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Abstract

The possible mechanisms for destruction of two types of bacteria with oxygen radicals were studied.
Samples consisting of standard ATCC strains of Gram — positive bacteria Staphylococcus aureus and Gram
— negative bacteria Escherichia coli were obtained. Bacteria were cultivated according to the standard
procedures and fixed on substrates of Al foil, highly oriented graphite or highly polished silicon wafers. In
last two cases, the roughness of the substrates was below a nm. The substrates with bacteria were then
exposed to oxygen radicals in two different environments: 1 — inductively coupled RF plasma with the
neutral atom density of 1x10%> m™ and the ion density of 1.4x10'® m*, and 2 — the afterglow of the oxygen
plasma with the neutral atom density of 3.5x10%* m>.

Samples were kept in plasma or its afterglow for different periods between 1 and 500 s. Immediately
after the treatment, they were characterized by two complementary methods: scanning electron microscopy
(SEM) and atomic force microscopy (AFM). Both techniques showed a thin film of capsule covering the
bacteria as well as the space between particular bacteria in small, two — dimensional aggregates. The
typical number of bacteria within an aggregate was less than 10. The SEM images obtained at low kinetic
energy of primarily electrons showed that the thickness of capsule was about 100nm for S. aureus and
about 150nm for E. coli.

The first effect of treatment with oxygen radicals is destruction of capsule. Both SEM and AFM images
revealed that a part of capsule was disrupted in a few seconds forming numerous small droplets scattered
all around bacteria. Although this effect is observed even for untreated bacteria, the number of droplets
after a brief treatment increases dramatically, so it is possible to conclude that formation of numerous
capsule droplets is a particular feature of treatment with oxygen radicals. The formation of the droplets was
explained by a rapid increase of the surface energy of capsule due to functionalization with polar oxygen
rich functional groups. The droplets, as well as the remaining capsule between particular bacteria, were
completely removed with prolonged treatment.

As soon as the majority of capsule was removed, degradation of the cell wall started. AFM images
showed clearly distinguishable segments on the cell walls of both types of bacteria. In any case, prolonged
treatment caused increased roughness of the cell wall, tear off pieces from them until, at a certain dose, the
cell wall was disrupted suddenly and these segments were scattered all around bacteria. This sudden change
of the cell wall has, to the best of our knowledge, never been reported so far, and it is contradictory to
classical pictures of bacterial degradation caused by plasma radicals.

After prolonged treatment the segments are almost perfectly oxidized and vanish from the surface of our
samples. Once the cell wall is badly damaged, the interaction of radicals with cytoplasm starts. A slight
difference in appearance between cytoplasm of E. coli and S. aureus was observed. The cytoplasm of
E. coli was mainly spilled around bacteria, while the cytoplasm of S. aureus remained its spherical shape
for a long time. Unlike the classical picture of the cytoplasm as a jelly-like material, our results clearly
showed that the cytoplasm of S. aureus was pretty rigid since it preserved its shape even after removal of
the cell wall. Our results are therefore just another confirmation of a new picture of bacterial cytoplasm.
Namely, in 2001, a new theory of the cytoplasm structure was proposed by Jones et al, stating that the
cytoplasm of Bacillus subtilis has a rigid structure called cytoskeleton. Our results show that the cytoplasm
of S. aureus really has a well — organized structure and is not just a semi-liquid substance as claimed in
classical literature.

A long treatment of bacteria with oxygen radicals causes an extensive degradation of their constituents
and finally only traces of bacteria remain in the form of ash.

Knowing the flux of oxygen radicals onto the surface of bacteria, at which certain steps in the
degradation occur, enables calculation of the appropriate doses of radicals. For destruction of the capsule
on S. aureus the required dose is 1.6x10°m™ and 6.6x10°°m™ for the case of plasma and afterglow
treatments, respectively. These numbers are somehow lower for the case of capsule on E. coli, where the
values of 0.8x10®m™ and 1.4x10®m™ are found. The dose required to destroy the bacterial cell wall is
7.1x10”m™ and 1.9x10%°m™ for S. aureus placed in plasma and afterglow, respectively. The corresponding
numbers for E. coli are 1.6x10°m? and 1x10”°m™ for plasma and afterglow, respectively. The dose
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required for total destruction of bacteria (only ash remains) is somehow arbitrary as it is difficult to define
the term “total destruction” of bacteria. Still, in the first approximation the values are 1.9x10°°m™ and more
than 2.7x10%m™ for S. aureus in plasma and afterglow, respectively. These numbers for the case of E. coli
are 9.4x10%m and more than 2.7x10%°m™ for plasma and afterglow, respectively.

According to our experimental results, a new model of three — dimensional organization of
peptidogycan in E. coli cell wall is proposed. At this model, peptidoglycan is organized in flat, oval or
round shaped pieces composed in such a manner, where pieces overlapping each other and looks like fish
scales or tiles on a roof.
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Povzetek

Raziskovali smo mozne mehanizme poskodb, ki jih povzrocajo kisikovi radikali na dveh vrstah bakterij.
Izbrali smo po eno standardno ATCC vrsto Gram pozitivnih bakterij (Staphylococcus aureus) in Gram
negativnih bakterij (Escherichia coli). Bakterije smo vzgojili po standardiziranem postopku, ki ga je
predpisal proizvajalec, in fiksirali na treh razli¢ni vrstah podlag: Al foliji, visoko orientiranem grafitu in
visoko poliranih silicijevih rezinah. V slednjih primerih je bila hrapavost podlag manjsa od 1 nm. Podlage z
bakterijami smo izpostavili kisikovim radikalom v dveh razliénih okoljih: 1 — induktivno sklopljeni RF
plazmi z gostoto nevtralnih atomov 1x10% m™ in gostoto ionov 1.4x10™ m™ in 2 — porazelektritvenemu
delu kisikove plazme, v katerem je bila gostota kisikovih atomov 3.5x10% m>.

Cas obdelave vzorcev v plazmi in porazelektritvenemu delu smo spreminjali med 1 in 500 s. Takoj po
obdelavi s kisikovimi radikali smo vzorce preiskovali z dvema dopolnjujo¢ima se metodama: vrsti¢no
elektronsko mikroskopijo (SEM) in mikroskopijo na atomsko silo (AFM). Z obema metodama smo
ugotovili, da je tako na povrSini bakterij kot tudi v prostoru med bakterijami znotraj posameznih
dvodimenzionalnih skupkov, prisotna kapsula. Stevilo bakterij v posameznem skupku je bilo zna¢ilno
manjSe od 10. Slike, ki smo jih dobili z metodo SEM, pri ¢emer smo uporabili nizkoenergijske primarne
elektrone, so pokazale, da je debelina kapsule okoli 100 nm za bakterije S. aureus in 150 nm za E. coli.

Prvi opazni pojav pri interakciji kisikovih radikalov z naSimi vzorci je poSkodovanje kapsule. Tako
SEM kot AFM slike so pokazale, da se je kapsula mo¢no poskodovala Ze po nekaj sekundah obdelave. Del
kapsule je razpadel na majhne kapljice, ki so ostale razprSene okoli bakterij. Kljub temu, da smo opazili
nekaj taksnih kapljic tudi v okolici bakterij, ki niso bile izpostavljene delovanju radikalov, lahko sklepamo,
da je opazeni pojav razprSitve kapsule specifi¢na lastnost obdelave s kisikovimi radikali, saj je Stevilo
kapljic po kratkotrajni obdelavi bistveno vecje kot pred obdelavo. Pojav smo razlozili kot posledico
dramati¢nega povecanja povrsinske energije kapsule po kratkotrajni obdelavi s kisikovimi radikali, saj le ti
povzroéijo funkcionalizacijo povrSine z zelo polarnimi s kisikom bogatimi funkcionalnimi skupinami.
Kapljice kakor tudi del kapsule, ki je ostala na povrSini bakterij, kisikovi radikali povsem odstranijo pri
podaljsani obdelavi vzorcev.

Takoj po tem, ko so radikali odstranili ve¢ji del kapsule, smo opazili strukturirano povrsino celi¢ne
stene. AFM rezultati so jasno pokazali, da je celi¢na stena sestavljena iz posameznih segmentov. Ugotovili
smo tudi, da kisikovi radikali povzro€ajo veCanje hrapavosti celicne stene in trganje posameznih
segmentov, dokler v nekem trenutku ni stena tako posSkodovana, da razpade na mnozico posameznih
segmentov, ki so raztreseni po okolici bakterij. O tovrstnem razpadu celi¢ne stene relevantna literatura ne
poro¢a, saj je v nasprotju s klasi¢nimi opisi interakcije plazme ali kateregakoli drugega reagenta z
bakterijsko celi¢no steno.

Podaljsana obdelava z radikali povzro¢i postopno oksidacijo segmentov iz celicne stene, dokler
popolnoma ne izginejo s povrsine podlag. Po tem, ko je celi¢na stena mo¢no posSkodovana, lahko radikali
reagirajo tudi s citoplazmo. Pri tem smo opazili razliko v strukturi citoplazme E. coli in S. aureus. V
primeru E. coli se citoplazma razlije v okolico bakterije takoj po tem, ko celi¢na stena razpade. Ta pojav je
skladen s klasi¢no teorijo zgradbe bakterijske citoplazme, ki je predstavljena kot Zelatinasta napol tekoca
snov. V primeru S. aureus pa se citoplazma ne izlije v okolico, ampak obdrzi svojo prvotno kroglasto
obliko tudi po tem, ko je celi¢na stena ze popolnoma uni¢ena. Navedeni rezultat potrjuje novo teorijo o
zgradbi bakterijske citoplazme, ki jo je leta 2001 predlagal Jones s sodelavci. Po njegovi teoriji ima
citoplazma Bacillus subtilis nekakno ogrodje, ki ga imenujemo citoskeleton. Nasi rezultati jasno kazejo, da
ima citoplazma v bakterijah S. aureus tovrstno ogrodje, ki je tako togo, da obdrzi obliko tudi v odsotnosti
celicne stene.

Zelo dolga obdelava obeh vrst bakterij s kisikovimi radikali privede do domala popolne oksidacije
organskega materiala, iz katerega so sestavljene bakterije, tako da na podlagah ostane samo $e pepel.
Poznavaje gostote toka kisikovih radikalov na povrsino bakterij omogoca izracun potrebne doze radikalov
za dosego posameznih stopenj degradacije bakterij. Za odstranitev kapsule na bakteriji S. aureus je
potrebna doza radikalov 1.6x10°m™ v primeru izpostave v plazmi in 6.6x10®° m? v primeru
porazelektritvenega dela. Za Gram negativno bakterijo E. coli so ustrezne vrednosti nekoliko nizje in sicer
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0.8x10®m za obdelavo v plazmi in 1.4x10%°m™ za porazelektritveni del. Doza radikalov, ki je potrebna za
unienje celi¢ne stene bakterij S. aureus, je 7.1x10°°m™ v plazmi in 1.9x10°°m™ v porazelektritvenem delu.
Ustrezne vrednosti za E. coli so 1.6x10°m™ in 1x10®m™. Dozo radikalov, ki je potrebna za popolno
oksidacijo bakterij, tako da na povrsini podlage ostane le $e pepel, je teZzko oceniti, saj ni mogoc¢e natan¢no
in nedvoumno definirati, kdaj je ves organski material povsem oksidiran. Kljub temu lahko navedemo vsaj
priblizne ocene, ki so naslednje: za S. aureus 1.9x10%m? v plazmi in ve¢ kot 2.7x10%m? v
porazelektritvenem delu ter za E. coli 9.4x10®°m™ v plazmi in veg kot 2.7x10%°m™ v porazelektritvenem
delu.

Na osnovi nasih rezultatov smo predlagali nov model tridimenzionalne organiziranosti peptidoglikana v
celi¢ni steni bakterije E. coli. V nasem modelu se nahaja pepdidoglikan v obliki dobro definiranih
gradnikov, ki so tanke plosc¢ice ovalne ali okrogle oblike. Gradniki so v celi¢ni steni nalozeni tako, da
prekrivajo spodnje gradnike, podobno kot ribje luske ali stre$niki na strehi.



Abbreviations

S. aureus = Staphylococcus aureus

E. coli = Escherichia coli

Approx. = Approximately

Fig. = Figure

Figs. = Figures

Dap csa = Required dose of atoms in plasma for removal of capsule of S. aureus
Daa csa = Required dose of atoms in afterglow for removal of capsule of S. aureus
Dip csa = Recieved dose of ions in plasma of capsule of S. aureus

Dap cwsa = Required dose of atoms in plasma for removal of cell wall of S. aureus
Daa cwsa = Required dose of atoms in afterglow for removal of cell wall of S. aureus
Dap ¢ysa = Required dose of atoms in plasma for removal of cytoplasm of S. aureus
Dan cysa = Required dose of atoms in afterglow for removal of cytoplasm of S. aureus
D.p kilisa = Required dose of atoms in plasma to kill S. aureus

Daa killsa = Required dose of atoms in afterglow to Kill S. aureus

D.p cec = Required dose of atoms in plasma for removal of capsule of E.coli

Daa cec = Required dose of atoms in afterglow for removal of capsule of E.coli
Dap cwice = Required dose of atoms in plasma for removal of cell wall of E.coli

Daa cwie = Required dose of atoms in afterglow for removal of cell wall of E.coli
Dap cyec = Required dose of atoms in plasma for removal of cytoplasm of E.coli
Daa cyec = Required dose of atoms in afterglow for removal of cytoplasm of E.coli
D2p killee = Required dose of atoms in plasma to kill E.coli

Daa killge = Required dose of atoms in afterglow to kill E.coli
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1 Introduction

Bacteria are very tiny organisms, which belong to lower protists. They are very specific, in any kind of
their being. These organisms are extremely diverse in shape, from miniature spheres, cylinders and spiral
threads, to flagellated rods, and filamentous chains. Bacteria are the smallest, self-capable live organisms.
They can be found almost everywhere on the Earth and they live in some of the most unusual, to other
organisms inhospitable places. Most of them are not harmful in any way, and while we often first think of
the bacteria that cause disease, there are numerous of bacterial species that are essential in our ecosystem.

However, some of them could be harmful and dangerous to human health or some processes in any field
of human activities. Sometimes, this is a reason we want to destruct them. In many cases it is not necessary
to destroy or remove all bacteria that are present at some place. In other cases, we obviously must de-
vitalise or remove any kind of bacteria, to get sterile environment. Consequently, for these purposes we use
different techniques.

Numerous agents can do harmful influences or damages and death of bacteria. For all of them, common
name is antimicrobial agents. The response of bacteria to adverse agents depends on the type of organism,
type of the agent itself, intensity and duration of acting for some specific agent. Acting points can be
different structures of bacterial cell. Some antimicrobial agent can act at only one site or at multiple sites.
Harmful influences and damages can be temporary, reversible, but damages can be deathly, too. Chemical
or physical agents can obtain the damaging effects, but some of them can be used together, such as
increasing temperature and chemicals, UV radiation and chemicals, or high temperature and ionizing
radiation etc.

Several years ago it was found that low temperature gas plasma can act as antimicrobial agent, too. Gas
plasma (or simply plasma, different from blood plasma) can be considered the fourth state of matter,
following by order of increasing energy, the solid state, the liquid state, and the gaseous state. Strictly
speaking, it is a gas containing rather large concentration of positive ions and free electrons (as for instance
encountered in stars as thermal plasma). Such a state of gas can be obtained artificially, by placing a
chamber containing gas in appropriate electric field.

Plasma technologies are based on electrical discharges of gases, consisted of ions, electrons, and
uncharged particles such as atoms, molecules, excited radicals and light quanta. Different gases can be
used, such as a mixture of a noble gas with another gas, hydrogen, air, the appropriate mixture of nitrogen
and oxygen, oxygen etc. Especially suitable for biomedical applications are low — pressure plasmas in a
non-equilibrium state of gas. In recent years, plasma technologies are being intensively used for improved
biomedical application such as activation of surfaces of different implant devices, removal of degradation
products after sterilization, sterilization itself etc.

Despite well-known facts about bacteria themselves and influence of plasma on them, there are many
unknown things about these interactions. Namely, to the best of our knowledge, there are little valuable
data about mechanisms of plasma acting against bacteria. The scientists working on plasma sterilization
worldwide only agree that the effects could be physical, chemical and in many cases and most probably,
combined influences.

In the last few years, the quality of microscopic techniques has been improved dramatically. Nowadays
we can use the powerful tools such as high — resolution scanning electron microscopes (SEM) and atomic
force microscopes (AFM) to investigate some details about destruction of bacteria. These two devices are
available at the Department for surface engineering, Jozef Stefan Institute, and National Institute of
Chemistry, Ljubljana, Slovenia, where we performed systematic investigations in order to elucidate some
of these interactions and events.



2 Introduction

1.1 Bacteria

A bacterium performs all vital processes in a single cell. This cell is virtually simple in structure, with no
recognizable organelles as shown in Figure 1, but very complex in life processes and extremely capable to
fit to wide variety of different influences from its environment. The structures that make possible these
features and, at the same time, that can be target of different antimicrobial agents, are described below.
Although new theories are being proposed occasionally, we use classical descriptions that are worldwide
recognized unless stated otherwise.

Prokaryotic Cell Structure

\
Cell Wall —¢

Cytoplasmic
Membrane

cell wall

section)
: (Gram+) glycocalyx
" nucleoid - — /
3 5 1Em - / } Flagella

Figure 1

Figure 1: Structure of bacterial cell. a. TEM microphotograph b. Schematic diagram.

1.1.1 The cytoplasm

The cytoplasm is enclosed within the cell and does not exhibit much structure when viewed by
transmission electron microscopy (Fig 1a.). It is a gel-like structure. In the cytoplasm, there are a lot of
enzymes, various amino acids, sugars, fatty acids, peptides, proteins, polysaccharides, and their precursors,
lipid droplets, metachromatic granule of polymerized phosphate, various ions in different concentrations
etc. All of them are solved in water, which takes about 80% of complete volume of bacterial cytoplasm.
[1,2,3,4,5] Structures called ribosome give the cytoplasm of bacteria a granular appearance in transmission
electron micrographs. Genetic material of bacteria is enclosed in cytoplasm and does not have a well —
distinguished nucleus, like other live cells.

Several years ago a longstanding “truth” about one of the major life forms on the planet (prokaryota)
has been overturned. Jones et al. in 2001 discovered that bacterial actin homologs (FtsZ now) in Bacillus
subtilis are organized into extended helical structures that play key roles in cell shape regulation. [6] Since
then, the dictum that bacteria have no long-range internal structure has been slowly replaced by the
realization that the interior of the bacterial cell contains a large number of organized cytoskeletal elements.

[7]
1.1.1.1 The ribosomes

Ribosome consists of two subunits smaller 30 S and bigger 50 S, assembled together form 70 S functional
unit, 20 — 25 nm across. Their average number in bacterial cell is about 15 000. Ribosomes looks like
original nanomachines, whose function is decoding the genetic message in messenger RNA, transferred
from DNK, into the production of peptide sequences (proteins). [8,9]

1.1.1.2 Genetic material

Prokaryotic chromatin is highly condensed and forms a pseudo-compartment that frequently occupies a
distinct region (mostly central) within the cell, which is characterized by the absence of ribosomes. Though
a membrane does not surround it, it is visibly distinct (by transmission electron microscopy) from the rest
of the cell interior. This chromatin dense area is functionally equivalent to the eukaryotic nucleus and is,
therefore, termed nucleoid. [10,11,12,13,14]



Introduction 3

Bacteria generally possess one circular chromosome, even though species with multiple circular or
linear chromosomes have been described. [15,16]
The chromosome is organized into plectonemically wound loops of DNA that radially emanate from a
central core. This modular design of the chromosome, has been found in all bacteria studied so far is highly
dynamic. [17] Cytoskeletal elements help formation of this structure and they are included in the process of
replication of bacterial chromosome.[18] Many bacterial species have extrahromosomal genetic material,
too. This material is organized in form called plasmids.

1.1.1.3 Cytoskeleton

We define bacterial cytoskeletal structures as filamentous structures that are based primarily on polymers
of a single class of protein, that show long-range order within the cell, and that are capable of self-
assembling in vitro into extended polymeric filaments. The bacterial cytoskeleton consists of several
groups of intracellular structures that meet this definition. Today we know for FtsZ, FtsA, MreB,
Crescentin, ParM, ParR, SopA SopB, BtubA/B, MinCDE system...Using new visualization techniques,
further progress in this field is expected be achieved. Since few years ago it is known that bacterial
cytoskeletal homologs exist for all of the main groups of eukaryotic cytoskeletal proteins, i.e., the actin,
tubulin, and intermediate filament (IF) groups. However, important differences between the eukaryotic and
prokaryotic cytoskeletal systems have also emerged. These include the discovery that there is at least one
major group of bacterial cytoskeletal elements, the MinD/ParA group, that has no known eukaryotic
counterpart and the finding that analogous functions are frequently carried out by different cytoskeletal
classes in eukaryotes and prokaryotes, often using different mechanisms. Cytoskeletal elements play
essential roles in cell division, protection, shape determination, and polarity determination in various
prokaryotes. [19, 20,21,22].

1.1.2 Cell membrane

This is relatively fluid phospholipid bi-layer several nm thick, consisting of long chain fatty acids as
hydrophobic tails directed inside, and phosphoric acid as hydrophilic part on membrane surface.
Glycolipids, hopanoids and very rarely cholesterol are arranged inside. There are numerous proteins
moving within or upon this layer that are primarily responsible for transport of ions, nutrients and waste
across the membrane. This construction is much like the cytoplasmic membrane of other (e.g. prokaryotic)
cells [23] as shown schematically in Figure 2.
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Figure 2: Bacterial cell membrane. a. schematic diagram, b. microphotograph of the lipid bi-layer after staining.
[24,25]

Cell membrane has a seemingly contradictory double function. It is strict dividing line between internal
compartments of the cell and cell’s environment, but at the same time, it has to manage the exchange of
substances, energy and information between the cell and the environment. This is a place of action a lot of
enzymes, attached especially to interior side (but, some of them outside, too). Many of them are included in
production and assembling of numerous components of the other bacterial envelopes.
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1.1.3 Bacterial cell wall

Almost all bacteria have this unique structure (opposite to all other living cells). The Bacteria (eubacteria),
with the exception of the Chlamydia, have a semi rigid cell wall containing peptidoglycan. The Archaea
(archaebacteria), that are often found growing in extreme environments, also have a semi rigid cell wall,
but it is composed of chemicals distinct from peptidoglycan, such as protein or pseudomurein. [26] The
genus Mycoplasma is the only bacteria that naturally lack a cell wall.

Bacterial cell wall overcoat the cell membrane and is very complex, as shown in Figure 3. Many of
bacterial features depend on it. This structure has a protective role, serves as a transport system, enables
metabolism, growth and multiplication as well as contact with bacterial environment, and play important
role pathogenicity. Cell wall is responsible for maintaining bacterial shape and proves insensibility to
osmotic shocks, (e.g. Bacillus subtilis can resists pressure up to 50 bar [26]), so this structure give bacteria
extreme capability to fit to any influence of their environment.
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There are two main different types of bacteria, Gram-positive and Gram-negative, according to
capability to adopt different colours by Gram colouring process . Capability to adopt different colours
depends on the cell wall structure, which is shown on TEM images in Figure 4. This structure is
responsible for many of bacterial features and it is schematically shown in Figure 5. [2]

Figure 4: a. TEM microphotograph of Gram-positive cell envelope. CM cytoplasmic membrane, CW cell wall, S
surface layer. b. TEM microphotograph of Gram-negative cell envelope. CM cytoplasmic membrane,
PG peptidoglycan, OM outer membrane, S surface layer. [28]

phospholipid bilayer peptidoglycan lipid + LPS porin

Figure 5: Different types of the bacterial cell wall (schematic diagram). [29]
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Properties of two main types of the cell wall are shown in Table 1 and major classes of chemical
components in bacterial cell wall are shown in Table 2.

Table 1: Properties of two main types of the cell wall.*

Property Gram-positive Gram-negative
Thickness of wall 20-80 nm 10-20nm
Number of layers in wall 1 (up to 40) 1-2
Peptidoglycan content >50% 5-20%
Teichoic acid in wall + -

Lipid and lipoprotein content 0-3% 25-50%
Protein content 10% 30-40%
Lipopolysaccharide (LPS) 0 35-45%
Sensitive to penicillin Yes Less sensitive
Digested by lysozyme Yes Weakly

*some values are approximate and may vary, depending on various factors

Table 2: Major classes of chemical components in bacterial cell wall.

Chemical Component Examples
Gram-positive cell walls
Peptidoglycan All species

Polvsaccharides
Teichoic acid
Ribitol

Glycerol

Teichuronic acids (aminogalactouronc or
aminomannanouronic acid polymers)

Peptidoglycolipids (muramylpeptide-polysacharide
-mycolates)

Glycolipids (“waxes”) (polysaccharide-
mycolates)

Gram-negative envelopes

LPS
Lipoprotein

Porins (Major outer membrane proteins)
Phospholipids and proteins
Peptidoglycan

Streptococcus group A, B, C substances

S. aureus, B. subtilis, Lacobacillus spp

S. epidermidis, Lactobacillus spp

B. licheniformis, M. lysodeikticus

Corynebacterium spp, Mycobacterium spp, Nocardia
Spp

All species

E. coli and many enteric bacteria, Pseudomonas
aeruginosa

E. coli, Salmonella typhi murium
All species

Almost all species
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Despite the fact that there are two main different types of cell walls, some components are the same for

both of them.

1.1.3.1 Peptidoglycan

Peptidoglycan ( murein) is a complex polymer, whose structure is schematically shown in Figure 6.
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Figure 6: Schematic structure of peptidoglycan polymer. [30]

It consists of three parts:

a. the main structure, of repetitively sited peptidoglycan monomer, which consists of two amino
sugars, connected via B (1,4) glycosidic bond, one of them is N-acetylglycosamine (GIkNAc,
NAG), and the other one, N-acetyl muramic acid (MurNAc, NAM), actually glucosamine
etherified at O-3 with lactic acid glycan consisting, both together forming glycan chain (Figure 7.)
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Figure 7: Chemical structure of peptidoglycan monomer and side tetrapeptide chain.[31]
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b. identical (for each species), collaterally sited tetrapeptide amino acids chains, attached to N-acetyl
muramic acid and,
c. cross links of pentaglycine (five molecules of glycine aminoacid) peptide chains between them.

Usually, L-alanine is on 1%, position, attached to MurNAc as shown in Figure 9, D-glutamine (or

replacement for it) is on 2", position. Position 3", it is the most variable. L- lysine or some other L- amino
acid can be placed. A lot of Gram-negative bacterial species have meso diaminopimelic acid (DAP)
laminoacid| on this position. Some Gram-positive bacteria have DAP on that position, too. DAP is the
element (amino acid) which could be find in bacterial cell wall only. [2] Usually, D- alanine is sited on 4"
position of side chain as shown in Figures 6. 7. and 8. [26]

Chemical structure and bonds between components of peptidoglycan are shown in Figure 10. (numbers
show targets for different enzymes). Cross-linking between peptides of adjacent glycan strands, according
to composition and binding, can be possible in two ways. In group A, the cross-linking within the
peptidoglycan takes place between position 3 of one and 4 of the other peptide, in those of group B,
between positions 2 and 4 of the peptide subunits.
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acetylmuraminidase, 2 N-acetylmuramil-L-alanine amidase, 3 lysostaphin, 4 and 6 amidase, 5 endopeptidase.
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It is found that structure of peptidoglycan is not ideal and microheterogeneicities exist to a great extent.
Some of them are relate to different parts of the peptidoglycan. Amino acids in tetrapeptide chain may be
different for various bacterial species. More than 100 different peptidoglycan types have been identified,
based to a great extent on differences in the peptide moiety. [26] For each species, differences can depend
on environmental (cultivation) conditions. For example, some of glycine molecules in the pentaglycine
bridge can be replaced with serine, alanine, etc. In some cases, the number of pentaglycine bridges is
reduced, resulting in fewer cross-links, so such peptidoglycan possesses a more dispersed structure, as
shown in Figure 9. In some Gram — positive bacteria degree of cross — linking is distinctly higher due to

multiple layers arrangement. [32]
/ / /
| i
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Figure 9: Schematic spatial structure of the peptidoglycan. Ends of peptidoglycan chain and cross-links shown

Many of Gram-negative bacteria have direct peptide bounds between DAP of the one side chain, and
terminal alanine of the other side chain (lack of pentaglycine). Iregularities can be found at new
peptidoglycan insertion sites, too, where hydrolytic enzymes degrading old peptidoglycan and creating
acceptors sites. [26] Length of peptidoglycan chains may vary, from one disaccharide unit, to more than
hundred. For example, in case of Staphylococcus aureus, an average of 15 disaccharide units was found. In
case of Escherichia coli average chain length of only 9 disaccharide units for about 70% of glycan chains is
supposed, and of about 45 units for remaining 30%. [26] It is found that the terminal muramic acid exists in
its 1,6-anhydro form (Figure 9).

1.1.3.1.1 Spatial structure of peptidoglycan

Because peptidoglycan chains have cross-links, it was supposed for decades that entire layer functions as a
single huge molecule. Initial idea of the spatial structure of peptidoglycan was that of para-crystalline
network enclosing the entire bacterium with presumably longitudinal polysaccharide strands arranged in
ring shape around the cell and it’s cross-linking by peptide bridges. The cross-linked peptidoglycan
molecules form a network, which covers the cell like a grid, as shown in Figures 6 and 9.

Gram-positive bacteria have up to 40 layers of above-mentioned peptidoglycan, which can consists
more than 50% of bacterial cell wall. Gram-negative bacteria have one or two peptidoglycan layers only,
which form 5-20 % of their cell wall.

Koch [33] supposed that saccharide chains and peptide bridges form hexagonal structures — tesserea
(shown in Figure 10) which are fused together to form patches of a covalent structure. These patches are
linked together by peptide bonds to cover the cell.



10 Introduction

/ r
7 ’
,—t - el
/ \ / / \
| . /
N\ P
\ / . y \ /
4 v T
N\ / \ / 3
/ \ ; \
./ o
N\ y, \ / \ F 3
s . \_W_\’ A )
v \ / \ /
% A ; \
\ — )
y
R

O N-acetylglucosamine @@ N-Acetylmuramicacid __,, Peptide bridge
Figure 10: Hypothetical structure of a patch consisting of eight tesserea. [34]

Labischinski et al. [35] proposed a model where the polysaccharide chains of adjacent peptidoglycan
layers in Gram — positive bacterial cell wall are parallel to the cell surface, but do not point in the same
direction. The resulting diverse spatial orientations of the single peptodoglycan layers additionally stabilise
the cell wall.

Dimitriev et al. have proposed a fundamentally new model of peptidoglycan of the cell wall, in which
glycan strands are arranged not parallel, but vertically to the cell wall plane, and every strand is connected
with four others by the peptide bridges placed within the cell wall plane. In Gram — negative bacteria the
thickness of the layer corresponds to the height of one turn of polysaccharide helix (four disaccharide units;
3,92 nm), which is necessary to complete cross-linking. In the Gram-positive bacteria the glycan strands
comprise 100-200 disaccharide units and are cross-linked throughout the entire length. In this way, a thick
matrix with helix-shaped channels is formed that harbor either teichoic acids or lipoteichoic acids piercing
outwards through the wall. [36]

1.1.3.2 Specific components of Gram-positive bacterial cell wall

Beside peptidoglycan, there are some structural components, specific for Gram-positive bacterial cell wall.
Gnenerally, complex polysaccharides called teichoic acids, acid polysaccharides and proteins can be
incorporated in cell wall of Gram positive bacteria. Their composition differs in various types of bacteria.

1.1.3.2.1 Teichoic acids family

A lot of Gram positive bacterial species have specific complex polysaccharides, teichoic acids and
teichuronic acids (produced if the bacteria grow under phosphate-deficient conditions), which can be up to
50% of complete cell wall. These components are specific structures in the Gram-positive cell wall, which
represent the long, thin molecules that weave through the peptidoglycan. These molecules are the
phosphodiesters polymers of glycerol or ribitol joined by phosphate groups. Poly-(Polyolphosphate)-
Teichoic Acids and Poly-(Glycosilpolyolphosphate)-Teichoic acids can be found. Monocaccharide
molecules (manose, glucose, galactose etc.) are connected in repeating building units. Aditionally, glucose
and amino acids such as D-alanine can be attached as substituents on free —OH groups. The chemical
formula of the teichoic acids is shown in Figure 11. Teichoic acid can be directly covalently linked to
muramic acid via simple phosphodiester bridge or, in some cases, with binding unit (glycerol phosphate
represents common component) inserted between them, so it can stitches various layers of the
peptidoglycan mesh together.
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Figure 11: Chemical structure of teichoic acids. [37]

There are two types of teichoic acids in the cell wall: teichoic acids of the wall, covalently connected to
peptydoglycane, and teichoic acid of the cell membrane which have lipid component (lipoteichoic acid),
additionally anchored to membrane’s glycolipides by hydrophobic forces. [38] All of these molecules are
negatively charged and can bind metal ions, mainly Mg?*, Ca?* and K*. Teichoic acid stabilizes the cell
wall and makes it stronger. It plays an important role in growth and division of the cell, [26]. Also, these
molecules prove hydrophillicity of cell surface and have protective functions.

1.1.3.2.2 Acid polysaccharides

Acid polysaccharides are the group of polysaccharides in Gram — positive bacterial cell wall that include
sugar phosphate polymers, anionic polysaccharides and lipoglycanes. Sugar poly phosphate polymers may
consist of repeating units of 1 — 8 monosaccharides linked via phosphodiestar bridges. Monosaccharides
can be glucose, galactose, manose rhamnose etc. Anionic polysaccharides contain acid groups as side
chains such as glycerol phosphate, organic acids (pyruvic and succinic) or sulfate that provide the
polysaccharides with strong negative charge. Lipoglycans differ from polymers described above due to the
fact that they are bound to membrane via hydrophobic parts. They consist of linear or branched homo- or
heteropolysaccharides and may have glycerol phosphate as side chains.

1.1.3.2.3 Proteins

These components incorporated in Gram — positive cell wall represent complex high molecular compounds,
which are completely or mainly composed of amino acids. According to their polarity and electric charge,
essential amino acids can be divided into non-polar hydrophobic, polar uncharged and charged amino
acids. These features of the amino acids are of great importance for spatial structure and placement of the
proteins inside bacterial cell wall. Amino acids are connected by peptide bonds between carboxylic group
of the first one and amino group of the next amino acid, so they form linear chains. Branching is not
possible. It represents primary structure of the protein.

The expression of secondary structure stands for the conformation of the basal scaffold of the peptide
chain. The three-dimensional arrangement of the polypeptide chains is called tertiary structure. Low-energy
linkages as well as mainly hydrophobic linkages and hydrogen bridges, but also ionic and van der Waals
bonds, play an important role in the stabilization of this structure. Essential is stabilization and fixation by
S-S bridges between two cysteine residues. Because of the fairly low energy of its stabilizing linkages, the
tertiary structure is a rather labile arrangement. Various agents can disrupt this structure. However, in
accordance with the fact that the tertiary structure is determined by the primary structure and mostly
represents a structure with lowest energy, a complete re-naturation is possible under suitable conditions.

The association of several peptide chains to a defined complex represents quaternary structure. Primary,
secondary, tertiary and quaternary structures are very important for placement and function of membrane
proteins. They have structural and functional duties.

According to their functions, two types of proteins in Gram — positive cell wall can be distinguished.
The first group represents those located between periplasmic membrane and peptidoglycan layer, in a space
similar to the periplasmic space of Gram — negative bacterium [39], which have biosynthetic functions. In
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the other group are proteins placed further outside which interact with the bacterial environment. Three
categories of surface proteins can be differentiated: 1) those that anchor at the C — terminal end of the
molecule, using to span cytoplasmic membrane, 2) those that bind by their charge or by hydrophobic
interactions and 3) those that are fixed via their N — terminal region (lipoproteins). [26]. The proteins of the
first group usually consist of three regions, a C — terminal anchor region, a wall associated region and a
surface — exposed region and they are responsible for various biological effects. Many of them have a so—
called sorting signal (sequence). The second group mainly consists of enzymes such as isomerases,
dehydrogenases, kinases, mutases, enolases etc. Proteins from the third group may play a role as adhesins
in the infection process.

There are various types of proteins in various Gram — positive bacteria. For example, in genus
Streptococcus can be found M - proteins, T — proteins, OF apoproteinase, and also enzymes
neuraminidase, P-N-acetylxehosaminicase, B-D-fructosidase and dextranase. In genus Staphylococcus
protein A, clumping factor (coagulase) and collagen — binding protein are described. Both of these genera
have fibronectin — binding proteins. Both of them possess various other types of proteins, which can bind
different host proteins. [40]

Almost all of these proteins are synthesised at polysomes, an arrangement of several ribosome, bound at
the inner layer of cytoplasmic membrane and subsequently exported to the various places of the bacterial
cell wall. In the cell wall, proteins are mostly covalently bounded.

1.1.3.3 Specific components of Gram-negative bacterial cell wall

The cell wall of Gram-negative bacteria is much thinner, but much more complex and, consisting only up
to 20% peptidoglycan. Gram-negative bacteria also have two unique regions, which surround the plasma
membrane: the periplasmic space and the outer membrane.

1.1.3.3.1 Periplasmic space

The periplasmic space is the region between cytoplasmic and outer membrane (pointed between arrows in
Figure 12.). It contains a concentrated gel — like matrix, periplasma, consisted of aqueous solution of mono
and oligosacharides, amino acids, peptides, peptidoglycan precursors, other small molecules and enzymes
that can destroy potentially dangerous foreign matter present in this space. Calculated volume of this space
is 8 — 16% of total cell volume. Embedded in it, covalently linked to outer part of the cell wall, a rigid
peptidoglycan layer is placed.

Figure 12: TEM microphotograph of Gram — negative bacterial cell wall. OM Outer membrane, PG
peptidoglycan, CM cytoplasmic membrane, S surface layer, PS periplasmic space pointed between arrows, BP
Bayer's patches. [28]

It seems that cytoplasmic and outer membranes are connected with adhesion zones through periplasmic
space, so — called Bayer’s patches.
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1.1.3.3.2 Outer membrane

Adjacent to the exterior peptidoglycan layer, complex bi-layer structure similar to that in the cell membrane
is located. In various bacteria, different types of lipids (glycerolphospholipids, glycolipids, hopanoids...) as
well as proteins can be incorporated inside, and all together form the structure what is known as outer
membrane. This structure is much more asymmetrical than cell membrane. [41]

Inner leaflet of outer membrane consists of phospholipids and proteins. Outer one consists of
polysaccharides connected with lipids — lipopolysaccharides (LPS), specific polysaccharides, proteins and
very small (if any) amount of phospholipids. This structure is attached to the peptidoglycan by Braun’s
lipoproteins (see Figs. 21). On average, outer membrane consists of 35-45% of lipopolysaccharide (LPS),
30-40% of proteins and 25% of lipids.

1.1.3.3.2.1 Lipopolysaccharides (LPS)

Like many components of the cell wall, LPS, whose chemical structure is shown in Figure 13, contain
anionic amphiphilic substances. They consist of a hydrophobic and a hydrophilic part.

Man—abe
g1
C-antigen ol
n
M n—aAle
ha
ba
Gk — RS
Sa
ka—Gal
Hep
Cora HEFZI:-—F' —P —sthanolamine
Polysaccharide inDD
kK DOI—I{ Dy P—sthanoklmine
H

H I

Lipid A

Figure 13: A chemical structure of LPS. Binding sites for fatty acids and Kdo pointed with arrows. [42]

Hydrophobic part of LPS, Lipid A, represents in most but not all cases endotoxic centre of LPS, as well
as hydrophobic anchor for its incorporation into the outer membrane. This part of LPS does not occur in the
free form but can be deliberated by mild hydrolysis. It has a relatively stabile structure, consisting of a
phosphorylated N-acetylglucosamine (NAG) dimmer. Six or seven long chain fatty acids, pointed in some
direction, can be attached on 2, 3, 2’ and 3’ sites, while position 6’ is a binding site for the first Kdo of the
core region. (shown by arrows in Figure 13.) The hydrophilic part represents often a long chain of
polysaccharides consisting of two different regions, which are called the core region and the O-specific
polysaccharide (shown in Figure 13.). The latter elongates into surrounding medium away from the
bacterial surface.
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Core region is a highly conserved polysaccharide part of LPS, which consists of two different parts, i.e.
the inner core (heptose-Kdo-region) and the outer core (hexose region), shown in Fig. 14.

O-SPECIFIC POLYSACCHARIDE | OUTER CORE | INNER CORE |LIPID A

soopoapoobodBe bR

O Monosaccharide NN Fatty Acid P Phosphate

Figure 14: Schematic structure of LPS. [26]

The high degree of phosphorylation together with the carboxyl groups of the Kdo molecule create an
important preponderance of high negative charges in this region being important for the function of LPS as
a components of the outer membrane. Several core types are found in LPS of different Gram-negative
bacteria. [43] In R—forms (rough forms) of bacteria, core region is most prominent in outer space.

In so — called S — form (smooth form), which represents wild type (usual) of the most of Gram —
negative bacteria, most prominent to outer space, is an extremely variable O-polysaccharide antigen. O-
antigen is present in S — type of bacteria only. It can be up to 90% of the whole LPS amount. It consists of
polysaccharides with 20 — 40 repeating units containing two to eight monosacharides. These sugars present
in O-antigen may vary greatly, even within single species. The structures of several hundred O-specific
polysaccharides from various bacteria have been elucidated. [44] Polysaccharides that extend out from the
bi-layer also contribute to the toxicity of the LPS. [26]

In outer membrane, part of LPS is hydrophobically bound, the rest via Mg** and Ca®* bridges. LPS
molecules held together by hydrophobic bonds and Me?* bridges in the membrane plane, by the high
number of Me?* bridges between the anionic groups of the inner core region, as well as by hydrogen
bridges between the polysaccharide chains of the LPS. [26]

1.1.3.3.2.2 Enterobacterial common antigen (ECA)

Similar to LPS, ECA represents polysaccharide with ampihphilic character. It is found in all enterobacteria
(Gram — negative bacteria living in bowl — enteron in old Greek). It is linked to LPS in the outer membrane
partly via hydrophobic, partly via covalent bonds in its haptenic form. In its immunogenic form ECA is
covalently linked to the core of LPS carrying no O-specific chains. All ECA forms consists of repeating
units of the structure —3)-a-Fucp4NA(1—4)-B-ManNpAcA-(1—-4)-a-GlcpNAc-(1-.

1.1.3.3.2.3 Proteins of outer membrane (OMP)

These proteins can consist up to 50% of the total mass of outer membrane of Gram - negative bacteria.
Mostly, they are in a-helix and B-sheet structures (which represent secondary structure). In the case of a-
helix, peptide chain appears in the form of screw shaped, coiled structure. The -sheet structure is created
in such a manner that H bridges are between parallel running peptide chains. Membrane proteins of Gram —
negative bacteria express specific tertiary structure. Generally, for energetic reasons, peptide chains in the
proteins are arranged in such a way that the hydrophobic regions point inwards. However, membrane
proteins, especially the integral, trans-membrane ones, are exceptional since they are located in a
hydrophobic environment, so they are hydrophobically bound. Proteins can be found in the Gram —
negative cell wall in various chemical compositions such as glycoproteins, lipoproteins and
phosphoproteins, too.

According to their function, membrane proteins appear in several forms. Channel-forming proteins,
(porin proteins, specific channels forming proteins OmpC, OmpF, PhoE) play an important role in the
nutrients supply of bacterial cell and the disposal of metabolic waste products. High affinity receptor
proteins serve as high affinity transporters for the uptake of substances like Fe*" ions or vitamin By..
Structure proteins (Braun’s lipoprotein, OmpA protein) anchor outer membrane to peptydoglycan and
stabilize it, especially in conjunction with LPS, because LPS are necessary for the correct orientation of the
proteins. There are some other types of proteins with various functions in different regions of membrane.
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Similar as proteins of Gram — positive bacteria, those of Gram — negative bacteria are synthesised at
polysomes at the inner layer of cytoplasmic membrane and subsequently exported.

1.1.3.4 Cell wall models

Beside the fact that producing of the cell wall is genetically determined, its composition and structure is not
invariable. It can vary, depending on cell age, composition of surrounding medium, pH, redoxpotential, and
some other parameters.

On the basis of various experimental techniques, a number of models of Gram — positive and Gram —
negative cell walls have been developed in the past. In the light of the present knowledge, it is reasonably
to say that any of them represent only an average of several possible structures. So we can conclude that, at
this moment, there is no general, precise, and exact model of the bacterial cell wall. All the models
developed until now postulate existence of one, electron dense, structure called peptidoglycan, which vary
in thickness, depending on the type of the bacteria. Its composition and spatial orientation is described
above. Various models deal with composition and structure of peptidoglycan, as well as some other
components of the cell wall.

Here, we will present some of newly developed models of Gram — positive and Gram — negative cell
walls.

1.1.3.4.1 Cell wall models of Gram — positive bacteria

The Gram — positive cell wall is thick and relatively simply structured. In electron microphotographs of cell
envelopes of this type of bacteria, two or three electron — dense regions can be seen (see Fig. 4a). The
innermost is cytoplasmic membrane, more outside is located cell wall and finally, if present at all, a surface
layer is observed.

Recently, models assuming a mosaic — like cell wall structure, have been proposed. [45] According to
these models, the Gram — positive cell wall consists of only one thick layer, which is not homogenous (Fig.
15).
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Figure 15: Model of the Gram — positive cell wall according to Fischetti et al.

All components more or less penetrate each other, however, proteins and polysaccharides are more
predominantly present in the outer part and the peptidoglycan predominantly located in the inner region of
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the cell wall. The long glycan strands of teichoic, teichuronic or membrane bound lipoteichoic acids, are
assumed to more or less span the whole layer. Some proteins are covalently bound to the peptidoglycan but
simultaneously detectable on the surface. Other proteins (e.g. proteins M and A) are fixed in the
peptidoglycan layer, may form fibrils that protrude outwards from the cell surface. They are non-covalently
attached to the cell wall, for instance to lipoteichoic acids.

As mentioned above, Dimitriev et al. published completely new concept of the cell wall in which glycan
strands are arranged not parallel, but vertically to the cell wall plane, and every strand is connected with
four others by the peptide bridges placed within the cell wall plane. (Fig.16)

Figure 16: Model of the peptidoglycan proposed by Dimitriev et al. Black balls MurNAc; white balls GIcNAc;
straight lines peptide bridges in the upper turn of the helix. For reasons of clarity, only the short saccharide
chains of the Gram —negative bacteria are outlined; those of the Gram — positive cell wall are much longer (100 —
200 disaccharides). [36]

In the Gram-positive bacteria the glycan strands comprise 100-200 disaccharide units and are cross-
linked throughout the entire length. In this way, a thick matrix with helix-shaped channels is formed that
harbor either teichoic acids or lipoteichoic acids piercing outwards through the wall. According to this
model, the thickness of the layer in Gram — negative bacteria corresponds to the height of one turn of
polysaccharide helix (four disaccharide units; 3,92 nm), which is necessary to complete cross-linking.

1.1.3.4.2 Cell wall models of Gram — negative bacteria

Electron micrographs of Gram — negative bacteria show three or four electron-dense regions in the cell
envelope (see Fig. 12). The innermost is cytoplasmic membrane. Outermost is outer membrane, and
between them, in liquid periplasmic space, rigid peptidoglycan layer is placed. Sometimes, S-layer can be
present at the surface of the outer membrane.

At the model of the Gram — negative cell envelope published by DiRienzo et al. (shown in Figure 17), a
new concept of protein pores present in the outer membrane is developed. The pores consist of trimers of
the so-called matrix proteins, which are stabilized by lipoproteins and arranged in such a manner that they
form one membrane-spanning channel at its axis.[46]
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Figure 17: Model of the Gram — negative cell envelope according to DiRienzo et al. PL phospholipids, OM outer
membrane, PG peptidoglycan, PS periplasmic space, CM cytoplasmic membrane.

It was postulated that the cell surface is not homogenously covered by the O-specific polysaccharide
chains of LPS, but rather contains isle structures. Complex of Braun’s lipoprotein with one of major
proteins (OmpA) stabilize complete structure.

In the cell wall model of Hancock et al. (Figure 18.) proportions and the spatial arrangements of the
individual cell wall components were exactly determined to the molecular dimensions.[47]

Figure 18: Model of the Gram — negative cell envelope by Hancock et al. 1 LPS, 2 trimeric OmpF-porin,
3 Braun's lipoprotein, 4 phospholipid, 5 peptidoglycan, * bivalent cation.
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It should be kept in mind that those models are static by nature. Hydrocarbon chains in the lipid bi-
layers adopt a number of spatial arrangements. Phospholipids in inner leaflet are fluid, while LPS layer
furnishes a highly ordered quasi-crystalline structure with very low fluidity. Additionally, both components
appear in two thermal phases: the ordered gel — like p — phase in which the fatty acid chains are all — trans
arranged, and the more fluid liquid — crystalline o — phase, in which gauche conformations appears.

1.1.4 Other structures

1141 S-layers

Surface layers (so called S — layers with S from surface) are composed of identical protein or glycoprotein
molecules, aggregated to crystal — like planar structures, which cover the entire cell surface. Someone
described it like “periodic macromolecular monolayer”. [48] S — layers are wide — spread in both Gram —
positive and Gram — negative bacteria. They form, depending on their origin, 5-25 nm thick square
hexagonal or oblique — angled lattices on the cell surface (Fig.19).

Figure 19: Electronmicrograph images of different types of S-layers. (Bar length 10nm) [49]
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They form pores, which in a given S — layer, are identical in size (diameters mostly between 2 — 8 nm)
and the pores occupy up to 70% of the surface. Position of S layers and their supramolecular architecture at
main types of bacteria is shown in Figure 20.

This structure is assembled by auto aggregation of mostly identical subunits, joined to each other and to
the underlying layers (peptidoglycan, teichuronic acid, LPS...) by non-covalent bonds (electrostatic,
hydrophobic or in the case of negatively charged S — layers also via Me?* bridges). The functions of S —
layers have not yet been revealed completely. It is supposed that they could serve as a mechanical and
chemical protection, have stabilizing features, can create a kind of periplasmic space, bind small cations
and cell — associated exo — enzymes etc.

1.1.4.2 Capsule

The general term for any network of polysaccharide or protein containing material extending outside of the
bacterial cell is the glycocalix. Many bacteria produce such a coating on the outside of their cell, and they
come in two types: capsules and slime layers. The structure can be pretty thick as shown in Figure 21a, or
thin as shown in Figure 21b, rigid or flexible. The difference between the two is somewhat arbitrary. A
capsule can be closely associated with cells and does not wash off easily, because it is fixed to the cell wall
mostly through ionic and hydrophobic interactions. It seems that capsular polysaccharides (CPS) and LPS
may interchelate and interact with each other on bacterial surface of Gram — negative bacteria. Some strains
have Kdo or phosphatidic acid as linkage component for lipids of the cell wall. [26] A slime layer is
excreted from bacteria and sometimes is more diffuse and easily washed away.

a CAPSULES
- Oil Immersion (100X)

Figure 21: The capsule structure. a. Visible as colorless zone around bacterial cells by light microscopy, Gram
stained, b. Visible as a thin zone around the cell in SEM microphotograph, all pointed with arrows.

Capsule has an adhesive and also a protective role. This layer of polysaccharides, in the most cases acid,
(sometimes proteins, poly alcohols or amino sugars) protects the bacterial cell and is often associated with
pathogenic bacteria because it serves as a barrier against attack by a host’s immune system. [51] In
addition, capsules and slime layers are negatively charged and largely hydrophilic, so they can bind extra
water in the environment and contribute to the protection of the cell from desiccation. Capsules and slime
layers can also provide protection from the loss of nutrients by holding them within the layer. These extra
layers coating the surface of the cell may also potentially mask viral receptors, making it more difficult for
viruses to attach.

Many of these functions manifest themselves in the form of bio-films, which allow for formation of
communities of microorganisms all held together by glycocalyx.
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1.1.4.3 Flagella and pili (fimbriae)

Many bacterial species have filamentous tubular proteinaceous appendages on their surface. They are
different in size and function. Under certain conditions, bacterial cell may lose them without losing its own
vitality.

Flagella are screw — shaped filaments up to 20 um long and 10 — 30 nm thick (Figs. 22 and 23). Bacteria
can have only one or more flagella, they can be localised polar or peritricheal, and these are type specific
features. Flagellum consists of three parts: basal body, flagelar hook and filament. Function of flagella is
locomotion.

Figure 22: Flagella and pili. [52]

Figure 23: AFM image of Escherichia coli with flagella and pili. Bacterial cells red arrows pointed, flagella blue
arrow pointed, pili green arrows pointed.

Pili (fimbria) are hair — like appendages, 1 — 2 pm long and up to 10 nm thick (Fig. 23). Their number is
significantly higher than flagella and they are dispersed across entire bacterial surface. There are several
types of pili. Bacteria mostly use them for adhering to various surfaces, but some specific types serve for
transfer of genetic material between two bacterial cells (sex pili).
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1.1.4.4 Spore

Some bacteria, like Clostridium and Bacillus, form structures included in the vegetative bacterial cells,
called spores (endospores), shown in Figure 24, which are highly resistant to drought, high temperature and
other environmental hazards.
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Figure 24: SEM microphotograph of Bacillus stearothermophilus spore forming. (arrow)

Endospores can be divided into several important parts. The center of the endospores contains the core
and it consists of the cytoplasm, DNA, ribosomes enzymes and everything that is needed to function once
returned to the vegetative state. The core is dehydrated, which is essential for heat resistance, long term
dormancy and full chemical resistance. The cortex surrounds the core and is composed of two layers, a thin
more densely staining layer that is similar in structure to the vegetative cell wall and a thicker less dense
layer containing modified peptidoglycan. Outside of the cortex there is the spore coat containing several
protein layers that are impermeable to most chemicals. The coat is composed of more than two proteins and
these proteins are connected by cross-links.

Each single cell forms only one spore. That structure survives, in cases when the other components of
bacterial cell are destructed. [53]

Endospores enable species to spread easily from one suitable environment to another and many
endospore-forming bacteria are ubiquitous in the environment. Once the hazard is removed, the spore
germinates to create a new vegetative cell, and consequently a new population. In case of using appropriate
physical or chemical agents, spores can be destructed.

1.2 Damaging and destruction of bacteria

Although scientific application of antimicrobial agents is limited to past 150 years, empiric practices were
more or less effective centuries ago. Though humans did not know anything about microorganisms, they
had a need to protect themselves from disastrous illness, such as plague, cholera, variola etc. It has been
known from ancient times that in such cases people were burning clothes, smoking the houses by sulphur,
boiling water... All of these were usage of antimicrobial agents and application of antimicrobial procedures.
Preservation of food by heating, drying, salting, acidifying, are procedures to prevent developing of
microorganisms, and eventually killing them. Today, we are using these principles and procedures, too. All
of them provide a failure to reproduce, and/or lack of vitality of microorganisms.

It is necessary to explain the term "death of bacterium". We can take Schmidt's statement: »The only
single practical criterium is the failure to reproduce when, as far as known, suitable conditions for
reproduction are provided. This means that any organism which fails to show evidence of growth when
placed under what is considered, in the light of our present knowledge of bacterial nutrition and growth
requirements, adequate growth conditions, is considered as death.« [54] This is the most common point of
view in microbiology. However, in the destruction of bacterial cells and spores by some physical agents the
final objective is to destroy the life processes. The lethal agent is capable of producing changes in the cell
that prevent the cell from reproducing (whenever), either by direct effects on reproductive mechanism, by
disrupting cellular structures or by disabling cellular metabolic systems that provide energy and chemical
intermediates for reproduction.
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Types of destruction of microorganisms can be chemical or physical, or combination of them, as shown

in Table 3.

Table 3: Types of antimicrobial processes. [55]

Type of process Agent Application Comments
Physical Dry heath (=160C°)< Sterilization less effective than moist heath
Moist heath (>120C°) Sterilization use of autoclave
Moist heath (100C°) Disinfection inactivation of bacterial cells (56C°)in
vaccine production
Cold /freezing Preservation see text
lonizing radiation Sterilization
Ultraviolet radiation Disinfection considered a surface steriliyer only
Hydrostatic pressure Disinfection (?) activity dependent on concentration and temp.

Chemical (vapor Ethylene oxide

phase) Propylene oxide Disinfection
Formaldehyde
B-propionolactone

Chemical (liquid Acids and esters, alcohols,

phase) aldehydes, and aldehyde-
Releasing agents, halogens
(including chlorine- Disinfection or
releasing agents), metals, preservation
phenols and cresols,
quarterny ammonium
compounds, biguanides

Dyes (acridines, Antisepsis
triphenylmethamine)
Metal chelate complexes Antisepsis

Organic mercury Preservation or
compounds antisepsis
Silver compounds Application to
wounds
Other Bacterial vaccines and
toxoids
Viral vaccines Prophylaxis
Rikettsial vaccines
Antisera Therapy
Antiviral protein Chemotherapy
(interferon)
Combined Heath + chemical Sterilization
processes
Irradiation + chemical Sterilization
Thermoradiation Sterilization
Heath + hydrostatic Sterilization (?)

Chemicals + ultrasonics  Sterilization (?)

ethylene oxide also used as sterilizing agent

possible carcinogenic activity of -
propionolactone

glutaraldehyde (pentanedial): has been considered
a "chemosterilizer"

quarterny ammonium compounds: also used as
antiseptics

chlorhexidine salts are importantant antiseptics,
disinfectants, and preservatives

now little used

important pharmaceutical preservatives

effective against Pseudomonas aeruginosa

subunit vaccines sometimes available

method at one time used in United Kingdom
to sterilize certain iniections and eye drops

use of lowered radiation dose in combination
with substerilizing temperature

The exact mechanism of action of some antimicrobial agent is often not very clear. The reason for this is
that more than one cell point can be targeted, and consequently the problem is to distinguish primary from

secondary effects, which may contribute to the cell death.
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Cellular targets of some conventionally used antimicrobial agents and their effects are shown in Table 4.

Table 4: Cellular targets of antimicrobial agents. [55]

Targets Agents Effect

Cell wall Lysozyme Attacks peptidoglycan (B 1-4 links)
Adehydes Interaction with -NH, groups
Lysostaphin Peptidase liberates N-terminal glycine and alanine
Anionic surfactants High concentration: lysis

Outer membrane EDTA (and similar chelating agents)  Chelates cationes, induces release of up to 50% of
lipopolysaccharide of outer membrane

Lactoferrin, transferrin Iron-binding proteins with effects apparently similar to EDTA
Polycations (e.g. polylysine) Displace cations
Cytoplasmic Moist heat, phenols, quarternary Leakage of low-molecular-weight material; proton flux (for
membrane ammonium compounds, biguanides,  more specific information, see Table 3.4)
parabens, hexachlorophene
Nucleic acids Acridines, dyes, alkylating agents, Possible binding of chemical agents to nucleic acids

peroxygenes, hypochlorites, ionizing  extensively studied (see text and Table 3.5)

and ultraviolet radiations
Enzymes or Metal ions -SH groups of enzyms, which may be membrane associated
proteins

Alkylating agents, oxidizing agents May also combine with DNA or RNA

1.2.1 Effects of physical agents on bacteria

The most important physical agents are those shown in Table 3. Effects on bacterial cell of the most
frequently used techniques are presented below.

1.2.1.1 lonizing radiation

It is a process in which electrons are stripped from the atoms of material through which radiation passes.
Types of ionizing radiation are X-rays, y-rays, high — speed electrons (B-rays), protons, and o-rays
(positively charged helium atoms). Actually, in practice, B-rays and y-rays are used.

lonizing radiation is believed to exert its effect by causing single- or double-strand breakages in DNA
(the latter being more lethal). There are some bacteria fairly resistant to ionizing radiation. The most
resistant of them is Deinococcus radiodurans, which exhibits an efficient repair process for both ionizing
and UV radiations.

Bacterial spores are more resistant to ionizing radiation than vegetative cells.[56, 57] There are several
reasons for it. These include the presence of radio-protective substances in the spore coat, the water content
of the spore, the possible differences in the DNA of spore and vegetative cell, and ability of damaged cell
to repair damage. [58] Irradiation injury is manifested as an inability to outgrow, or as an increased
sensitivity to environmental stresses at the outgrow phase. Single-strand breaks can be repaired in dormant
spores or during post-irradiation germination. [58,60]

1.2.1.2 Ultraviolet radiation

This type of radiation has a wavelength range between 210 and 328 nm with maximal bactericidal activity
near 260 nm (peak absorption of DNA). This is important given that DNA is the target of UV
radiation.[61,62] Exposure of non-sporulating bacteria to UV light results in forming of thymine dimers
between adjacent thymine molecules in the some strand of DNA. Other dimers can be formed, such as an
uracil- thymine heterodimer. The induction of dimers causes a death of bacterial cell. Inactivation can be
rapid, and low doses can be used. [63] Some bacteria are capable to repair this damage, especially
Deinococcus radiodurans. Repair mechanisms can be photoreactivation, excision repair, posteplication
recombination repair and error-prone repair. [64] Bacterial spores are usually more resistant to UV light
than vegetative cells. Small acid-soluble spore proteins (SASPs) appear to coat DNA in wild type spores of
Bacillus. Spores lacking SASPs are significantly more sensitive to UV than normal types. [65]



24 Introduction

1.2.1.3 Heat

Heat is one of most frequent used physical agents acting against microorganisms, especially bacteria. This
agent can be used in two ways, as moist heat or as dry heat.

1.2.1.3.1 Moist heat

In this process the amount of humidity in atmosphere is almost 100%. [66] In practical applications,
temperatures between 121 and 140°C are used.

When suspension of nonsporing bacteria is heated, several changes occur in the cells. These include
leakage of low molecular appearance weight material, RNA and DNA breakdown, protein coagulation, and
alterations in the appearance of the cell itself. [67,67] In Staphylococcus aureus Mg?* is lost from theichoic
acid in the cell wall. In Escherichia coli, structural damage occurs to the outer membrane, and the cells
become more sensitive. In both bacteria, ribosomes from heat-injured cells have a different sedimentation
coefficient than untreated ones. Single- and double- strand breaks of DNA occur, similar to those induced
by ionizing radiation.

Mild heating causes an increase in mutation frequency. [55] Vegetative bacteria heated at sub-lethal
temperatures may show enhanced resistance when exposed subsequently to higher temperatures. [69] Some
bacteria such as Bacillus stearothermophilus can normally grow at 65°C or even higher temperature. [53]

Cell revival appears to be related to repair of DNA breaks. During heating at 50°C, Escherichia coli can
synthesize a small number of so called “heat shock” proteins, which may demonstrate the cell’s capability
to express new information that may be needed to repair the multitarget damage induced by moist heat. [70]

The thermoresistance of spores depends of several factors affecting protoplast: a) dehydration, b)
mineralisation, ¢) thermal adaptation, and d) protein thermotolerance.[71] When bacterial spores are
lethally heated, intracellular constituents are released and there is a progressive loss of dipicolinic acid
(DPA) and calcium, the rate of release being temperature-dependent, but it would appear that viability loss
precedes DPA leakage (so leakage can not be considered a primary effect). [55]

Higher growth temperatures enhance the thermal resistance of spores and the ratio of total cation
content to DPA content increases with increasing growth temperature. It is found that the heat resistance of
spore was related directly to their calcium content and inversely to magnesium content. DPA does not
appear to be directly involved in the heat resistance mechanism, although it might contribute by reducing or
preventing thermally induced denaturation of proteins. DPA and almost all calcium, magnesium and
manganese are located in spore core. [69] The water content of spore (much lower than in vegetative cell) is
likely to be a controlling factor in its sensitivity to moist heat. [67,72]

SASPs lacking spores are more thermosensitive than wild type spores. [73] Maintenance of the integrity
of the cortex is essential for the heat resistance of the spores, because removal of the cortex produce heat
sensitive protoplasts (cell without cell wall e.g. after destruction by lysosime, suspended in isotonic
solution). Deficiencies in DNA repair mechanisms may render spore more heat sensitive.

1.2.1.3.2 Dry heat

This is a much less efficient process than moist heat, and therefore much higher temperatures (up to 180°C)
and longer exposing times must be used in practice. Oxidation probably plays an important role in this type
of destruction of bacteria. [55] An effect on DNA is possible, too.

Sub-lethal temperature induce mutants in Bacillus subtilis, as a result of depurination, and dry heat
sensitivity of spores could result from genetically determined differences in the water content or water
retaining capacity of the spores.[74,75] The water content is an important factor in determining their
inactivation by heat. [76]

1.2.1.4 Cold/freezing

Growth of microorganisms slows down and eventually, stops if they are exposed to low temperatures.
Environmental factors such as nutrient status, pH, and water activity can alter minimal growth temperature.
[55] Some bacteria can grow at temperatures approaching 0°C; these are termed psychrophillic.

Cold shock refers to a process in which microorganisms are suddenly chilled without freezing, and cell
death has been shown to occur with Gram positive and Gram negative bacteria.[77] Difference between
mesophiles (growing best near human body temperature; human pathogens belong to this group) and
psychrophiles (growing best at near-zero temperatures) might be related to differences in membrane
composition. Low-molecular weight material is released from chilled cell as a consequence of an increased
permeability of the bacterial cell membrane, which in turn occurs because of a phase transition in
membrane lipids. [55]
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1.2.2 Effects of chemical agents on bacteria

The most important chemical agents used as antimicrobials are shown in Table 3. Sites of their action are
shown in Table 4. Cellular uptake is a first step, and represents an early manifestation in effect of those
agents. Several different models for uptake exist depending on chemical agent and point of acting.

1.2.2.1 Effects on bacterial cell wall and outer membrane

Some antibiotics such as B-lactams, d-cycloserine and vancomycin are active only against growing cells.
Beside the antibiotics, there are other substances active against growing and non- growing cells.

EDTA (ethylenediamine tetraacetic acid) is not a powerfull bactericide agent on its own, but it has some
effect to Gram-negative bacteria. It was found to be inhibitory (despite earlier claims) to Gram-positive
bacterial cells, but mechanism is not clearly understood. [78] Its usefulness is in the fact that it can increase
activity against Gram- negative bacteria of chemical unrelated antibacterial agents. For example, enzyme
lysosime induces lysis of some Gram-positive bacteria, such as those from genera Bacillus, Micrococcus
and Sarcina, which is effected by hydrolysis of the B,1-4 links between GIKNAc and MurNAc in
peptydoglycan. Staphylococcus aureus (it can be lysed by lysostaphin), and typical Gram-negative bacteria
are all resistant to its action. With Gram-negative bacteria, lysosime does not penetrate the outer membrane
of the cell, but does so when the outer membrane is destabilized with EDTA. It is chelating agent, which
combines with cations Mg?* and Ca®* associated with outer membrane of Gram-negative bacterial cell. At
some time, large amounts of outer membrane lipopolysaccharide are released, so outer membrane is opened
up and then another, chemically unrelated molecules can enter inside. [79] In contrary, despite the fact that
EDTA has an effect against Gram-positive bacteria, it does not increase their sensitivity to antibacterial
agents.

Polymixin, a polycationic antibiotic, disturbs outer membrane of Gram-negative bacteria cell wall
thereby promoting its own entry to inner membrane, its ultimate point of action.

Mechanisms of acting glytaraldehyde (pentanedial) are not completely clear. In one way, it has the
following effects on bacteria: a) cross-linking of peptidoglycan in Gram-positive bacteria, such that
reduced lysis occurs with lysosime or lysostaphin b) interaction with protein in the cell wall of Gram-
negative bacteria, so that lysis by EDTA — lysosime is reduced c) reaction with spore cortex constituents,
this being assisted by the action of inorganic cations, and d) increased resistance to lysis of protoplasts and
spheroplasts. [80] On the other hand, glytaraldehyde inhibits synthesis of protein, RNA, and DNA in Gram-
negative bacteria, probably to arise from an inhibition of precursor uptake as a consequence of aldehyde —
protein interaction in the outer structures of the cell. [81] More potent ortho-phthalaldehide (OPA) is
recognised as a new chemical sterilant. [82]

1.2.2.2 Membrane-active antibacterial agents

These substances can damage the cell membrane and cause leakage of intracellular material. Several of
them may act on the other sites, too.

Chlorhexidine and quaternary ammonium compounds (QACs) lyse bacterial protoplasts and
spheroplasts. Chlorhexidine affects the outer membrane of Gram-negative bacterial wall with release of
periplasmatic enzymes and disturbs the functionality of inner membrane by direct inhibition of membrane —
bound and solubile Mg®", ATPase.[83] Cetyltrimethylammonium bromide affects proton moving pump
through citoplasmatic membrane in Staphylococcus aureus. [84] Some agents such as
tetrachlorsalycilanilide can uncouple electron transport (oxidative phosphorilation) and ATP synthesis in
cytoplasmic membrane, consequently disturbing proton-moving force. [67] Binding of polyxexamethylene
biguanide to negatively charged Gram-negative cell surface impairs to outer membrane, and interacts with
inner membrane phospspholipides, so that the loss of potassium ions occurs, and eventually there is a
complete loss of membrane function with precipitation of intracellular constituents. [85] A new sterilisant, a
modified polyhexmethylabiguanide combined with silver iodide acts to outer membrane and internal
structures, too.

1.2.2.3 Agents acting against cytoplasm’s components

Mechanism of acting of chlorine has not yet been completely elucidated. It is known that this halogen acts
by oxidation of sulfhydryl groups of vital enzymes in cytoplasm, as well as those bounded to the cell
membrane. This reaction is apparently irreversible. Chlorine in minute concentration results in a destructive
permeability of the cell wall. It is possible that hypochlorous (HOCI) deliberated in reaction of chlorine
with water and formed by hydrolysis of N-chloro compounds, can be bactericidal.
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However, inhibition of the essential cytoplasmic metabolic reactions is largely responsible for the
destruction of bacterial cell. [67] Probably, similar effect has a new disinfectant, electrolyzing saline, which
creates hypochlorous acid and free chlorine radicals.

1.2.2.4 Agents acting against nucleic acids

These agents can act on DNA as well as RNA. Acridines combine strongly to DNA, intercalates between
adjacent base pairs, inhibit DNA synthesis although binding to other sites such as ribosomes, RNA and cell

envelope. [67] Epoxides, such as ethylene oxide (CH, CH, O), interact by amino acids and proteins,

causes hydroxyethylation of amino acids, with the phosphate group of nucleic acid to form triestar, and
with guanine to give 7-(2’-hydroxyethyl) guanine. Alkylation of phosphated guanine in nonsporing bacteria
has been proposed as the primary reason for the lethal effect of ethylene oxide. [86] Formaldehyde has
been suggested to act by its alkylating effect, too. [87]

1.2.2.5 Sporocidal and sporistatic chemicals

A few chemicals are sporicidal. Those agents that include glutaraldehyde, formaldehyde, halogen —
releasing agents, hydrogen peroxide, and ethylene oxide, have sporicidal activity, although mechanisms of
their sporicidal action remain poorly understood. [88,89] Some agents such as phenols and QACs have
little effect on viability of bacterial spores. Nevertheless, such agents are inhibitory at certain stages in
overall life cycle, and consequently there are three ranges in which lethal or inhibitory effects may occur.
These are during the various stages of sporulation, on the mature spore, and during germination or growth.
Agents that are sporistatic inhibit germination or outgrow, although effects may be reversible.

1.2.2.6 Plasma

Influences of gas plasma on bacteria could be physical, chemical and, the most probably,
combined.[90,91,92,93,94,95,96,97,98,99,100]

1.3 Plasma and plasma interactions

In recent years, plasma technologies are being intensively used for improved biomedical application of
different materials, such as activation of polymer materials, modification of different implants, sterilization
etc. [94] Low-pressure plasma is a non-equilibrium state of gas. Such a state of gas is usually obtained by
placing a chamber containing gas at low pressure in an appropriate electric field (Fig.23).

Figure 25: Appearance of plasma in glow discharge chamber.

Free electrons that are always presented in gas are accelerated in the electric field. If the electron Kinetic
energy is above the ionization threshold, they may cause molecule ionization. The electrons are thus
multiplied at ionization collisions with neutral molecules. When the electric field is applied, electrons are
rapidly multiplied until they are dense in the gas. The density of electrons depends on production and loss
rates, and is typically of the order of 10"®m™. The electron kinetic energy, again, depends on acceleration in
the electric field and the energy loss at inelastic collisions. Since there are many elastic collisions between
electrons themselves, they are thermal (have Maxwellian energy distribution function), so the electron
temperature can be defined. Typical electron temperature in low-pressure plasmas is between 20.000 and
100.000°C. [101]



Introduction 27

Apart from ionization, the electrons with such a kinetic energy may cause other reactions at inelastic
collisions. Since the dissociation threshold is lower than ionization one, the gaseous molecules are likely to
be dissociated in plasma. The electrons may also cause excitation of both molecules and atoms. The excited
molecules and atoms may or may not be de-excited by light quanta emission. In the latter case, the states
are called metastable. The energy exchange at elastic collisions of electrons with heavy particles is poor,
due to a low mass of electrons. There is usually also a lack of other effects that may heat gaseous
molecules, so they usually remain at low kinetic energy. They are also thermal and the typical temperature
(often called the neutral gas Kinetic temperature) is close to the room temperature. [94, 101]

Generally, the following particles capable of interacting with bacteria are presented in low-pressure
plasmas: neutral molecules and atoms, positively charged molecules and atoms, negatively charged
molecules and atoms, and light quanta. Interesting for plasma interactions with biological mater are
predominantly the neutral radicals that are chemically active. The density of these radicals depends on gas
type and purity, gas pressure and flow, discharge power, type of discharge, frequency of discharge, shape
of the discharge chamber, temperature of plasma facing materials. [94,101]

1.3.1 Influence of plasma on the microorganisms

There are several works [62,92,93,96,98,102,103,104] about acting of plasma against bacteria, but no much
data about mechanisms of acting. It is found that exposing bacteria to low temperature gas plasma causes
many negative influences on them, which finally lead to complete destruction and consequently, plasma
can be used as antimicrobial agent. [92,93,94,96,98,104,105,106]

Until now, three basic mechanisms of plasma interactions with bacteria were identified:
1. Destruction by UV irradiation of the genetic material of the microorganism;

2. Erosion of microorganism, atom by atom, through intrinsic photodesorption. Photon induced
desorption results from UV photons breaking chemical bonds in the microorganism material and
leading to the formation of volatile compounds from atoms intrinsic to the microorganism. The
volatile by-products of this non-equilibrium chemistry are small molecules (e.g. CO and CHX).

3. Erosion of microorganism, atom by atom, through etching. Etching stems from the absorption of
reactive species from plasma (glow or afterglow) on microorganism with which they subsequently
undergo chemical reactions to form volatile compounds (spontaneous etching). The reactive
species can be atomic and molecular radicals, for example O and O3 and excited molecules in a
metastabile state, for example 'O, singlet state. This chemistry, which occurs under
thermodynamic equilibrium conditions, yields small molecules (e.g. CO,, H,0) that are the final
products of oxidation process. In certain cases, the etching mechanism is enhanced by UV photons
(UV induced etching), the photons acting synergistically with the reactive species, thereby
accelerating the erosion rate of microorganisms. This UV induced chemistry, which occurs under
non-equilibrium conditions, can result in desorption of radicals and molecules, at both the
intermediate and final stages of oxidation. [91]

Beside these elementary processes, thermal effects could be important, too, and synergistic with
discussed mechanisms, since chemical reactions, recombination and relaxations are basically exothermic.
Elementary processes listed above can be active in various plasmas, but due to their features,
radiofrequency and microwave generated plasmas are especially appropriate for destroying of
microorganisms.

1.3.2 Oxygen plasma effects on bacteria

Nonequillibrium oxygen plasma is a source of various reactive species with different Kinetic and excitation
energies. Its unique feature is extremely high probability for superellastic collisions between vibrationally
excited molecules and neutral atoms. The result is a very low vibrational temperature, and moderate gas
heating (the excessive energy is transformed to kinetic energy of colliding particles). The first excited state
of O atom is metastable. The consequence is practically no radiation in UV range. The relatively strong
emission occurs from higher excited states to lower excited states — in the red or IR part of spectrum. These
features declare oxygen plasma as potentially very effective agent acting against bacteria.

Especially convenient could be neutral oxygen atoms generated in such plasma, because they are pretty
benign to many polymers at room temperature but are supposed to interact with bacteria. From this point of
view oxygen atoms may be used for sterilization of many modern biomedical devices that cannot be
sterilized with conventional heat techniques. [92,93,94,95,96,97,98,103,104,105,106,107] This is why we
decided to perform systematic research on interaction of oxygen atoms with several types of bacteria.



28 Introduction

1.4 Methods for visualization surfaces of bacteria

Various methods can be used for investigation of interactions of plasma against bacteria. For visualization
of changes on surfaces of bacteria the most convenient are some microscopy techniques. One of most
powerful microscopy techniques today, especially in basic microbiology, is Atomic Force Microscopy
(AFM). [108,109,110,111,112,113,114,115,116,117,118,119] More classical, but in some cases as suitable
as AFM, is Scanning Electron Microscopy (SEM) [120,121,122,123,124]

1.4.1.1 Atomic Force Microscopy (AFM)

The atomic force microscopy (AFM) is a high-resolution type of scanning probe microscopy, with
demonstrated resolution of fractions of a nanometer, more than 1000 times better than the optical difraction
unit. [109] Binnig, Quate and Gerber invented the first Atomic Force Microscope in 1986. [125] The AFM
is one of the foremost tools for imaging, measuring and manipulating matter at the nanoscale. Not only
does AFM achieve molecular resolution but can be performed under fluids permitting samples to be imaged
in near native conditions. The fluid may be exchanged or modified during imaging and therefore there is
the potential for observing biological processes in real time, something which electron microscopy is not
able to achieve.

An atomic force microscope is a unique instrument that has the characteristics of a high resolution
SEM, a surface profiler, and a probe station. Because of these unique characteristics, the AFM has
applications in all fields of science and technology. [109, 111] An AFM is a mechanical imaging
instrument that measures the three dimensional topography as well as physical properties of a surface with
a sharpened probe (see Figure 24). The information is gathered by "“feeling™ the surface with a mechanical
probe.
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Figure 26: The principle of creating AFM image. [109]

The AFM consists of a microscale silicon cantilever with a sharp tip (probe) on its end, which is used to
scan the specimen surface. Shape of the cantilever is usually triangular ("V" shaped) or long and
rectangular (an "I shape) as shown in Figure 30. Cantilevers are roughly 100 microns long and only a few
microns thick. This makes them very flexible but strong enough to securely hold the tips on their end. The
end of this tip is often slightly rounded, being around ten nanometers (0.00001 millimeters, or about 100
atoms) in radius.

Figure 27: Types of cantilevers and tip. V-shape above, I-shape below. [109]
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The areas scanned by the probe are around 100 - 150 um. In practice, the heights of surface features
scanned with an AFM are less than 20 um.

When the tip is brought into proximity of a sample surface, forces between the tip and the sample lead
to a deflection of the cantilever according to Hooke's law (F= -k. d), where F is the force acting on the
canteliver, k. is spring constant of the cantilever, and d I s its deflection. [112]

Depending on the situation, forces that are measured in AFM include mechanical contact force, Van der
Waals forces, capillary forces, chemical bonding, electrostatic forces, magnetic forces etc. Piezoelectric
elements that facilitate tiny but accurate and precise movements on (electronic) command, enable very
precise scanning.

AFM can generally measure the vertical and horizontal deflection of the cantilever with picometer
resolution. To achieve this, most AFMs today use an optical lever. This device operates by reflecting a
laser beam off the back of the cantilever (see Figure 31.). Angular deflection of the cantilever causes a
twofold larger angular deflection of the laser beam. The reflected laser beam strikes a position-sensitive
photodetector (PSPD) consisting of four side-by-side photodiodes. The difference between the four
photodiode signals indicates the position of the laser spot on the detector and thus the angular deflection of
the cantilever.

4 quadrant
photo detector
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deflection

Laser measurement
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Figure 28: The principle of AFM setup. [111]

If the tip is scanned over the sample surface then the deflection of the cantilever can be recorded as an
image, which represents the three — dimensional shape of the sample surface (deflection image). AFM uses
a PSPD to detect the deflection of the cantilever and the cantilever’s twist.

The primary modes of operation are static (contact) mode and dynamic mode. Consequently, this
technique is typically called ‘contact mode'. Thus static mode AFM is almost always done in contact where
the overall force is repulsive. In contact mode, the force between the tip and the surface is kept constant
during scanning by maintaining a constant deflection. In the dynamic mode, the cantilever is externally
oscillated at or close to its fundamental resonance frequency or a harmonic. The oscillation amplitude,
phase and resonance frequency are modified by tip-sample interaction forces; these changes in oscillation
with respect to the external reference oscillation provide information about the sample's characteristics.
[108]

Atomic resolution is easily obtained on relatively robust and periodic samples. Soft samples —
particularly biological samples — provide a more difficult surface to image because the forces exerted by
the tip during imaging can cause deformation of the sample. The problem involved with imaging soft
samples has been overcome to a large extent by the introduction of “tapping mode” AFM imaging. Instead
of maintaining a constant tip-sample distance of a nanometer or so, the cantilever is oscillated in a direction
normal to the sample resulting in only intermittent contact with the surface. This greatly reduces the lateral
forces being applied in the plane of the sample, which are responsible for most of the damage as the tip is
scanned. The AFM is capable of better than 1 nm lateral resolution on ideal samples and of 0.01 nm
resolution in height measurement.[112]
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In tapping mode (also called intermittent contact), the cantilever is oscillated such that the separation
distance between the cantilever tip and the sample surface is modulated. In tapping mode the cantilever is
driven to oscillate up and down at near its resonance frequency by a small piezoelectric element mounted in
the AFM tip holder. The amplitude of this oscillation is greater than 10 nm, typically 100 to 200 nm. Due to
the interaction of forces acting on the cantilever when the tip comes close to the surface, Van der Waals
force or dipole-dipole interaction, electrostatic forces, etc cause the amplitude of this oscillation to decrease
as the tip gets closer to the sample. An electronic servo uses the piezoelectric actuator to control the height
of the cantilever above the sample. The servo adjusts the height to maintain a set cantilever oscillation
amplitude as the cantilever is scanned over the sample. A Tapping AFM image is therefore produced by
imaging the force of the oscillating contacts of the tip with the sample surface.[111]

Three types of data can be collected in this mode: height, phase and amplitude data. [109] There have
been many studies of biological materials using AFM in the few years since its conception. Examples
include nucleic acids and their complexes with proteins, two dimensional protein crystals and individual
isolated proteins, membranes and membrane bound proteins, and living cells.[113,114,115,117,119]

1.4.1.2 Scanning Electron Microscopy (SEM)

The development of the Scanning Electron Microscope in the early1940° and first commercial machines in
the 1950's brought with it new areas of study in the medical and physical sciences because it allowed
examination of a great variety of specimens.

The scanning electron microscope (SEM) is a type of electron microscope that images the sample
surface by scanning it with a high-energy beam of electrons in a raster scan pattern. The electrons interact
with the atoms that make up the sample producing signals that contain information about the sample's
surface topography, composition and other properties such as electrical conductivity. The types of signals
produced by an SEM include secondary electrons, back scattered electrons (BSE), characteristic x-rays,
light (cathodoluminescence), specimen current and transmitted electrons. The signals result from
interactions of the electron beam with atoms at or near the surface of the sample. [120]

In a typical SEM, an electron beam is thermionically emitted from an electron gun fitted with a filament
metal (usually tungsten) cathode. The electron beam, which typically has an energy ranging from a few
hundred eV to 40 keV, is focused by one or two condenser lenses to a spot about 0.4 nm to 5 nm in
diameter. The beam passes through pairs of scanning coils or pairs of deflector plates in the electron
column, typically in the final lens, which deflect the beam in the x and y axes so that it scans in a raster
fashion over a rectangular area of the sample surface. (See Figure 32.)

When the primary electron beam interacts with the sample, the electrons lose energy by repeated
random scattering and absorption within a teardrop-shaped volume of the specimen known as the
interaction volume, which extends from less than 100 nm to around 5 pum into the surface. The size of the
interaction volume depends on the electron’s landing energy, the atomic number of the specimen and the
specimen's density. The energy exchange between the electron beam and the sample results in the emission
of secondary electrons by inelastic scattering, reflection of high-energy electrons by elastic scattering, and
the emission of electromagnetic radiation, each of which can be detected by specialized detectors.

The most common imaging mode collects low-energy (<50 eV) secondary electrons that are ejected
from the k-orbitals of the specimen atoms by inelastic scattering interactions with beam electrons. Due to
their low energy, these electrons originate within a few nanometers from the sample surface. The electrons
are detected by the detector which is a type of scintillator-photomultiplier system. The secondary electrons
are first collected by attracting them towards an electrically-biased grid at about +400V, and then further
accelerated towards a phosphor or scintillator positively biased to about +2000V. The accelerated
secondary electrons are now sufficiently energetic to cause the scintillator to emit flashes of light
(cathodoluminescence) which are conducted to a photomultiplier outside the SEM column via a light pipe
and a window in the wall of the specimen chamber. The amplified electrical signal output by the
photomultiplier is displayed as a two-dimensional intensity distribution that can be viewed and
photographed on an analogue video display, or subjected to analog-to-digital conversion and displayed and
saved as a digital image. This process relies on a raster-scanned primary beam. The brightness of the signal
depends on the number of secondary electrons reaching the detector. If the beam enters the sample
perpendicular to the surface, then the activated region is uniform about the axis of the beam and a certain
number of electrons "escape™ from within the sample. As the angle of incidence increases, the “escape™
distance of one side of the beam will decrease, and more secondary electrons will be emitted. Thus steep
surfaces and edges tend to be brighter than flat surfaces, which results in images with a well-defined, three-
dimensional appearance. Using this technique, image resolution less than 1 nm is possible.

Backscattered electrons (BSE) consist of high-energy electrons originating in the electron beam that are
reflected or back-scattered out of the specimen interaction volume by elastic scattering interactions with
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specimen atoms. Since heavy elements (high atomic number) backscatter electrons more strongly than light
elements (low atomic number), and thus appear brighter in the image, BSE are used to detect contrast
between areas with different chemical compositions. Due to this fact, BSE images can provide information
about the distribution of different elements in the sample. For the same reason BSE imaging can image
colloidal gold immuno-labels of 5 or 10 nm diameter, that would otherwise be difficult or impossible to
detect in secondary electron images in biological specimens.

The beam current absorbed by the specimen can also be detected and used to create images of the
distribution of specimen current.

Electronic amplifiers of various types are used to amplify the signals which are displayed as variations
in brightness on a cathode ray tube CRT). The raster scanning of the CRT display is synchronised with that
of the beam on the specimen in the microscope, and the resulting image is therefore a distribution map of
the intensity of the signal being emitted from the scanned area of the specimen. The image may be captured
by photography from a high resolution cathode ray tube, but in modern machines is digitally captured and
displayed on a computer monitor and saved to a computer's hard disc.[121]
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Figure 29: Schematic wiev of the SEM function. [122]

The spatial resolution of the SEM depends on the size of the electron spot, which in turn depends on
both the wavelength of the electrons and the electron-optical system which produces the scanning beam.
The resolution is also limited by the size of the interaction volume, or the extent to which the material
interacts with the electron beam. The spot size and the interaction volume are both large compared to the
distances between atoms, so the resolution of the SEM is not high enough to image individual atoms, as is
possible in the shorter wavelength (i.e. higher energy) transmission electron microscope (TEM). The SEM
has compensating advantages, though, including the ability to image a comparatively large area of the
specimen; the ability to image bulk materials (not just thin films or foils); and the variety of analytical
modes available for measuring the composition and properties of the specimen. Depending on the
instrument, the resolution can fall somewhere between less than 1 nm and 20 nm. [120]

For conventional imaging in the SEM, specimens should be electrically conductive, at least at the
surface, and electrically grounded to prevent the accumulation of electrostatic charge at the surface. Metal
objects require little special preparation for SEM except for cleaning and mounting on a specimen stub.
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Nonconductive specimens tend to charge when scanned by the electron beam, and especially in secondary
electron imaging mode, this causes scanning faults and other image artifacts. They are therefore usually
coated with an ultrathin coating of electrically-conducting material, commonly gold, deposited on the
sample either by low vacuum sputter coating or by high vacuum evaporation. Conductive materials in
current use for specimen coating include gold, gold/palladium alloy, platinum, osmium, iridium, tungsten,
chromium and graphite. Coating prevents the accumulation of static electric charge on the specimen during
electron irradiation. [120]

For SEM, a specimen is normally required to be completely dry, since the specimen chamber is at high
vacuum. Hard, dry materials such as wood, bone, feathers, dried insects or shells can be examined with
little further treatment, but living cells and tissues and whole, soft-bodied organisms usually require
chemical fixation to preserve and stabilize their structure. Fixation is usually performed by incubation in a
solution of a buffered chemical fixative, such as glutaraldehyde, sometimes in combination with
formaldehyde [126] and other fixatives and optionally followed by postfixation with osmium tetroxide. The
fixed tissue is then dehydrated. Because air-drying causes collapse and shrinkage, this is commonly
achieved by critical point drying, which involves replacement of water in the cells with organic solvents
such as ethanol or acetone, and replacement of these solvents in turn with a transitional fluid such as liquid
carbon dioxide at high pressure. The carbon dioxide is finally removed while in a supercritical state, so that
no gas-liquid interface is present within the sample during drying. The dry specimen is usually mounted on
a specimen stub using an adhesive such as epoxy resin or electrically-conductive double-sided adhesive
tape, and sputter coated with gold or gold/palladium alloy before examination in the microscope. However,
it is possible to obtain pretty quality images from noncoated biological samples but using very low energies
of electron beam in advanced SEM devices with digitaly enhanced signal.

1.4.1.3 Comparison of an AFM and SEM

The AFM has several advantages over the scanning electron microscope (SEM) for investigating biological
samples. Unlike the electron microscope which provides a two-dimensional projection or a two-
dimensional image of a sample, the AFM provides a true three-dimensional surface profile. Additionally,
samples viewed by AFM do not require any special treatments (such as metal/carbon coatings) that would
irreversibly change or damage the sample. While an electron microscope needs an expensive vacuum
environment for proper operation, most AFM modes can work perfectly well in air ambient or even a liquid
environment. This makes it possible to study biological macromolecules and even living organisms. In
principle, AFM can provide higher resolution than SEM. It has been shown to give true atomic resolution
in ultra-high vacuum (UHV) and, more recently, in liquid environments. High resolution AFM is
comparable in resolution to Scanning Tunneling Microscopy and Transmission Electron Microscopy.

A disadvantage of AFM compared with the scanning electron microscope (SEM) is the image size. The
SEM can image an area on the order of millimeters by millimetres with a depth of field on the order of
millimetres. The AFM can only image a maximum height on the order of micrometres and a maximum
scanning area of around 150 by 150 micrometres. Another inconvenience is that an incorrect choice of tip
for the required resolution can lead to image artifacts. Due to the nature of AFM probes, they cannot
normally measure steep walls or overhangs.

Table 5: Comparison of an AFM and SEM. [9afm url]

SEM AFM
Samples Preferably conductive Insulating/Conductive
Magnification 2 Dimensional 3 Dimensional
Environment Vacuum Vacuum / Air / Liquid
Time for image 0.1 -1 minute 1 -5 minute
Horizontal Resolution 5nm (FE-SEM) 0.2nm
Vertical Resolution n/a .05 nm
Field of View 1mm 100 um
Depth of Field Good Poor

Contrast on Flat Samples Poor Good
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In our work we used AFM and SEM techniques trying to take the best of both of them.Whenever it
was possible, we compared images taken with AFM and SEM in order to get a clearer picture of some
specific events.
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2 Aims and Hypothesis

The aim of this work is to show clearly, which (if any) of the above stated three pictures of plasma induced
degradation of bacteria is correct for the case of sterilization with two types of oxygen radicals, i.e. positive
ions and neutral atoms in the ground state. The mechanisms are studied for two different types of bacterial
cells, i.e. Staphylococcus aureus and Eschericia coli that belong to two main groups of bacteria (Gram —
positive and Gram — negative). This work is, to the best of our knowledge, the first attempt to explain the
interaction of neutral oxygen atoms with different constituents of bacterial cells.

2.1 Our hypothesis

According to our preliminary experimental results and relevant literature we developed following
hypothesis:

- oxygen radicals can destroy bacterial cell by oxidation of organic compounds;

- oxygen atoms in the ground state are the most convenient radicals for slow degradation of bacteria
at room temperature (which is preferred, if using this process for sterilization/disinfection, since
many delicate biocompatible components do not stand heating to elevated temperature);

- doses of radicals necessary to destroy specific bacterial cell structures can be measured and well
defined for different types of bacteria;

- etching is heavily un-isotropic process due to the complex structure of bacterial envelopes, and the
etching rate depends on the type of bacteria;

- after receiving a certain dose of radicals, weak points appear on bacterial envelopes, the envelopes
will be broken and spread all around bacteria, which will cause leakage of the cytoplasm and
consequently death of bacterial cell.
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3 Materials and Methods

Influence of radicals generated in oxygen plasma has been investigated on vegetative form of bacteria
belongs to two main types, Gram-positive and Gram-negative, according to the composition of their cell
wall. In our observations of influences of plasma radicals on bacterial structures, we made efforts to
damage and destroy bacterial envelopes, followed by consequently degradation of bacteria.

3.1.1 Samples preparation

In our experiments typical representatives of these two main groups of bacteria were used. For Gram —
positive, Staphylococcus aureus ATCC 25923 (MicroBioLogics, CE MN, USA) was chosen and for Gram
— negative, it was Escherichia coli ATCC 10536, and 35218 (MicroBioLogics, CE MN, USA).

During preparation process, standard cultivation procedure has been performed. Both of the bacteria
were cultivated on Columbia agar, culture medium reach in various nutrients, which allows expression of
the typical (common) bacterial features. We used commercially prepared Columbia agar plates
(BioMerieux, France), inoculated bacterial suspension on agar surface and incubated them for 24h at 37°C.
After appropriate time of incubation, when bacterial colonies become visible on agar surface, bacteria are
in logarithmic phase of growth and division. In this phase of growth, we get young cells, which express
typical features for particular bacterial species. Bacteria are harvested carefully from the upper surface of
the colonies, to pick up bacterial cells only. On that manner, we avoided eventual interference of
substances from culture medium. Bacteria were dispensed in sterile distilled water, washed and shaken (on
vortex), strong enough to obtain single cells. Density of that suspension was adjusted to approx. 10°
CFU/ml, which correspond to 10° CFU/10ul used for preparing samples.

Bacteria were deposited on 10x10mm smooth, well oriented graphite, highly polished Al foil and highly
polished silicon wafer substrates, shortly pretreated in plasma, with purpose to activate surface and
consequently obtain better spilling effect and evenly distribution of bacterial cells in mono layer. Samples
were slowly air dried at 30°C until water used for preparing suspension evaporated.

Samples made of Staphylococcus aureus, were sorted in three groups. Samples from the first group
were not exposed to plasma radicals and were used as a comparative control. Samples from the second
group were exposed to plasma in glow conditions. Samples from the third group were exposed to
afterglow.

Samples made of Escherichia coli were sorted in three groups. Samples from the first group weren’t
exposed to plasma radicals and were used as a comparative control. Samples from the second group were
exposed to plasma in glow conditions. Samples from the second third group were exposed to afterglow.

3.1.2 Experimental system and plasma setup

The experimental system suitable for generation of oxygen plasma has been elaborated in the thesis by
Cvelbar [101]. Since the subject of this thesis is a study of bacteria degradation, and not the study of plasma
generation techniques, we list here only some general features about the plasma and the particularities of
experimental conditions used at degradation of bacteria. The plasma and its afterglow are thus represented
by a “black box” — it is just a medium supplying oxygen radicals.

Oxygen plasma is created in an inductively coupled RF discharge described to details in the thesis of U.
Cvelbar as well as in numerous scientific papers of our research group [102,106,127,128,129...]. A quick
survey of the thesis and the papers reveals that the same experimental setup give plasma with different
parameters. The reason for this is not just the statistical error, but also the fact that our plasma, as an
example of an extremely non-equilibrium state of gas, is very sensitive to small details in the experimental
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setup. The plasma parameters depend on the following conditions:
e The exact position of the RF coil
¢ The condition of the electrical connection between the coil and the generator
e The ambient temperature
e The humidity of the ambient air
e The history of the experimental chamber
e The conditions of the trap between the plasma or afterglow reactor and the oil rotary pump
e The size of the substrate
e The number of bacteria placed on the substrates
e The exact position of the substrates in the reaction chamber
e The accuracy of the vacuummeter, catalytic and Langmuir probes
o Etc

We made all our best efforts to keep the conditions that we can influence as soon as stable and
repeatable. It is well known, that the history of plasma reactors plays an important role in reproducibility of
experimental conditions. To this end, we pretreated the vacuum system in the following way: The
molecular sieves in the trap between the plasma reactor and the pump were replaced with fresh ones. The
system was left running for several hours with a small leak of air in order to obtain a suitable adsorption of
the water vapour on the sieves. This procedure assured a negligible pumping effect of the sieves for water
vapour (the adsorption was equal to the desorption). Once the sieves were stabilized, the so-called ultimate
pressure was about 7 Pa. As always, the ultimate pressure is something, which is difficult to define since
the pressure keeps decreasing with increasing pumping time. This effect, however, was hardly detectable
after the stabilization of the sieves. Still, the pumping time often defines the desorption of gases and
vapours from the walls of the plasma reactor. In order to overcome this possible influence on our results,
we left the system loaded with a sample pumping always for the same period of time before turning on our
plasma. This time was always 3 minutes.

The samples themselves often represent a source of gases, especially water vapour. As mentioned
above, the samples with bacteria were first dried at 30°C in air in order to remove excess water in which
bacteria were suspended, to overcome this problem. Namely, a 10 ul water drop as placed on our substrates
would give an almost 1m® water vapour at 1 Pa. Taking into account the pumping speed of our rotary
pump, i.e. 16 m® per hour, we can see that this amount of water is far from being negligible. That’s why we
dried our samples before mounting into the vacuum system.

The source of water vapour is also humid air inlet into the system after each treatment. We could not
influence the humidity of air in our laboratory. In order to avoid possible uncertainties due to this effect, the
vacuum system was filled with oxygen from flask (it should be dry) up to the ambient pressure before
opening the plasma reactor.

RF plasma is well known to be cold, i.e. the kinetic temperature of heavy particles is close to the room
temperature. In reality, however, the neutral gas temperature in plasma can never be maintained at ambient
temperature due to heating of the plasma reactor. Relaxation of metastables, recombination of atoms, and
neutralization of charged particles is heating the reactor. In order to minimize the heating of the reactor
chamber, the discharge tube was forced air — cooled. By this, we managed to keep the outer walls of the
tube close to the room temperature, but the inner walls (glass has a poor thermal conductivity) remain at
somehow higher temperature. This effect, however, is supposed to be small so it is usually neglected. The
substrates, on the other hand, should be kept at floating potential so active cooling is not possible. The
samples are thus heated in plasma. All efforts were made to minimize this effect including application of
rather small substrates and application of smooth materials with a low recombination coefficient as
substrates.

In electrical discharges most of the gas volume is quite luminous, which is why one speaks of glow
discharge. When the discharge takes place in a flowing gas, some of the species (e.g. neutral atoms)
produced in the glow region can be soon carried away into an electric field free vessel, and one obtains
what is called a flowing afterglow. The gas in the afterglow chamber is near (at) room temperature and rich
with oxygen atoms, while there are no charged particles and no radiation. Effects on bacteria should be
achieved in glow as well as in afterglow. Time to achieve these effects is usually shorter in glow discharge
than in its afterglow. The reasons are probably synergistic effects of various particles and higher
temperature in reaction vessel.

Any thermal effects are absent in the afterglow region, which is almost free from charged particles and
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excited atoms and molecules. From this point of view, more controlled conditions are obtained in the
afterglow. Still, due to completeness of this thesis, experiments were performed both in afterglow and
plasma itself.

Oxidation of organic material is a heavily exothermic process and contributes to sample heating in
plasma as well as in the afterglow. This effect was minimized using small nhumber of bacteria on the
substrates. Happily enough, the oxidation probability is small at room temperature.

Finally, in order to be able to get accurate results, plasma parameters were measured simultaneously
during the experiments with bacteria. The Langmuir probe was placed at the same spot as the samples
were, while the catalytic probe was mounted into the afterglow chamber, again at the same spot where the
samples are mounted. The density of ions in plasma was determined with the Langmuir probe and was
1.4x10%. The absolute accuracy of this value is estimated to about 30%. The density of neutral atoms, as
determined by the catalytic probe, was 3.5x10** m™ in the afterglow chamber at the position of the samples.
This value is pretty accurate (absolute accuracy of the probes is about 20%) for the case of the afterglow
chamber. The density of O atoms in plasma itself was then calculated taking into account the loss of atoms
on the way from plasma to the afterglow. Obviously, the value for O atom density in plasma is not as
accurate as that in the afterglow. Still, it represents a valuable tool used for quantification of the results on
bacteria degradation. The O density in plasma is 1x10? m™. The absolute accuracy of this value is
estimated to about 50%. The relative accuracy (i.e. when identical probe is applied at identical condition)
is, of course, much higher. Systematic measurements (results are published in our scientific paper) showed
the relative accuracy of few %. We are using plasma created with an RF generator working at the frequency
of 27.12 MHz and power of about 250W.

A photo of the plasma glow discharge chamber is shown in Figure 33, while that of the afterglow

chamber is shown in Figure 34. Both chambers are made from borosilicate glass with the commercial name
Schott 8250.

Figure 31: Afterglow chamber. Borosilicate glass Schott 8250.
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Prior to any experiments with plasma radicals, a few samples of both types of bacteria were exposed to
vacuum for eight hours, to check for any visible eventual effects of vacuum on bacterial cells. After that
time of vacuum treatment, the samples of both types of bacteria were investigated with AFM and SEM.
There were no visible changes on the bacterial cells neither on the capsule, as compared to cells, which
were not exposed to vacuum. Here, it is worth mentioning, however, that the SEM itself uses vacuum
conditions. The typical exposure time to vacuum in SEM is less than an hour. Obviously, the AFM results
are more trustable in this sense. Some samples that were evacuated for 8 hours were placed in appropriate
liquid culture medium (GN broth Hajna, Hi Media Laboratories Ltd. India) incubated for 24 h and
transferred to the Columbia agar plates. After 24 h of further incubation visible colonies of both types of
bacteria were observed on the agar plate surfaces. So, we can conclude that vacuum doesn’t damage
bacterial cells in that period of time (8 hours) and consequently will not affect results obtained with oxygen
radicals.

To achieve desired effects on bacteria, samples prepared and sorted as mention above, were placed in
plasma or afterglow chambers. The following two types of bacteria plasma treatment experiments were
performed in:

I. PLASMA GLOW: In these experiments we investigated changes on bacterial cells of
Staphylococcus aureus and Escherichia coli caused by all types of particles capable of interacting
with bacteria (neutral molecules and atoms, positively charged molecules and atoms and light
quanta). Exposure times for Staphylococcus aureus samples varied from 5 s up to 120 s, as
follows: 55,10s,155,20s,30s,45s, 60 s, 90 s and 120 s. Exposure times for Escherichia coli
samples varied from 1 s up to 60 s, as follows: 15,55, 15,205, 60 s.

Il. PLASMA AFTERGLOW: In these experiments we investigated changes on bacterial cells caused
by neutral atoms in the ground state only. Exposure times for Staphylococcus aureus varied from
1sup to 500 s, as follows: 1s,55,20s,30s,455s,90s, 120 s, 180 s, 300 s and 500 s. Exposure
times for Escherichia coli samples varied from 5 s up to 360 s, as follows: 55, 10s, 15 s, 20 s,
30s,455,905,120 s, 180 s, 360s and 500s.

Since the density of atoms is perfectly constant during treatment of bacteria, the flux of O atoms on
the surface of our samples is also constant and the dose is calculated usin the following equation

D=Ynvt, 1)

where n is the atom density, v its average of the absolute value of the thermal velocity (i.e. v = 630
m/s) and t is the treatment time.

3.1.3 Visualization of changes on bacterial cells

After treatment, some samples were investigated with Atomic Force Microscope (AFM) Solver MDT mod.
Nova pro 47. Samples for AFM investigation were prepared on 10x10mm smooth, well oriented graphite,
and highly polished silicon wafer substrates. The tapping operation mode was used. Samples were scaned
with a standard silicon cantilever with spring constant 0,2 N/m and at resonance frequency 184 KHz. All
measurements were done in the air, on areas 5x5 um, 3x3 pum, 2x2 pm, 1.5x1.5 pm, Ix1 ym and
500x500 nm. Images were processed to obtain height, phase and amplitude data..

Some of the samples were investigated by SEM microscope with field emission of primary electrons
CARL ZEISS, GEMINI series mod. Supra 35, at accelerating voltage of 1KeV. Samples for this
visualization technige were prepared on 10x10mm Al substrates. We used no speciefic technique of sample
preparation because we wished to keep them in the state made during oxygen radicals treatment.
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4 Results

In the following text we present results of our study on the influence of oxygen radicals on Gram — positive
bacteria Staphylococcus aureus and Gram —negative ones, Escherichia coli. Results are sorted in two
groups: the first one contains images of both bacterial species treated in glow discharge conditions and the
second images of bacteria treated in the afterglow. For comparison, we also present images of both
bacteria from samples that were not exposed to plasma radicals.

Samples were investigated by high — resolution AFM and SEM and numerous images are taken and
analyzed. For AFM, tapping (semicontact) operation mode is used. In this mode, images with information
of shape (height) and composition (phase) of various materials are obtained.

4.1 Untreated samples of Staphylococcus aureus and Escherichia coli

Images of these samples serve for comparison of normal appearance of bacterial cells and we show them
first. Both AFM and SEM images are shown. In these images, the morphology of substrates is visible, too.

4.1.1 Samples of Staphylococcus aureus

The normal appearance of untreated bacteria can be observed from Figs. 32 - 36. It is possible to see the
very surface of our samples. As mentioned before, our bacteria are covered with capsule so the surface of
capsule is observed. Deeper structures (cell wall, cytoplasmic membrane and cytoplasm) cannot be seen in
these pictures. As shown in Chapter 1, Staphylococcus aureus are bacteria whose cells have spherical form.
Many strains of these bacteria produce capsule, including the strain we used in our experiments.
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Figure 32: AFM 0.5x0.5um height 3D image of Staphylococcus aureus cell, untreated. Clearly visible capsular
material surrounds the cell (blue arrow) and tears down (green arrow).
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Capsular substance surrounds the bacterial cell. As noticed from AFM images it slightly tears down and
forms a ring around the bacterium. Small amount of this substance can be seen on the substrate around
bacterial cell Such parts seem to be scattered in small quantities around bacterium. These observations are
clearly visible, and pointed with arrows on Figures 32 — 34. In these images surface of bacterial cell is
relatively smooth.
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Figure 33: AFM 2x2um image of Staphylococcus aureus cell, untreated. a. height 3D image; Smooth surface
and clearly visible capsular material tears down (blue arrow), b. phase image; Clearly visible capsular material
surrounds the cell (blue arrow) and slightly tears off (green arrows).
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Figure 34: AFM 2x2um image of Staphylococcus aureus cells, untreated. a. height 3D image; Relative smooth
surface(blue arrow) and capsular material slightly tears down around bacterial cell (green arrows), b. phase
image; Clearly visible capsular material surrounds the cells (green arrows) and slightly tears down (blue arrow).
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In SEM images, capsular substance appears like a rather pretty transparent, smeared zone on the edges
of bacterial cells. Tears of capsule can be seen as foggy areas off bacterial cells. So, in many cases,
bacterial cells aren't very sharply demarcated from the surface. The morphology of Al substrate can be
seen, too. This is visible in Figures 35 and 36.

Figure 35: SEM image of Staphylococcus aureus untreated. Clearly visible capsular material surrounds the cells
(green arrows) and slightly tears off (red arrows). Structure of Al substrate is visible, blue arrow pointed.

Figure 36: SEM image of Staphylococcus aureus, untreated, for 8h vacuum exposed. No visible changes on
bacterial cells.
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4.1.2 Samples of Escherichia coli

The cells of this bacteria can be found in bacilar (rod) or coccobacilar form. Almost all strains are
surrounded with voluminous capsule, as well as strains we used in this experiments. Appearance of
capsule of Escherichia coli in this images is very similar to those of capsule of Staphylococcus aureus.

In AFM images, capsule can be seen as bulky material surrounding bacterial cell, as well as small
amount of rounded droplets on surface of the substrate. Flagella and pili can be seen, too. This is shown
and pointed with arrows in Figure 37.

Figure 37: AFM 2x2um height 3D image of Escherichia coli cell, untreated. a.Voluminous capsular substance
coat bacterial cell and slightly tears off, blue arrows pointed, flagella (green arrows) and pili (red arrows) are
visible. b. Capsular substance (glycocalix) coats bacterial cell and slightly tears off, blue arrows pointed.

Figure 38: SEM image of Escherichia coli cells, untreated. Capsular substance is visible on surface of the cells
(red arrow) and slightly tears down (green arrows). Morphology of Al substrate is visible, blue arrow pointed.
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In SEM images, capsule is visible as transparent, foggy zone surrounding bacterial cells and filling
spaces between them, showed in Figures 38, 39 and 40. Morphology of Al substrate is visible, too.

Figure 40: SEM image of Escherichia coli cells, untreated, for 8h vacuum exposed. No visible changes. Capsule
pointed with arrows.
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4.2 Samples treated in glow discharge conditions

Samples treated in glow discharge conditions were exposed to all oxygen radicals generated in plasma
including neutral atoms as well as charged particles and metastable molecules. It was expected that
modifications happen in relatively short period of time.

4.2.1 Samples of Staphylococcus aureus

Exposure time for Staphylococcus aureus samples was from 5 to 120 seconds, as follows: 5s, 10 s, 15 s,
205, 305,455,905, and 120 s. After the treatment, samples were investigated with AFM and SEM.

For this type of bacteria that were exposed to glow discharge, the first visible changes has been
observed after approx. 5 to 10 seconds of exposure.

Figure 41: SEM image of Staphylococcus aureus, glow discharge 5s treated. Significant amount of capsular
material scattered around the cells, green arrows pointed.
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Figure 42: AFM 1 x 1um image of Staphylococcus aureus cell, 5s glow discharge treated. a. phase image,
b. height 3D image; Capsular structure is changed (blue arrows). A plenty of capsular material tears off around
bacterial cell (green arrows).

In this period, changes in capsular substance happen (shown with blue arrows in Figure 42). A plenty of
mostly round shaped capsular material (glycocalix) tears off and surrounds bacterial cells (Figs. 41 — 43)
This is clearly visible, when comparing with bacterial cells of untreated samples (Figs. 32- 36).
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Figure 43: AFM 2x2um height 3D image of Staphylococcus aureus cells, 10s glow discharge treated.
Peptidoglycan rough structure is visible (blue arrows). A plenty of capsular material tears off around bacterial
cell (green arrows).
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After about 10 seconds of exposure, almost complete capsular material is removed. At this period,
etching of peptidoglycan from the cell wall starts (Fig. 43). Appearance of particles scattered around
bacterial cells is different if we compare them with particles on previous images. Segments of
peptidoglycan, clearly visible by AFM, are different in size and polygonal irregular in shape (Figures 44 —
46).
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Figure 44: a. AFM 5x5um phase image of Staphylococcus aureus cell, 15s glow discharge treated. A plenty of
peptidoglycan material is scattered around bacterial cell (green arrows). b. AFM 0,5x0,5um phase image. Pieces
of peptidoglycan different in size and polygonal shape are visible, arrows pointed.
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Some large particles of peplydoglycane are removed from the cell wall (green arrows on Figs. 44 and
45). Similarity of these pieces with structures on cell surface is clearly visible on phase images. This
process continues approx. to 30 seconds exposure time (Figs. 47 — 48). In that period, strong disrupting of
peptidoglycane domains starts. The process of disintegration of the cell wall rapidly accelerates.

Figure 45: AFM 2x2um image of Staphylococcus aureus cell, 15s glow discharge treated. a. phase image,
b. height 3D image; Peptidoglycan rough structure on bacterial cell is visible (blue arrow). Peptidoglycan
material scattered around bacterial cell (green arrows). Disrupting of peptidoglycan domains started.
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Figure 46: AFM 1x1um image of Staphylococcus aureus cell, 20s glow discharge treated. a. phase image, b.
height 3D image; Peptidoglycan rough structure on bacterial cell is visible (blue arrows), a plenty of
peptidoglycan material scattered around bacterial cell (green arrows).
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Figure 47: AFM 1x1um image of Staphylococcus aureus cell, 30s glow discharge treated. a height 3D image,
b. phase image; Peptidoglycan rough structure on bacterial cell is visible (blue arrows), a plenty of
peptidoglycan material scattered around bacterial cell (green arrows).
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Figure 48: SEM image of Staphylococcus aureus 30s glow discharge treated. Clearly visible peptidoglycan
scattered arounds the cells, green arrows pointed. Disrupting of peptidoglycan domains started, red arrows
pointed.

After approx. 40 seconds most of bacterial cells are disrupted. There are clearly visible pieces of
peptidoglycan and intracellular material scattered around the disrupted cells (Figs.49 — 50). Some pieces of
peptidoglycan can still exist on cell surface (red arrow on Fig. 50b) and some traces of the cell wall can be
observed (Fig. 50b, black arrow and Fig. 53, red arrows).

Figure 49: a. SEM image of Staphylococcus aureus 40s glow discharge treated. Disrupted cells, red arrows
pointed, cellular material scattered around bacterial cells, green arrows. b. AFM 5x5um phase image of
Staphylococcus aureus cells, 45s glow discharge treated. Disrupted cells, red arrows pointed. Cellular material is
scattered around bacterial cells, green arrows pointed.
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Figure 50: AFM 2x2um image of Staphylococcus aureus cells, 45s glow discharge treated. a. height 3D image,
b. phase image; Disrupted cells, intracellular structures are visible (blue arrows), but some peptidoglycan are still
on cell surface (red arrow). A plenty of cellular material and peptidoglycan scattered around bacterial cells
(green arrows). Traces of bacterial cell wall are visible (black arrow).
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After these abrupt changes, the disintegrating process slows down. Degradation and removal of rough,
irregular round shaped pieces of intracellular material (Figs. 51) keeps going on during the period longer
than 120 seconds (Figs. 52 — 54).

Figure 51: AFM 3x3um image of Staphylococcus aureus cells, 60s glow discharge treated. a. phase image,
b. height 3D image; Further degradation of disrupted cells (blue arrows) continues. Cellular material scattered
around bacterial cells (green arrows).

Figure 52: SEM image of Staphylococcus aureus 60s glow discharge treated. Disrupted cells, degradation of
cellular substance continues.
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Figure 53: AFM 1.5x1.5um image of Staphylococcus aureus cell, 90s glow discharge treated. a. height 3D
image, b. phase image; Disrupted cell (blue arrows), residuals of bacterial cell wall are visible (red arrows).
Cellular material scattered around bacterial cells (green arrows).

Figure 54: AFM 1.5x1.5um image of Staphylococcus aureus cell, 120s glow discharge treated. a. phase image
b. height 3D image, Further degradation of disrupted cell (blue arrows), cellular material scattered around
bacterial cell (green arrows).



Results 55

4.2.2 Samples of Escherichia coli

Exposure time for Escherichia coli samples was from 1 to 60 seconds, as follows: 15s,5s, 10 s, 15s, 20 s,
40 s and 60 s. After treatment, samples were investigated with SEM and images were taken.

On bacterial cells of this species exposed to glow discharge for 1 second, changes on capsular structures
are visible (Fig. 55), if comparing them against untreated bacteria (Figs. 38 — 40). Modified capsular
material tears down (red arrows) and is clearly visible around bacterial cell, as irregular round shaped
particles, what is pointed with green arrows in Fig.55. At this period, sharp granular morphology of Al
substrate, observed on untreated samples, is not visible.

Figure 55: SEM image of Escherichia coli 1s, glow discharge treated. Modified capsular material tears down
(red arrows) and is clearly visible around bacterial cell (green arrows).

After 5 seconds exposure, etching of capsular substance starts. Visible spaces between the cells, filled
with capsular material earlier, become noticeable and, no transparent zone of capsule visible on SEM
images of non treated cells (see Figs. 38 — 40), all pointed with green arrows in Fig. 56. After removal of
capsule, granular structure of Al substrate is visible again (blue arrow in Fig. 56).

Figure 56: SEM image of Escherichia coli, 5s glow discharge treated. Empty spaces between bacterial cells are
visible, capsular substance missing (green arrows). Some damages of bacterial cell wall are visible (red arrows).
Sharp granular structure of Al substrate is visible (blue arrow).
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At this period some damages on bacterial cells become visible, what is pointed with red arrows in Fig. 56.

Treatment in glow discharge for 10 seconds cause serious damages on the cell surface, in form of
irregular holes and cracks, pointed with red arrows in Fig. 57, which mean that bacterial cell wall must be
seriously damaged. Probably, it means the death of bacteria.

Figure 57: SEM image of Escherichia coli, 10s glow discharge treated. Massive cell wall damages are visible
(red arrows). Material from bacterial cell wall scattered all around the cell (green arrows).

Material from bacterial cell wall is scattered all around the cell, what is pointed with green arrows in
Figs. 57 and 58. Pieces are rounded, not likely to pieces from Gram — positive bacteria. After 20 seconds
exposure, whole bacterial cell is totally destructed. Degradation continues (Figs. 59 — 60) until some ashes
are left.

Figure 58: SEM image of Escherichia coli, 15s glow discharge treated. Massive cell wall damages are visible
(red arrows). Material from bacterial cell wall scattered all around the cell (green arrows).



Results 57

o
e T

“
§
A

Figure 60: SEM image of Escherichia coli, 60s glow discharge treated. Bacterial cells are disintegrated and some
ashes left.
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4.3 Samples treated in afterglow conditions

Samples whose images are shown below were treated in afterglow conditions and consequently exposed to
neutral oxygen atoms only. Temperature in the afterglow chamber is near the room temperature. At these
conditions, any side effect would be neglected and influence of neutral oxygen atoms should be a single
effect.

4.3.1 Samples of Staphylococcus aureus

Exposure time for Staphylococcus aureus samples was from 1 up to 500 seconds, as follows: 1s,5s, 20 s,
305,455,905, 120 s, 180 s, 300 s and 500 s. After the treatment, samples were investigated with AFM and
SEM and images were taken.

There are no clearly visible changes on bacterial cells up to about 5 seconds of exposure time
(Figs. 61 - 62), if we compare these images with images of untreated cells (Figs. 32 — 36). Voluminous
capsular coat is visible on surface of bacterial cells and only some small amount of particles of capsular
material can be observed around the cells.

Figure 61: SEM image of Staphylococcus aureus cell 1s afterglow treated. Visible capsular layer (red arrows)
and capsular material slightly tears off (green arrows). No clearly visible changes.

Figure 62: AFM 0,5x0,5um height 3D image of Staphylococcus aureus cells, 5s afterglow treated. Visible
capsular layer (blue arrow) and capsular material, slightly tears off (green arrows). No clearly visible changes.
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After about 20 seconds of exposure, capsule still coats bacterial cell, but structural changes of capsular
material appear (blue arrows in Fig. 63). In the period of 30 seconds, structural changes become intensive
and modified capsular material appears on cell surface (Fig. 65). Some amount of the same, round shaped,
material also tears off, as clearly visible on AFM phase images in Figure 63b and Figure 65. Scattered
capsular material is clearly visible on SEM image in Figure 64, too.

Figure 63: AFM 2x2um image of Staphylococcus aureus cell, 20s afterglow treated. a. height 3D image;
Relative smooth, but modified surface and clearly visible capsular material which tears off around bacterial cell
(green arrows). b. phase image; Clearly visible capsular material on cell surface (blue arrows) which tears off
(green arrows).
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Figure 64: SEM image of Staphylococcus aureus cells, 20s afterglow treated. Clearly visible capsular material
surrounds the cell (red arrows) and slightly tears off (green arrows), too.
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Figure 65: AFM 5x5um image of Staphylococcus aureus cells, 30s afterglow treated. a. phase image, b. height
3D image; Visible changes in capsular material on cell’s surface (blue arrows) which tears off around bacterial
cell (green arrows).
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The process is progressive, so if we compare SEM images in Figure 64 and Figure 66, changes are
visible. After 45 seconds of exposure, majority of capsular coat is removed and only traces (ghosts) are
visible as pointed with red arrows in Figure 66. In this period peptidoglycan is exposed to oxygen radicals,
and etching starts.

Figure 66: SEM image of Staphylococcus aureus cells, 45s afterglow treated. Capsular material scattered around
the cells (green arrows). Traces of capsule (ghosts) are visible (red arrows).

Figure 67: SEM image of Staphylococcus aureus cells, 90s afterglow treated. Capsular material disappeared
from the cells surfaces (red arrows) and scattered around a cell (green arrows).
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After about 90 seconds of exposure, almost all capsular material has been removed from the cell surface
and can be seen scattered around bacterial cells (Figs. 67 and 68). Surface of bacterial cell is still pretty
smooth, as can be seen on SEM image in Fig. 67.

Figure 68: AFM 1,5x1,5um image of Staphylococcus aureus cells, 90s afterglow treated. a. phase image
b. height 3D image; Capsular material disappeared from cell’s surface (blue arrow) and scattered around
bacterial cell (green arrows).
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In the next period, up to about 120 seconds round shaped pieces of capsular substance are widely
scattered all around, what is very well visible on AFM phase image in Figure 69 b. and SEM image in
Figure 71. Only some traces of capsular material are still visible on cell surface, as shown on images in
Figure 70. Rough peptidoglycan structure is in great extent exposed to oxygen radicals (Figs. 69 — 71).

Figure 69: a. AFM phase image 1.5x1.5um image of Staphylococcus aureus cells, 120s afterglow treated. Traces
of capsular substance are visible (green arrows). Peptidoglycan rough structure is visible (blue arrows). b. AFM
phase image 5x5um image of Staphylococcus aureus cells, 120s afterglow treated. Capsular material scattered
around bacterial cell (green arrows).

Figure 70: AFM 0.5x0.5um image of Staphylococcus aureus cell, 120s afterglow treated. a. height 3D image,
b. phase image; Rough structure of peptidoglycan is visible (blue arrows). Traces of capsular substance are
visible (green arrows).
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Cell surface is not smooth any more, if we compare SEM images in Fig. 67 and Fig. 71. It looks like
being etched. Nevertheless, some of scattered pieces could be peptidoglycan.

Figure 71: SEM image of Staphylococcus aureus cels, 120s afterglow treated. Pieces of capsular substance
scattered around a cell (green arrows). Peptidoglycan rough structure is visible. Disruption of peptidoglycan
started, red arrows pointed.

In the further minute (exposing time of 180 seconds), massive disruption of peptydoglycan from cell
wall is observed (Figs. 72 - 74). A lot of pieces, of the same composition as on the cell surface disrupt from
bacterial cells. This is especially well shown on phase image in Figure 72b. Wholes in bacterial cell wall
and roughness of the surface are clearly visible in Figures 73 and 74.
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Figure 72: AFM 2x2um images of Staphylococcus aureus cell, 180s treated. a. height 3D image, b. phase image;
Peptidoglycan rough structure is visible (blue arrows). Massive disruption of peptidoglycan continues (green
arrows).
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Figure 73: SEM image of Staphylococcus aureus cells, 180s afterglow treated. Peptidoglycan rough structure is
visible (green arrows). Disruption of peptidoglycan continues (red arrows).

Figure 74: SEM image of Staphylococcus aureus cells, 180s afterglow treated. Peptidoglycan rough structure is
visible (green arrow). Disruption of peptidoglycan continues (red arrows).
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After up to 300 seconds, at our experimental conditions, cell wall disrupts. Domains of peptidoglycan
are removed at some parts of bacterial cell wall, as shown on AFM images in Figure 75. Numerous holes
and cracks can be observed on the surface of bacterial cells and large pieces of peptidoglycan beside the
bacterial cells. This is clearly visible on SEM image in Figure 76.
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Figure 75: AFM phase mode 0,5x0,5um image of Staphylococcus aureus cell, 300s afterglow treated. Massive
disruption of peptidoglycan is visible (green arrows). Intracellular structures are visible (blue arrows).
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Figure 76: SEM image of Staphylococcus aureus cells, 300s afterglow treated. Disruption of peptidoglycan
continues (red arrows). Bacterial cell wall is badly damaged.

Bacteria are devitalized now and cytoplasm internal structures become visible (Fig.75 - 77). Removing
of intracellular material and traces of peptidoglycan from disrupted cell wall continues slowly, in a period
longer than 500 seconds (Fig 77 and 78).

Figure 77: SEM image of Staphylococcus aureus cells, 500s afterglow treated. Intracellular cytoskeletal
structures are visible (red arrows). Traces of cell wall still exist (green arrows).
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Figure 78: AFM 1.5x1.5um images of Staphylococcus aureus cells, 500s treated. a. height 3D image b. phase
image; Disrupted cells, red arrows pointed, cellular material spilled around bacterial cell (green arrows). Some
traces of bacterial cell wall are still visible (blue arrows).
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4.3.2 Samples of Escherichia coli

Exposure time for Escherichia coli samples was from 5 up to 500 seconds, as follows: 5s, 10 s, 155 20 s,
30s, 455,905, 120 s, 180 s, 360 s and 500 s. After the treatment, samples were investigated with AFM.

At our experimental conditions there are no visible changes in short period of time about 5 seconds (Fig.
79), comparing with non treated samples in Fig. 37, what is similar to process happening in the case of S.
aureus.( See Fig. 62)

w

Figure 79: AFM 5x5.m image of Escherichia coli cell, 5s afterglow treated. a. phase image, b. height 3D image;
Voluminous capsule coats bacterial cell (blue arrows) and slightly tears off (green arrows). Pili around bacterial
cell are visible (red arrow). No visible changes on bacterial cell.

Visible changes in capsular material of Escherichia coli become noticeable after approximately
10 seconds exposure to neutral oxygen atoms, when intensive tearing off the capsular substance becomes
visible and particles are found all around bacterial cells. (Figs. 80 and 81) In this phase, pili are still visible
as shown on Figs. 79 and 81.

Figure 80: AFM 10x10xm image of Escherichia coli cells, 10s afterglow treated. a. phase image b. height 3D
image; Voluminous capsule coats bacterial cells (blue arrows), capsular material intensively tears off and
scattered around (green arrows).
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Figure 81: AFM 5x5um image of Escherichia coli cells, 10s afterglow treated. a. phase image b. height 3D
image; Voluminous capsular coat (blue arrows), and capsular material scattered around bacterial cells (green
arrows). Pili are visible (red arrow).

Figure 82: AFM 2x2um image of Escherichia coli cell, 15s afterglow treated. a. phase image b. height 3D
image; Modified capsular coat is visible (arrows).
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This process of removal continues until approx. 20 seconds when most of capsular material is removed
(Figs. 82 - 83), but some amount still can be seen, what is pointed with arrows on Fig. 84.
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Figure 83: AFM 2x2um image of Escherichia coli cell, 20s afterglow treated. a. phase image, b. height 3D
image; Some amount of capsular material is visible (green arrows). Pili are visible (red arrows).

Figure 84: AFM height 3D 0.5x0.5um image of Escherichia coli cell, 20s treated. Voluminous capsular coat
disappeared, visible in traces (green arrows). LPS structures become visible (blue arrows).
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Lipopolysacharide (LPS) from the bacterial cell wall becomes visible after 20 seconds exposure of
bacterial cells (Fig. 84 and 86). In this period, interaction of radicals with this structure starts and structural
changes happen. Irregular round shaped particles can be detected, scattered around the cells, about 30 s of
exposure to plasma radicals. (Fig. 85) At the same time flagella and pili seen on previos images (Figs. 79,
81 and 83) disappear, what is pointed with red arrows in Figure 85.

Figure 85: AFM 5x5um image of Escherichia coli cell, 30s afterglow treated. a. phase image, b. height 3D
image; LPS structures on bacterial surface are visible (blue arrow), also scattered around the cell (green arrows).
Flagella and pili disappeared (ghosts pointed with red arrows).

Figure 86: AFM 0.5x0.5um image of Escherichia coli cell, 30s afterglow treated. a. phase image, b. height 3D
image; LPS structures are visible (arrows).
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The process of LPS removal continues, so in this period a lot of round shaped pieces are scattered
around bacterial cell. (Figs. 87 — 89) Different layers of LPS are exposed to etching during this period (see
model of Gram - negative cell wall Fig. 17), so various scattered pieces can be observed.

Figure 87: AFM 2x2um image of Escherichia coli cell, 45s afterglow treated. a. phase image, b. height 3D
image; LPS structures, probably O-antigens, massive disruption are visible, (blue arrows), also scattered around
the cell (green arrows).

Figure 88: AFM 2.5x2.5um images of Escherichia coli cell, 90s afterglow treated. a. phase image, b. height 3D
image; Structures from outer membrane, probably core, are visible (blue arrows). Pieces of LPS scattered around
(green arrows).
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Figure 89: AFM 2x2um image of Escherichia coli cell, 120s afterglow treated. a. phase image, b. height 3D
image. Structures from outer membrane are visible (blue arrows), also scattered around (green arrows).

After approx. 180 seconds all LPS is removed from cell surface. After removal of the LPS layer, etching
of peptodoglycan starts. After about 180 seconds exposure to afterglow, massive destruction of thin
peptidoglycan layer happens. Surprisingly, pretty organized, flat, round shaped or oval structures has been
removed. (Fig. 90). At this period bacterial cell is destructed.

Figure 90: AFM 2x2um images of Escherichia coli cell, 180s treated. a. phase image, b. height image; Massive
destruction of peptidoglycan layer is visible (arrows).
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After destruction of bacterial cell wall, thin cytoplasm membrane was disrupted immediately and
intracellular material spilled outside. Removal process of intracellular material continues slowly, in period
about 500 seconds, until only some ashes left as shown in Figs. 91 and 92.

Figure 91: AFM 5x5um images of Escherichia coli cell, 360s afterglow treated. a. height 3D image, b. phase
image; Intracellular structures destroyed and spilled around.
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Figure 92: AFM 5x5um height 3D image of Escherichia coli cell, 500s afterglow treated. Intracellular material
almost removed (green arrows), some ashes left (blue arrows).
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5 Discussion

It has been found recently that gaseous plasma could have some influence on various types of bacteria,
mostly negative to their vitality. Different techniques, sources and gases can be used. It has been found that,
due to its features, oxygen plasma could act against bacteria, but data sources about basic acting
mechanisms, chain of events, acting particles and required doses are limited. The following particles are
capable of interacting with bacteria: neutral molecules and atoms (the metastable ones are much denser
than others), positively charged molecules and atoms, negatively charged molecules and atoms, and light
quanta.

The particular field of our interest is the influence of predominantly neutral radicals that are chemically
active to bacteria around us. Typical representatives of two common groups of bacteria, Gram — positive
and Gram — negative, were used in our experimental study of the influences of oxygen radical treatment on
bacterial structures. For Gram — positive bacteria, Staphylococcus aureus was chosen, and for Gram —
negative, it was Escherichia coli. In both cases, we were acting to the bacterial structures described in
Chapter 1.1 especially to outermost layer of bacteria, the capsule, bacterial cell wall and cytoplasmic
membrane.

Normal function and integrity of bacterial envelopes prove normal life and vitality of bacteria. Any
disturbance or damage of them can lead to the death of bacteria. In our experiment, using plasma radicals,
we made efforts to damage and destroy bacterial envelopes, followed by consequent degradation of bacteria
and visualized it by Atomic Force Microscopy (AFM) and Scanning Electron Microscopy (SEM).

The experiments were performed using inductively coupled RF oxygen plasma, which is a rich source
of neutral oxygen atoms as well as a weak source of ionized oxygen molecules and atoms. Two operation
modes have been used, glow and afterglow. In the glow discharge conditions we act with ions and neutral
molecules and atoms, while in afterglow there are neutral particles only, and most particles are found in the
ground state.

Experimental results reveal some interesting features of destruction of bacteria after receiving a certain
dose of neutral oxygen atoms. Both SEM and AFM images show an appearance of small droplets scattered
around bacteria (Figs. 41, 42, 43, 55, 63, 64, 65, 66, 67, 68, 80, 81, 82 and 83). Such results are rather
unexpected and, to the best of our knowledge, have never been published in relevant literature. Since
formation of droplets is unexpected, it deserves a decent discussion.

Here, it is worth mentioning that the formation of the droplets does not appear on substrates without
bacteria. Namely, we performed several exposures of plane substrates to plasma or afterglow and never
observed formation of any deposits even after prolonged plasma treatment. The formation of droplets is
thus a unique feature of plasma treatment of bacteria.

Bacteria that we used in our experiments are originally covered with capsule. The capsule is a jelly
material that is rich in water, polysaccharides (mostly acid type). At least some water is chemically bonded,
since the sole exposure to vacuum conditions does not seem to dry it significantly (see Figs. 36 and 40).
The first effect of exposure of any material to oxygen radicals is formation of a thin surface layer rich in
oxygen functional groups. Such formation is usually very rapid and, according to the literature, a dose of
about 10” m™ is enough to saturate the surface with such functional groups. The consequence is a dramatic
modification of the surface energy of capsule. Since oxygen functional groups are polar, the material
exposed to oxygen radicals becomes more hydrophilic — the surface energy increases. The shape of
material depends on the properties (especially of the chemical bonds) and the surface energy. A large
surface energy would definitely facilitate formation of droplets, while a small surface energy would not be
such efficient and would leave the chemical bonds to dictate the shape of the material. In the case of the
capsule, which is originally found in the form of a rather uniform film surrounding the bacterium (Figs. 33,
34 and 35 S.aureus, 37and 38 E. coli), the surface energy is obviously not high enough to facilitate
formation of droplets. As soon as our samples are exposed to oxygen radicals, however, the surface energy
is increased dramatically and probably becomes high enough to overcome chemical bonds. Here, it should
be noted that glycosidic bonds in capsular polysaccharides have in great extent not only B, but and/or a
stereochemistry. [26] o stereochemistry is less strong than [ stereochemistry (for example o
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stereochemistry can be found in starch, which can be hydrolised by water, and B stereochemistry can be
found in chitin, which is very strong) [129] and this fact can partly influence transformations of the capsule.
The first effect of plasma treatment is thus transformation of the capsule. This transformation, of course,
does not appear at once and may not be complete. AFM images reveal that after a brief exposure to plasma
the droplets that are scattered all around bacteria are somehow larger than those after prolonged treatment
(Figs. 63 vs 68 S. aureus and 80 vs 83 E. coli). Also, the shape of droplets changes, somehow, with
increasing treatment time. At first, they appear pretty spherical, and later, they obtain a rather irregular
shape (Fig. 42 vs 65). This effect may be explained with drying up the droplets as well as chemical etching
of polysaccharides. Eventually, after around 120 s of treatment in afterglow, the remains of capsule vanish
completely. An important conclusion drawn from our research is therefore an almost perfect oxidation of
capsule materials. Probably, the destruction is not homogeneous, as the capsule itself is not. However, our
experimental techniques are not accurate enough to be able to detect the composition of capsule remains
during treatment with oxygen radicals.

Such experiments would require sophisticated equipment, unavailable in our labs. XPS seems a
promising technique, but our device has the spot size of about 400 um, which is orders of magnitude larger
than the droplets. As observed from SEM and AFM images, the typical size of the capsule remains is of the
order of 10nm. XPS in our laboratory would give results averaged over a large surface consisting
predominantly bacteria so the results would not be conclusive. A micro (if not nano) beam of X — rays
would be required for decent characterization of the capsule remains. Such a beam is available at 3"
generation synchrotrons, but unfortunately, at this moment we do not have the access to such facilities.

It is also extremely difficult, if not impossible, to separate completely the capsule remains from other
materials on our substrates. Namely, due to its features, similar to other sugars, capsular material tends to
glue on surfaces. There are techniques for separation of capsule from bacteria, but they are rather
aggressive, so the procedure may modify the original structure and perhaps also composition of this
delicate jelly material.

From our results we can calculate the dose of atoms required to completely oxidize the capsule. Of
course, the result is not extremely accurate due to the fact that some remains of capsule persist when
destruction of the cell wall starts. (see Figs. 69a and 70). Nevertheless, the capsule of S. aureus is almost
entirely oxidized in plasma after about 10s. Since the density of atoms in plasma is about 1x10%, the
corresponding dose of O atoms to remove the capsule on S. aureus is

Dapesa = ¥ 1x102m=3630 ms* 10s = 1.6x10%° m™.

In the afterglow region the required treatment time is much longer, around 120 s. The density of atoms
in the afterglow is lower than in plasma at about 3.5x10% m™. The required dose in the afterglow is thus

Daacsa = ¥4 3.5x10 m3 630 ms™ 120 s = 6.6x10%° m™.

The dose required for total removal of capsule material is about 4 times higher in the afterglow than in
plasma. This discrepancy could be attributed to ions that are presented in plasma but not in the afterglow.
Let us estimate the influence of positive ions! The ion density in plasma is 1.4x10"® m™. The corresponding
ion dose received in 10 s is

Dipesa= % 1.4x10°m3 630 ms? 10s =2.2x10"° m™2.

If all ions would cause oxidation of the atoms in capsule, they would remove only a few monolayers of
atoms from the capsule. Namely, the surface density of atoms is about 1x10™ m™. Since the droplets of
capsule are much thicker than a few monolayers, we can conclude that the ions cannot be fully responsible
for observed rapid oxidation of capsule material in plasma. More probable explanation takes into account
thermal effects. Although our plasma is a cold one, the neutral gas temperature does not remain at room
temperature but it is elevated. Since it is well known that the oxidation probabilities of organic materials
depend largely on the surface temperature, the observed rapid oxidation is rather attributed to somehow
increased surface temperature than effects caused by ions. In the afterglow region, however, the neutral gas
temperature remained at room temperature throughout our experiments, so influence of the temperature to
obtained results can be neglected.

The upper numbers are true for the case of capsule on S. aureus. In the case of E. coli, treatment times
and required doses of radicals to some events happen, are somehow different. Our experimental data show
that the capsule on E. coli is well oxidized in, say, 5 s in plasma, and in about 25 s in the afterglow.
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The calculated doses are then

Dapcee = % 1x10?m2 630 ms™ 55 =0.8x10®° m? in plasma and
Daacec = % 3.5x10m® 630 ms™? 25 s = 1.4x10% m2 in the afterglow.

Again, we can neglect significant contribution of positive ions to oxidation, but the most probable
explanation is by taking into account thermal effects.

Here, we have to stress again that the oxidation of capsule is not layer by layer (or atom by atom), but
the capsule is first spread to many small droplets and each of these droplets are then slowly oxidized.

Once the capsule is almost entirely destructed, interaction of plasma radicals with cell wall of bacteria
starts. The SEM and AFM images show that the destruction is far from being homogeneous.

Let us first consider S. aureus. According to the classical literature the original outer surface of bacterial
cell wall is not made from pieces, but it is rather compact. This is explained by the classical picture of
bacterial wall structure, which predicts continual layered structure of the network (sacculus) made from
peptidoglycan. The distance between two subsequent layers was found to be about 4.2 nm. [35] The
peptidoglycan forms a kind of a network filled with teichoic acids and some types of proteins. The
classical picture is best illustrated in Figure 6. As mentioned earlier, some other authors, however, have
recently published a different picture on the structure of the peptidoglycan layer. According to their theory,
the peptidoglycan wall is not homogeneous. There are irregularities in peptidoglycan, at least at places
where new molecules are inserted during growing of bacterial cell. Namely, the peptidoglycan units are
formed within cytoplasm and transferred to the cell wall. There are hydrolytic enzymes that degrade
peptidoglycan in the cell wall, with purpose to form binding sites at the places of insertion of new
peptidoglycan. [26] This perturbs the original rigid structure of the cell wall.

It is well known that interaction of oxygen radicals with polymer materials cause an increased surface
roughness. Even a perfectly flat polymer is etched inhomogeneously, causing formation of textured surface.
Typical dimensions of features formed on the surface of polymer materials during treatment with oxygen
radicals are of the order of few nm up to few 10 nm. Such inhomogeneous etching is often attributed to
small variations in polymer crystallinity as well as in polymer density. Denser parts are etched slowly and
the same applies for crystalline parts. In the case of bacteria cell wall, the morphology is found rather rough
with typical dimensions of particular segments of several 10 nm. It is difficult to state whether this is the
original morphology of the cell wall or a consequence of plasma treatment. If we compare the results with
polymers, we would attribute this roughness to small variations of the cell wall structure. As mentioned
above, the cell wall of S. aureus consists of peptidoglycan and teichoic acids, as well as a certain amount of
proteins. It is clear that the oxidation probability for these compounds is not the same. There are several
possible explanations for our observations on the initial stage of interaction between oxygen radicals and
the cell wall:

» The cell wall is rough originally

» The oxidation of the cell wall forms oxygen rich functional groups that are highly polar and
cause a rapid increase of the hydrophillicity

» The capsule itself is not etched homogeneously, consequently the cell wall does not start to etch
at the some time at the different places on bacterial cell

> Preferential etching of particular compounds on the surface of the cell wall occurs.

Let us first discuss the first explanation. As mentioned above, the peptidoglycan network is not a
perfectly homogeneous grid. The teichoic acids, mostly negative charged, penetrate the structure of
peptidoglycan and together with acid polysaccharides, strong negative charge, too, cause local variations in
surface energy as well as intermolecular bond strength. This could cause localized perturbances and
formation of a hilly surface. Regulatory mechanisms which control production and ratio of peptidoglycan
and teichoic acids exist in bacterial cell, but to the best of our knowledge, we did not find exact data on the
distribution of teichoic acids on the surface of the cell wall. Probably, it depends on particular conditions
such as the environment, nutrients and the growth phase, because it can consist 30 — 50 % of Gram —
positive cell wall. The typical distance between such isles of teichoic acid should be not smaller than about
4 nm. Namely, according to the recent model of Dimitriev et al., the typical dimension of unit parts of
peptidoglycan oligomers is approximately 4 nm.

The effect of increased surface energy, cased by formation of oxygen rich functional groups on the



Discussion 79

surface of cell wall, is probably much less pronounced than in the case of the capsule. Unlike capsule,
which is a jelly material, the cell wall of S. aureus is well organized and pretty rigid, so the increased
surface energy is not enough to overcome the strong bonds between molecules in the cell wall, at least not
in the initial stage on plasma interaction with the cell wall.

The effect on inhomogeneous etching of the capsule should cause revealing of certain parts of the cell
wall, while other parts are still protected with a thin layer of capsule. As showed above, the remains of
capsule on the bacteria are not distributed homogeneously at all (see Fig. 70) Such inhomogenities may
cause preferential etching of the cell wall even before capsule is completely removed and would
consequently cause the rich morphology observed on the cell wall of S. aureus.

Drawing similarities between behavior of polymers and bacterial cell wall during treatment with oxygen
radicals would dictate increasing roughness of the cell wall as it is exposed to the radicals. As discussed
above, the cell wall may not be that homogeneous as predicted by early authors. Unfortunately, no enough
detail picture of the structure of the cell wall is currently available, so no conclusion on the effect of
inhomogenicity can be drawn.

As the cell wall is entirely revealed, interaction of oxygen radicals with the peptidoglycane, the teichoic
acids and the proteins starts. From both SEM and AFM images we can conclude that etching is pretty
intensive. This causes thinning of the cell wall. At a certain dose of the radicals, the cell wall is so badly
damaged that disruption occurs. Figures 44, 45, 46, 47 and 72 clearly show segments of the cell wall
scattered all around bacteria. These segments are different from those of capsule. While the capsule
segments are found in the form of spherical droplets, the segments of the cell wall are found in polygonal
form. The typical size of each segment is of the order of 20nm, while clusters may be as big as 100nm. It is
interesting that the size of the polygonal segments is the same as the size of hills on the cell wall before
etching of the wall started and after removal of the capsule. These segments may well be unit cells of the
cell wall network. The length of one disaccharide unit in the peptidoglycan amounts 1.03nm. An average of
about 15 disaccharide units in S. aureus was found. [26] Different glycan chains do not begin and finish at
some places (see Fig. 9), so existing of building block segments of size mentioned above can be possible.
Again, our experimental techniques do not allow characterization of the composition of the segments, so
we cannot say whether they consist of peptodoglycan only or mixture of peptodoglycan, teichoic acids and
some other components.

Once the disruption occurs, the segments are slowly etched (Figs. 44 — 48 and 72 — 76) and after a long
treatment time, they practically vanish. Let us estimate total dose of oxygen atoms needed for almost
complete oxidation of the S. aureus cell wall. The required total treatment time is about 45s in plasma and
350s in the afterglow. The corresponded total doses are then calculated in the same way as in the case of
the capsule, and they are

Dap cwsa = % 1x10?m® 630 ms™ 45 s = 7.1x10”°> m? in plasma and
Dan cwsa = ¥ 3.5x102 m2 630 ms™* 350 s = 1.9x10%° m? in the afterglow.

The observation of the disruption is rather surprising and, to the best of our knowledge, has never been
reported in literature. As thoroughly written in the Introduction, the current picture of bacteria degradation
in gaseous plasma predicts more or less homogeneous etching atom by atom.[91] Our results, however,
clearly show that the common picture is wrong, at least for our experimental conditions. As showed with
many SEM and AFM images, we always achieve a stage of disruption on S. aureus. This disruption is
explained by taking into account inhomogenity of cell wall structure, as well as the high pressure in
bacterial cell.

Once the majority of the cell wall of S. aureus is oxidized, the cytoplasm is exposed to oxygen radicals.
Figs.49-53 and 77-78 show the bacteria at this stage. Surprisingly enough, the cytoplasm is not all spread
around bacteria, but it remains in the form of a rigid sphere. This result clearly shows that the cytoplasm of
S. aureus is not made only from a jelly like material, but some rigid structure is observed. This observation
is pretty different from the classical picture of bacteria cytoplasm and confirms new models of cytoskeleton
existing. In the classical picture, the cytoplasm does not have its own shape but fills the available space
within the cytoplasmatic membrane, which itself does not have a rigid structure but it is often described as
a semi-liquid mosaic. The thickness of this membrane is of a few nm, so we can conclude that it does not
play an important role in description of interaction between oxygen radicals and bacteria. The cytoplasm is,
according to relevant literature, rich with DNK molecules, ribosomes, enzymes, and molecules synthesized
by alive bacteria, i.e. amino acids, peptides, proteins, fatty acids, lipids, sugars (predominantly
monosacharides and olygosaharides) and of course water. As shown in Figs. 49-53 and 77-78 the etching of
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this material is also not uniform, which is not surprising due to a large variety of cytoplasm consistuents.
What remains after prolonged treatment is just ash. The calculated doses for reaching the stage where the
majority of cytoplasm is oxidized after exposure to plasma is

Dap oysa = ¥ 1x102m® 630 ms™ 120 s = 1.9x10%° m™,

The corresponding dose for afterglow treatment cannot be deduced from our experiments. The longest
treatment time in the afterglow was 500s and, according to Figure 77 the cytoplasm is still in the form of a
sphere. Much longer treatment time is required. Here, we can only conclude that the corresponding value in
the afterglow is much more than

Daacysa = % 3.5x10 m® 630 ms 500 s = 2.7x10%° m?.

The bacteria are dead well before receiving this dose. We belive that critical dose necessary for definite
killing of bacteria is those needed to destroy the peptidoglycan in bacterial cell wall. According to the SEM
and AFM images, the average required dose to Kill bacteria is

Dap wilisa = ¥ 1x102m™> 630 ms™ 355 = 5.5x10” m™? in plasma and
Daailisa = % 3.5x10% m® 630 ms™* 250 s = 1.4x10°° m in the afterglow.

These numbers are, of course only approximate and represent order of values. Right values definitely
differ from different bacteria of S. aureus, depending on the composition and age of each particular
bacterial strain.

Let us now discuss the destruction of the E. coli cell wall. The picture should be slightly different from
S. aureus. E. coli is a Gram — negative bacteria. The cell wall of E. coli is much less rigid than that of S.
aureus. Outer membrane of E. coli cell wall is in form of a paracrystallinic semi — liquid mosaic. The
individual components inside are linked to each other by a great diversity of chemical bonds (covalent, H-
bridges, chelate like, ionic, hydrophobic). Below there is a thin layer of peptidoglycan, followed by a
cytoplasmic membrane.

When the capsule is removed from the surface of E. coli, oxidation of the outer membrane mosaic starts.
The bacterium quickly loses this mosaic. In the beginning, most prominent O-antigens part of outer
membrane is exposed. As described in Chapter 1, O-antigens consist of 20 — 40 repeating building blocks
of monosaccharides. These monosaccharides are connected by glycosidic bonds, which some of them have
not only B, but a stereochemistry, at least in some E. coli strains. [26] As mentioned above, this type of
glycosidic bond can be relatively easily broken. Whole structure is stabilized by hydrogen bonds. Hydrogen
bond is not true chemical bond and has a low binding energy, up to 40 KJ/mol. [130] Potential energy of
oxygen atom is approx. 2.5eV = 240kJ/mol, so oxygen atoms can easily break hydrogen bonds. These facts
can explain pretty fast removal of outermost layer of LPS. (Figs. 84 — 87). Nevertheless, some part of O-
antigens can be etched during the capsule removal, because capsular polysaccharides (CPS) and O-antigens
weave through each other on surface of Gram — negative bacteria.

Once, when O-antigens part of LPS has been removed, core region becomes visible. It is clear why R —
forms of Gram — negative bacteria were named, if we see Figs. 88 and 89. Namely, bacteria that do not
have O-antigens we call rough forms (R-forms). Core region is distinctly smaller (up to 15 non repeating
monosaccharides) than O-antigens region and highly negative charged.

Lipid A consist 6 — 7 fatty acids per molecule, some of them are unsaturated, so they are likely to be
attacked by radicals. [62] It is similar in case of phospholipids in outer membrane.

Protein molecules incorporated in the cell wall, which are basically linear chains of aminoacids, are
susceptible to oxidation by atomic oxygen. [62] Proteins, especially transmembrane type, play the role of
gateways that control the passage of various molecules in and out of cell. Their degradation causes leakage
of internal components, which consequently lead to serious damages of bacterial cell. At the same time,
connection places between proteins and other components of the cell wall can be weak points, easily
attacked by oxygen radicals.

When oxygen radicals destroy the outer membrane, peptidoglycan layer undergo to radical influence. It
is found that isolated murein sacculus of E. coli can contain one to three peptidoglycan layers. [131] A
thickness of a single layer is about 2.5nm. We believe that such a thin peptidoglycan layer is not rigid
enough to maintain very well the shape of E. coli cell. Because peptidoglycan layer is very thin in Gram —
negative bacteria, very soon after destroying outer membrane, this layer has been destroyed and holes are
found in the cell wall (Figs 57, 58, 88, 89 and 90). We can clearly claim that at least a part of cytoplasm is



Discussion 81

lost into the surroundings and the majority of water is evaporated. This happens only after about 10s in
plasma. The dose required to observe such effects is

Dap ewee = 4 1x102m3 630 ms? 10 s = 1.6x10* m™ in plasma and
Daa cowee = ¥ 3.5x102 m3 630 ms™ 180 s = 1x10%® m? in the afterglow.

The discrepancy between the corresponding dose in plasma and afterglow is pretty large and it is mostly
attributed to increased temperature of the bacteria during plasma treatment. It is known that lipid structures
in outer membrane (lipid part of LPS and phospholipids), similar to other types of lipids, appear in two
thermal phases, and switch depending on ambiental temperature. At lower temperature the ordered -phase
exists, where fatty acids are mainly in all-trans configuration and dense packed, so forming gel-like phase
of membranes, while at higher temperatures transition in a-phase become, where percentage of gauche
conformation increases, and packing density decreases simultaneously, what is a reason for semiliquid state
of membranes. [26] In this state, outer membrane is less strong and consequently easily damaged. As
already stressed above, the samples mounted inside the afterglow chamber remain at room temperature. Of
course, it is well known, too, that all reactions of organic molecules running faster at elevated temperature.

As shown in Figs. 59 and 60, E. coli bacteria are almost completely oxidized in total time less than 60 s
of plasma treatment.

The calculated doses for reaching the stage where the majority of cytoplasm is oxidized after exposure
to plasma is

Dap oyee = ¥4 1x10%m> 630 ms™ 60 s = 9.4x10%° m”.

The corresponding dose for afterglow treatment cannot be deduced from our experiments. The longest
treatment time in the afterglow was 500s and, according to Fig. 92 the cytoplasm is not removed
completely. It is clear that longer treatment time is required. Here, we can only conclude that the
corresponding value in the afterglow is much more than

Daa cyee = ¥4 3.5x107 m® 630 ms™ 500 s = 2.7x10%° m™,

The bacteria are dead well before receiving this dose. The critical dose required for definite killing of
bacteria is those needed to destroy the bacterial cell wall. According to the SEM and AFM images, the
required treatment time is

Dap wiiee = ¥ 1x102m® 630 ms™? 10 s = 1.6x10% m™ in plasma and
Daa kiee = 4 3.5x102 m3 630 ms™ 180's = 1x10%® m? in the afterglow.

These numbers are only approximate. Exact values definitely differ for different bacteria of this species,
depending on the composition and age of each particular bacterial strain.

Summarized events during exposure to oxygen radicals, with exposition times and doses of oxygen
radicals necessary to some events happen, for S. aureus and E. coli are given in Table 6. Comparison of
events in glow and afterglow for S. aureus and E. coli are shown in Table 7.

Table 6: Exposition times* and necessary doses* of oxygen radicals for some events / effects on bacteria during
oxygen radicals treatment.

event S aureus E coli
glow afterglow glow afterglow
time(s) dose time(s) dose time(s) dose time(s) dose
Total removal | 10 1.6x10®m? 120  6.6x10”° m™ 5 0.8x10®°m? 25  1.4x10%® m?
of the capsule
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Degradation
of the cell
wall only

Complete
oxidation to
the level of
the cell wall
Degradation
of the
cytoplasm
only
Majority of
the cytoplasm
oxidized
Definite
killing of
bacterial cell

35 5.5 x10%® m™

45 7.1x10%m™

75 1.2 x10%°m™

120 1.9x10%m™

35 5.5x10%m™

230

350

>150

> 500

250

1.3x10%° m?

1.9x10%m™

not available

>2.7x10%°m™

1.4x10%m™

5  0.8x10%® m?

10

50

60

10

1.6x10%° m?

7.9x10%®° m?

9.4x10% m

1.6x10%° m™?

155

180

> 320

> 500

180

8.5 x10® m™

1x10%° m™

not available

> 2.7x10%m™

1x10%m™

* average values are given

Table 7: Comparisation of events in glow and afterglow for S. aureus and E. coli

event

glow

afterglow

S. aureus

E. coli

S. aureus

E. coli

time(s) dose

time(s)

dose

time(s)

dose

time(s)

dose

Total removal
of the capsule

Degradation
of the cell wall
only
Complete
oxidation to
the level of the
cell wall
Degradation
of the
cytoplasm
only

Majority of
the cytoplasm
oxidized
Definite
killing of
bacterial cell

10 1.5x10%m™

35 5.5 x10%m™

45 7.1x10%m™?

75 1.2x10%°m™

120 1.9 x10% m?

35 5.5 x10%®°m™

5

10

50

60

10

0.8x10%m™

0.8x10%°m™

1.6x10%®°m™

7.9x10%°m™?

9.4x10%m™?

1.6x10%m™

120

230

350

>150

>500

250

6.6 x10%°m

1.3 x10%® m?

1.9x10% m™?

not available

>2.7x10%°m

1.4x10%m™

25

155

180

> 320

> 500

180

1.4 x10%m™?

8.5 x10%°m

1x10%°m?

not available

>2.7x10%m™

1x10%°m™

When we analyze chain of events during the degradation of bacterial cells, necessary exposure times
and required doses of oxygen radicals, it is possible to compare happening in case of S. aureus and E. coli.

Here, it should be noted, when compare data in Table 6. it is visible increasing time/dose ratio approx.
2.85/1 for treatment in plasma and afterglow, respectively (e.g. twelve times increasing exposure time

brings four times larger dose of radicals).

In case of S. aureus, twelve times longer treatment time is necessary in afterglow comparing with
plasma, for total removal of capsule. More than six times longer treatment in afterglow is necessary for
degradation of bacterial cell wall only, and more than four times longer exposure for complete oxidation to
the cell wall level. For definite Killing of these bacteria more than seven times longer exposure is necessary

in afterglow.

In case of E. coli five times longer treatment time is necessary in afterglow than in plasma, for total
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removal of capsule. More than thirty times longer treatment in afterglow is necessary for degradation of
bacterial cell wall only, and more than eighteen times longer exposure for complete oxdation to the cell
wall level, as well as for definite killing of these bacteria.

Let us compare some events for S. aureus and E. coli in glow conditions, as well as in afterglow.

In glow conditions, removal of capsule is two times slower for S. aureus. The discrepancy between the
results on oxidation of capsule on S. aureus and E. coli can be attributed to different composition of the
capsules. In any case, the necessary dose to this event happen is of the order of 10®° m?. If we compare
degradation of the cell wall only, discrepancies are much bigger. Degradation is even seven times longer
for S. aureus. As mentioned above, probable explanation is high-organized peptidoglycan structure in S.
aureus cell wall, not easy to etching, as well as much intensive influence of elevated temperature on E. coli
cell wall, which contains a significant amount of lipid structures in outer membrane. Cytoplasm is etched
slightly slower in S. aureus, probably due to more organized cytoskeleton. Generally, it is clearly visible
that in total time, S. aureus is destructed more than three times slower than E. coli in glow conditions.

Picture is different in afterglow. As we expected, degradation of bacterial structures is much slower, due
to the fact that only oxygen atoms play role in this process. We can neglect influence of any other particle,
while temperature in afterglow chamber is room temperature.

In afterglow, capsule of S. aureus is etched almost five times slower, if we compare with E. coli.
Surprisingly, degradation of S. aureus cell wall only, is just 1.5 times slower than in case of E. coli. Of
course, as mentioned earlier, should be keep in mind in case of E. coli, that some part of O-antigens can be
etched at the same time as capsular polysaccharides. This is a reason why we cannot deduce exact time and
required doses of oxygen radicals necessary for oxidizing of these particular parts. However, time
necessary for complete oxdation to the level of the cell wall is about two times longer for S. aureus.
Definite Killing of S. aureus is 1.4 times longer process than in case of E.coli.

Finally, according to our experimental results, let us discuss the organization and three — dimension
structure of peptidoglycan, and maybe refine the actual view of the cell wall structure.

In case of Escherichia coli, during degradation process, in the phase of peptidoglycan removal, some
pretty differentiated structures were observed. (see Fig. 90) According to the present view of bacterial cell
wall structure, peptidoglycan is embedded in periplasmic space, forming grid — like structure, as briefly
reviewed in Chapter 1. As already mentioned it is organized in one to three layers.

Our experimental results showed a somehow different picture. After removal of outer membrane
components, deeper structure becomes visible. As postulated by many authors in the past, this layer
contains peptidoglycan only, so we can discuss the spatial organization of peptidoglycan. It is clearly
visible, (see Fig. 90 for instance) that many well — defined pieces or, we can say, structural units exist.
These structural units are flat, oval or round shaped. Their dimensions were measured, and we always
obtained values of 110 — 150 nm in diameter and 20 — 45 A in thickness as shown in example in Fig. 93)
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Figure 93. Example of dimensions measuring of peptidoglycan structural units in E. coli cell wall.
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Measured thickness of some units can be slightly different (false smaller), probably due to etching
process. In phase of peptidoglycan removal, many of these pieces are scattered all around bacterium.
Pieces on surface of bacterial cell look like fish scales or tiles on a roof. These units are organized in such a
manner that overlap each other, as shown schematically in Fig. 94.

Figure 94. Schematic model of three — dimensional organization of peptidoglycan in E. coli cell wall. a. Bacterial
cell green arrow pointed; b. Organization of the structural units of peptidoglycan red arrow pointed.

Let’s remind some claims of early researchers. A generally accepted theory postulates peptidoglycan
chains connected to each other via peptide bridges form flat surface. This flat surface according to
Barnickel et al. [131] can be found in murein sacculus of E. coli in one to three layers. Thickness of each
layer is approx. 2,5 nm. In conceptually new model according to Dimitriev et al. [36] in the case of Gram —
negative bacteria theoretical calculated thickness of one turn is 3.92nm. These dimensions are similar to
those obtained from our measurements. Koch indicated improbability of parallel glycan strands under the
influence of internal cell pressure [33]. According to Koch smallest pores in peptidoglycan called thesserae
become hexagonal. Peptidoglycan oriented in such a way can form patches, as shown in Fig 10. [34] This
form suggests pretty round or oval shape of structural units, formed from peptidoglycan chains of length
mentioned earlier in Introduction. It is shown that some of peptide bounds do not bound chains in the same
layer. (see Fig. 9) [132]. So, we can imagine possible way how structural units bond to each other. Of
course, we do not forget other possible bonds and forces between various structures on surfaces of the
units.

Our model may represent a strong background for solving another important problem of the cell wall
structure. It is well known that new peptidoglycan must be synthesized in the internal part of bacterial cell.
Until now, some complicated models of incorporating of new peptidoglycan in bacterial cell wall appeared.
Our model predicts self — organization of peptidoglycane into unit cells, so, accordingly, new
peptidoglycan units can be simply attached to the old ones already existing in the cell wall. Obviously, the
new units are attached on the inner side of the cell wall. Any discussion on the regulating mechanisms of
elongation (and degradation) process is definitely beyond the scope of this thesis. However, it should be
kept in mind that bacteria, due to their mechanisms of reproduction, actually represents continual type of
life (in opposite to higher organisms, which we can declare as discontinual). On this way, in growth
process, enlargement of peptidoglycan layer can be achieved by continuous adding (gluing) of new patches
of structural units.

The experimental results presented in this thesis do not offer enough material for extremely precise and
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accurate characterization of Gram — positive cell wall and three dimensional structure of peptidoglycan
incorporated inside. As mentioned earlier, we can only conclude that some pieces of peptidoglycan units
are removed during treatment with oxygen radicals. Still, our observations on organization of peptidogycan
in the cell wall of E. coli may indicate that similar structural units (probably more complex) also exist in
the cell wall of Gram — positive bacteria. As already stressed this is only our hypothesis and more scientific
work supported with top — class characterization is needed to confirmiit.
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6 Conclusions

Two types of bacteria were exposed to oxygen radicals, i.e. Escherichia coli and Staphylococcus aureus.
The results of systematic experiments confirm some of our hypotesis, and partially confirm some others
hypothesis.

The first hypothesis, i.e. that oxygen radicals destroy bacteria by oxidation of organic compounds was
confirmed by treatment in atmosphere where only neutral oxygen atoms in the ground state were present —
such environment is found in the afterglow of oxygen plasma. The degradation was found to be pretty slow,
meaning that the destruction of bacteria was obtained in roughly 200s, enabling ample time to monitor
specific features of oxidation.

Since we measured the density of atoms rather precisely, it was possible to calculate the flux of radicals
onto the surface and thus the etching probability. The experimental results allowed for calculation of the
dose of radicals needed to destroy specific components of bacteria.

An important hypothesis was a non-uniformity of the treatment. Since a bacterium is an inhomogeneous
material, certain non-uniformity in etching was expected. Our results not only confirmed this hypothesis,
but revealed some rather unexpected features as well. To the best of our knowledge, this thesis represents
the first report on spreading of bacterial material into the surroundings during specific phases of the
treatment. The first extensive spreading is observed for bacterial capsule. We found that the capsule
although “dried” prior to exposure to radicals is spread all around bacteria in few seconds of treatment.
This effect was explained by a dramatic increase of the capsule surface energy causing formation of
numerous droplets. This spreading of the capsule has an important consequence: The droplets exposed to
oxygen radicals are completely destroyed in a much shorter time than it would be the uniform capsule. An
important conclusion that can be extracted from these observations is that the removal of bacterial
structures i.e. capsule is not etching atom by atom (as suggested by other authors) but destruction into
droplets happens firstly and only later by etching atom by atom.

Another non-uniformity in etching was observed for the case of the cell wall. In one of our hypothesis
we already stated that the weak point may appear in the cell wall after reciving a certain doses of radicals
and that the envelopes may break and parts spread all aroung bacteria. Our experimental results clearly
confirmed not only this hypothesis but showed numerous small segments scattered all around bacteria as
well. This observation shows that the classical picture of bacterial etching atom by atom is far from being
valid, at least for E. coli and S. aureus. If only atom by atom degradation mechanism acting, it wouldn’t be
visible particules. Instead, we propose another mechanism: as soon as the cell wall is damaged to a certain
degree, segments of peptidoglycan from the cell wall (and other constituents in E. coli cell wall) are
released and scattered around bacteria. Only after this effect, the etching follows the atom by atom theory.

Our observation of segments with well-defined size and shape may lead to novel or at least improved
picture of the bacterial wall structure. Our results clearly show that the segments are similar in shape and
size, so any accidental destruction is excluded. Namely, if the destruction was accidental, the size of the
segments should be far from equal: some would be very large and others tiny. The segments observed
arund bacteria after pretty strong destruction of the cell wall are most probably made from peptidoglicane
(which is etched at lower rate than other compounds in the cell wall). Our results suggest that peptoglicane
is far from being an uniform layer but it appears in the form of well defined pallets with typical diameter of
30nm and thickness of only few nm.

Our hypothesis that the appearance of craks and holes in the bacterial wall cell would cause leakage of
cytoplasm was partly confirmed only for the case of E. coli, and not for S. aureus. Our results clearly show
that the cytoplasm of S. aureus is pretty organised so there are structures that cannot leak anywhere. This
result represents an excellent confirmation for the novel model of bacterial cytoplasm: it consists a rigid
structure called cytoskeleton.
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The results of the systematic work show that the segmentation of bacterial structures dramatically
increases the destruction rate of the types of bacteria we used. Namely, if the destruction was only by atom
by atom etching, the required dose and thus the treatment time would be much longer than determined from
our experiments.

According to our experimental results, we proposed a new model of three — dimensional organization of
peptidogycan in E. coli cell wall. At this model, peptidoglycan is organized in flat, oval or round shaped
pieces composed in such a manner, where pieces overlapping each other and looks like fish scales or tiles
on a roof.

Our research may have an important influence on further verification of new theories on bacterial
structure. As mentioned before, the classical picture of the cell wall structure of Gram — positive bacteria
such as S. aureus is that peptoglycan forms a uniform (continual) envelope. By our method of slow etching
with oxygen atoms, we show a possible way of extremely delicate removal of different consistuents that
may allow for detailed study of the envelope construction.
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