrasting results were obtained in plasma-treated bacterial suspensions (Figure 5.6 –

Figure 5.8), where bacterial elimination was not achieved in nutrient-rich solutions in the

presence of increased levels of H2O2. These contradictory results could be explained by the

different chemical reactions occurring in gas and liquid phase and concentration of H2O2 in both

environments. Further experiments to determine the spatial distribution of H2O2 and other

RNOS in the gas phase could help to test the hypothesis stated above and to determine the

participation of H2O2 in the mechanisms leading to bacterial elimination.
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6.5 OTHER FACTORS AFFECTING THE TREATMENT
OUTCOME

6.5.1 Population heterogeneity and relevance of single cell approaches

A factor that should be considered in the analysis of plasma treatments is the variability in the

response due to the heterogeneity of the population (279). Heterogeneity in cell populations can

occur due to the impact of the surroundings on the physiology of the cell, charge and structure

of the cell membrane (280), but also due to stochastic events in the population during cell

division of bacterial communities (281). Even in apparently homogenous environments,

heterogeneity can be observed (280) and such heterogeneity facilitates the survival of the

species under adverse conditions. This heterogeneity in a bacterial population could be due to

the development of subpopulations of dormant persister cells, for example. Persister cells can be

described as bacteria with the same genotype but different phenotype from regular cells (282)

that are highly tolerant to the mechanisms used by antibacterial treatments (283). All the

pathogens studied so far can form persister cells (284) and they can exhibit a reduced growth

rate already before the antibacterial treatment and they have been linked to failure of antibiotics

(281). In addition, genotypic changes in the population can lead to the formation of resistant

bacteria that can effectively survive antibacterial treatments through adaptation (285). Thus,

although the study of antibacterial treatments at the population level provide insight on the

overall effect of the treatment, it is clear that it is also important to consider the heterogeneity of

the cell population. For biomedical plasmas, the analyses at the single cell level could provide

more accurate representation of the effect of plasma treatments on bacterial cells.

In this study, a quantitative analysis at the single cell level was sought with the purpose of

identifying the variability in the response of the bacterial population to LTP treatments. One of

these approaches was the functional Live/Dead assay by flow cytometry to determine

membrane integrity in plasma-treated cells. This method uses a functional dye that penetrates

both intact and permeabilized cells and the exclusion probe PI that can only access and stain the

DNA in cells with compromised membrane. Fröhling et al. (286, 287) described the use of flow

cytometry to determine membrane permeabilization, depolarization and esterase inactivation in

plasma-treated E. coli, P. carotovorum and L. innocua. This approach can be applied to the

study of plasma-treated eukaryotic cells (288, 289) and can be combined with EPR analysis for

the identification of intracellular and extracellular RNOS formed during plasma treatment (290).

The second approach was the use of the modified DDD assay for the study of DNA damage

induced by plasma treatments in single cells. This method uses a similar principle to the Comet

assay for eukaryotic cells (291). Treated cells are prepared in agarose over a microscope slide

where DNA fragments from individual damaged cells diffuse around the core, as described in

Figure 2.1. This method was used in the past for the study of DNA damage in bacteria exposed

to antibiotic treatments (137, 292-294). The DDD assay used here was modified to study the
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effect of the spatial distribution of RNOS in the plasma effluent on bacterial DNA damage. For

this purpose, the method presents three modifications: (a) bacterial cells are transferred to

agarose-coated slides with the use of an agar section prior to plasma treatment and are covered

with a thin layer of LMP agarose post-treatment; (b) the addition of the enzyme FPG to the

protocol after cell lysis to identify oxidized purines in plasma-treated S. Typhimurium; (c) the

quantitative and objective analysis of images independently of the absolute level of

illumination, described in Section 2.6.4.

The modifications to the DDD assay improved the amount of information that can be obtained

from plasma-treated bacteria. Firstly, the effect of the spatial distribution of RNOS in the

plasma effluent can be determined on the levels of DNA damage induced in bacteria. This

method can be modified to study DNA damage in Gram-positive bacteria as well (137).

Combined with studies of the spatial distribution of RNOS in the gas phase ((112, 122) and

findings described in Chapter 4), this can be used to identify the main species responsible of

such damage. Secondly, it provides information not only on the damage inflicted on the sugar-

phosphate backbone that cause DNA breaks, but also on the oxidation of purines, a type of

lesion that can induce spontaneous mutations in the DNA. The detection of oxidised purines is

mediated by the addition of FPG enzyme to the protocol. FPG excises the ROS-induced 7,8-

dihydro-8-oxoguanine (oxo8G), 8-oxoadenine and 5-hydroxy-uracil among others, and works in

combination with other enzymes of the base excision repair pathway to prevent the induction of

mutations by these lesions (295). Therefore, this constitutes a specific mechanism to identify

damaged purines by the DDD Assay. Alternatively, other enzymes of the base excision repair

pathway (such as endonuclease III, for example) could be used to determine the presence of

oxidized pyrimidines. Thirdly, the quantitative method used here has the advantage of the use of

an algorithm that identifies the presence or absence of bright pixels in the image (corresponding

to DNA fragments stained with SYBR Gold). This characteristic is an improvement to the

current methods to analyse DNA fragmentation in bacterial cells that rely on the intensity of the

fluorescence of the DNA sample (292). The low fluorescence of small DNA fragments could

result in the underestimation of the levels of DNA damage induced. In contrast, the method

used here evidence the presence of small fragments and therefore allows a more accurate

representation and analysis of the diffusion of DNA fragments in the samples.

Altogether, the techniques used in this body of work have provided valuable additional insight

for the study of plasma treatments in bacteria at the single cell level in both, liquid and solid

environments. As described above, heterogeneity in bacterial populations can occur, and

therefore the assessment of LTP treatments at the population level does not evidence the

different responses to oxidative damage produced in each cell. When analysing the effect of

plasma treatment at the population level, it was clear that the response to plasma treatment was

not homogeneous, as some bacteria survived the treatment and were observed in the zone of

inhibition. With the use of these approaches at the single cell level, the different levels of DNA
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and membrane damage in plasma-treated bacteria became evident. Specifically, the results of

flow cytometry to detect membrane damage revealed the presence of an ‘intermediate’

population that presented some degree of membrane damage (Figure 5.8), but could still be

considered viable. For future studies, flow cytometry could be complemented with cell sorting

to isolate bacterial cells with different levels of membrane damage to assess culturability and

recovery to plasma treatment.

The approaches described in this piece of work can be combined with other methods to further

determine the damage induced in plasma-treated cells at the single cell level. Considering that

the main target of biomedical plasmas are prokaryotic and eukaryotic cells, approaches in the

context of living cells is paramount for a proper identification of the mechanisms leading to

bacterial inactivation. The results obtained with purified molecules (such as proteins, lipids and

nucleic acids) should not be assumed to reflect the expected response in living cells.

6.5.2 Reproducibility, variability and comparability of LTP sources

The results presented in this body of work have demonstrated that the bactericidal action of LTP

treatments can be affected by several intrinsic and extrinsic factors. As described in Chapter 3,

the generation of plasma by LTP sources can be modulated by adjusting the physical parameters

to improve the delivery of RNOS. In the same way, the biological parameters such as the type

of target sample, concentration and environment in which the sample is exposed to treatment

(e.g. liquid/solid, nutrient-free/nutrient-rich environment) can determine the outcome of the

treatment. Within the results presented here, it became evident that small variations in any of

these parameters have a direct impact on the outcome of the treatment and reproducibility of the

results. This is observed in the realization that these parameters are not independent from each

other. These data highlighted the importance of optimizing and characterizing the conditions for

plasma generation and the need of common and standardized guidelines to assess the

bactericidal properties of low temperature plasmas.

The plasticity of the generation of plasma treatments presents advantages and disadvantages for

the development of biomedical LTPs. On one hand, plasma treatments could be tailored to

develop specific treatments against a range of pathogens of biomedical interest. In this scenario,

discrete changes in the physical parameters or electrical arrangement of the plasma source could

be made to increase the delivery of specific RNOS to effectively eliminate Gram-negative and

Gram-positive bacteria and even drug-resistant pathogens. Tailored treatments with specific

RNOS produced could be further adjusted to treat infections in solid/semi-solid or liquid

environments that could anticipate and compensate for the interference of external organic and

water molecules during treatment. The composition of the RNOS in the plasma effluent could

be therefore controlled and treatments could be administered under safe conditions. It is

possible that with the contribution of interdisciplinary approaches, as the one used in this piece

of work, an ‘ideal’ plasma treatment could be developed. With this objective, several
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biomedical LTP sources have been developed, specifically for the treatment of microbial

infections and chronic wounds (55, 296, 297). These studies have contributed to the

understanding of the mechanism of action of LTPs on target cells and their relationship with the

trends in type and concentration of RNOS produced by LTPs.

On the other hand, this same plasticity in the selection of parameters for plasma generation can

represent a problem for the reproducibility and comparability of results. Taking the two plasma

sources used in this study as an example, it is clear that the chemistry of the plasma delivered to

the biological sample differs due to the conditions used for the generation of plasma and

inherent characteristics of each plasma source. This was evidenced by the different abilities of

both plasma sources to induce DNA damage and eliminate bacteria (see Chapter 4). Therefore,

the mechanisms of action used to kill bacteria might rely on different RNOS present in the gas

phase. The existence of multiple plasma sources for biomedical applications to treat a wide

range of eukaryotic and prokaryotic cell targets under non-standardized conditions makes it

difficult to determine what is needed to obtain successful treatments. This poses a challenge for

data interpretation and reproducibility of scientific results with different plasma sources. Thus,

the task for scientists working on the development of LTP therapies is to identify the key

optimal parameters for specific treatments (e.g. antibacterial, antifungal, anticancer), rather than

developing universal treatments that might not be effective due to the specific characteristics of

resistance and response to oxidative damage of each cell population.

At the time of this thesis, there is not a common biomedical plasma source that could be used as

a reference to compare and contrast the results obtained with the many plasma sources

available. Even more, a set of methods to characterize the composition of the plasma and the

effects on target cells at the single cell and population level has not been established yet.

However, this variability has been acknowledged and an interdisciplinary collaborative work

(European COST Action MP 1101) to develop a reference plasma source and a biological

reference protocol for the study and comparison of plasma treatments across laboratories is

ongoing. If adopted by the scientific community, this reference plasma source could provide a

baseline for the standardized assessment of biomedical LTPs. Alternatively, the existing

commercial and portable devices could be fully characterised and adopted as reference sources.

6.5.3 Electric fields in plasma

Pulsed electric fields are used for decontamination and relies on the permeabilization of the cell

membrane of bacteria upon the application of high electric fields (298). Although some authors

have shown that electric fields generated in the plasma can induce damage to the cell membrane

of bacterial cells (99, 100), their effect has not been addressed in this study. The data obtained

in this study suggest the participation of reactive oxygen species in the mechanisms leading to

the elimination of bacteria in liquids and solid surfaces, but it is possible that the increased

damage observed in cells exposed to plasma is a consequence of the combined effect of
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oxidative stress and electric fields acting over bacterial cells. Further studies to determine the

effect of this factor on the efficacy of LTP treatments should be carried out in the future to

determine their role in bacterial elimination.

6.6 FINAL CONCLUSIONS

Altogether, the results presented here demonstrate that low temperature plasma is a promising

multitarget antibacterial therapy. Treatments can be improved with the knowledge of the effect

of intrinsic and extrinsic factors on the efficacy of the treatment. In this body of work, O3 was

shown to be spatially distributed in the plasma effluent and have a direct impact on the level of

damage induced in biomolecules in living bacterial cells. This variation in O3 density could

reflect the variation in the spatial distribution of other RNOS formed in the plasma. Therefore,

such spatial distribution of RNOS could determine the mechanisms of action used by LTPs to

induce cell death in bacteria. In addition, the data shown here demonstrated that the external

organic molecules present during plasma treatment of bacteria in solid and liquid environments

consume part of the RNOS generated by the plasma, as they can also undergo redox reactions.

Therefore, the presence of external biomolecules have a direct effect on the level and type of

damage induced in the molecular targets in bacterial cells and can determine the treatment

outcome. Finally, the present study highlights the importance of single cell approaches to

understand the discrete differences in the response of a population to LTP treatments.

This body of work contributes to the knowledge on the biomedical applications of LTPs and

illustrates the importance of integrating understanding from plasma physics with biological and

chemical analysis for the development of plasma therapies that can be effective and safe for the

treatment of patients. LTP treatments applied individually or in combination with other

antimicrobial therapies could be effectively used to treat infected wounds, including infections

with drug-resistant pathogens. In addition to the parameters already known to affect the

antimicrobial activity of plasmas, the factors described here can also contribute to the success or

failure of LTP treatments. The spatial distribution of RNOS in the plasma, presence of external

biomolecules during treatment and heterogeneity of the target population will equally affect the

treatment of bacteria, fungi or cancer cells with LTP therapies. Therefore, the importance of

these factors should be acknowledged and considered in the development of successful LTP

therapies.

The research presented in this thesis could be extended in the future by studying the effect of the

parameters described here for LTPs in the context of wound infections, considering the spatial

distribution of RNOS in the plasma, presence of organic matter, the complex topography of the

wound and the presence of polymicrobial infections. For this purpose, it is important to

determine the minimum concentrations of RNOS produced in the plasma that are required to

eliminate specific pathogens. The spatial distribution of other RNOS in the plasma effluent (in
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addition to O3 density shown here) in combination with biological assays should be studied to

determine their correlation with the bactericidal action of LTPs. Thus, UV absorption

spectroscopy could be used to measure OH density (299), combined with laser induced

fluorescence to measure NO density, and two-photon absorption laser-induced fluorescence to

measure O density (300). In addition, this information could help to predict the main

biomolecules affected in cells exposed to plasma located at different distances from the plasma

jet. Further analysis of damage to the cell membrane and DNA region in plasma-treated bacteria

at the single cell level (located at different distances from the plasma jet) could be done using

transmission and scanning electron microscopy (301). Thus, the discovery of trends in the

composition of LTPs and the mechanisms of action for bacterial elimination could help in

elucidating the main molecular targets in bacterial cells. In the long term, this information could

assist the design of more effective therapies, where tailored LTP treatments for specific

pathogens (that deliver a desired set of RNOS in sufficient quantity) could be used in

biomedicine.

The future application of LTP treatments in biomedicine depends on the development of

treatments that are effective against pathogens but safe for human patients. From this angle, the

ability of external biomolecules to scavenge the RNOS produced by the plasma could be used to

develop ‘barriers’ to protect sensitive tissues or non-targeted cells from plasma-generated

RNOS. In the future, it should be explored whether the application of organic compounds (e.g.

non-toxic natural products without cytotoxic or antibacterial properties) in the surroundings of

the target region to be exposed to plasma (such as an infected topic wound) could confer

protection against plasma-generated RNOS to the host cells and natural bacterial flora present

on the skin. This could reduce the side effects of LTP treatments on non-targeted cells. In vitro

and in vivo experiments (e.g. mouse model) assessing not only the induction of physical damage

to biological structures such as DNA and cell membrane as described here, but also the viability

and induction of mutations should be carried out in both- targeted and non-targeted cells (host

cells and pathogens). In particular, the appearance of induced mutations could lead to the

development of resistance to LTP treatments in both- host and bacterial cells, and

carcinogenesis in eukaryotic cells. This information would contribute to the development of

more effective and safer LTP treatments.

In addition, the complex architecture of the infected wound and its impact on the efficacy of

antibacterial LTP treatments should be considered. In silico approaches could be used to model

the delivery of plasma-generated RNOS at surfaces with complex topography such as damaged

skin (302), as well as the development of resistance in bacteria exposed to low levels of RNOS

(303). Since LTPs can deliver small concentrations of multiple RNOS to hidden grooves in the

tissue where common antibacterial treatments (such as ointments and antiseptic solutions) do

not reach, this would be valuable for the elimination of drug-resistant microorganisms in skin

wounds.
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Finally, since Gram positive and Gram negative bacteria (S. aureus and P. aeruginosa, for

example) are commonly found in infected skin wounds, the efficacy of LTP treatments should

be studied in the context of polymicrobial infections. Based on previous results obtained by

Matthes et al. (164), differences in the sensitivity of Gram positive and Gram negative bacteria

to LTP treatments can be expected. Besides studying the effect of LTPs on the bacterial load of

mixed populations, changes in the population dynamics (304), effect of suboptimal doses of

plasma (305) and the generation of small-colony variants of S. aureus (306) (i.e. variations in

phenotype accompanied by development of aminoglycoside resistance and persistence in

chronic infections (307)) should be explored both in vitro and in vivo. In addition, combinatorial

treatments of traditional antimicrobials (such as antibiotics and antiseptics) and LTP therapies to

eliminate drug resistant pathogens should be studied.

Ongoing research is increasing our understanding of the physical properties of plasmas and

engineering of plasma delivery with the aim of developing plasmas sources that are both well-

defined and controlled. In light of what is currently known, the use of LTP treatments in

biomedicine has immense potential, as individual or combined treatments could be routinely

used to effectively treat acute and chronic infections without negative side effects in patients. To

reach this long-term objective, further interdisciplinary approaches are needed to better

understand the mechanisms of action, the dynamic composition of plasmas and the limitations

of these therapies. This is paramount for the successful translation of this technology to the

biomedical setting. The development of new treatments is always challenging, but with the

cooperation of the scientific community working in the field, the application of LTP treatments

in multiple areas of biomedicine could materialize in the next ten or twenty years.
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APPENDIX 1

Appendix A.1. Algorithm used for the quantitative analysis of DNA damage in single cells

with the DDD Assay. (a) Code that establishes the format of the false colour picture to be

displayed. (b) Instructions to locate and import the file. The image size was reduced to one third

of the original size to facilitate the analysis. The bottom part contains the instructions to

generate slider buttons to adjust size and position of circular selection area. (c) Slider buttons

and false colour image. The size and position of the area to be analysed is adjusted according to

each cell in the image. (Continues in the following page.)

(a)

(b)

(c)
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Appendix 1. (cont.). (d) Code for the analysis of mean pixel brightness of the selected area.

The selected area repositions to have the brightest region located in the centre. The analysis

starts in the centre of the selected area and the radial bin size increases 3 pixels at the time to

determine the mean pixel brightness in each region. (e) The result of the analysis is shown in a

plot of the logarithm of mean pixel brightness vs. radial distance. The radius of the halo formed

by DNA fragments is determined in µm of the original file. The results fit the model shown in

Section 2.6.4.

(d)

(e)
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ABBREVIATIONS

°C Degrees Celsius

ACS Agarose-coated slide

ANOVA Analysis of variance

AP-DBD Atmospheric-pressure dielectric barrier discharge

CFU Colony forming units

cm Centimetre

DC Direct current

DEPMPO 5-(Diethoxyphosphoryl)-5-methyl-1-pyrroline-N-oxide

DMEM Dulbecco's modified Eagle's medium 

DMPO 5,5-dimethy-1-pyrroline-N-oxide

DNA Deoxyribonucleic acid

ELISA Enzyme-linked immunosorbent assay

EPR Electron paramagnetic resonance

FCS Foetal calf serum

FE-DBD Floating-electrode dielectric-barrier discharge

FITC Fluorescein isothiocyanate

FPG Formamidopyrimidine-DNA glycosylase

FSC Forward scatter

x g Times gravity

H2O Water

H2O2 Hydrogen peroxide

He Helium
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Hz Hertz

kHz Kilohertz

kV Kilovolts

LB Lennox Broth

LMP Low melting point

LTP Low temperature plasma

M Mole

M9 Minimal medium M9

MGD N-Methyl-D-glucamine dithiocarbamate

MgF2 Magnesium fluoride

MHz Megahertz

min Minute

mL Millilitre

mM milliMole

mm Millimetre

mm2 Square millimetre

ms Millisecond

mW Microwave power

N2 Molecular nitrogen

NaCl Sodium chloride

NaN3 Sodium azide

nm nanometre

NO Nitric oxide
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NO2
– Nitrite ion

NO3
– Nitrate ion

O Atomic oxygen

O2 Molecular oxygen

O2
– Superoxide radical

O2(a
1Δg) Singlet oxygen 

O3 Ozone

OD Optical density

OES Optical emission spectroscopy

OH Hydroxyl radical

PBS Phosphate buffered saline

PE Phycoerythrin

pF Picofarad

PI Propidium iodide

ppm Parts per million

RNOS Reactive nitrogen and oxygen species

RNS Reactive nitrogen species

ROS Reactive oxygen species

S. Typhimurium Salmonella enterica subspecies enterica serovar Typhimurium

sec Second

slm Standard litres per minute

SSC Side scatter

TBE Tris-botate-EDTA buffer
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TEMP 2,2,6,6-Tetramethylpiperidine

TEMPO 2,2,6,6-Tetramethylpiperidine 1-oxyl

U Units

U/mL Units per millilitre

µAPPJ Radio-frequency atmospheric-pressure plasma jet

µL Microlitre

µM microMole

µm Micrometre

µW/cm² Microwatts per square centimetre

UV Ultraviolet

vol Volume

v/v Volume/volume

w/v Weight/volume
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