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Abstract

The possible mechanisnisr destruction of two types of bacteria with oxygen radicals were studied.
Samples consisting of standard ATCC strains of Granositive bacteri&taphylococcus aurea@md Gram

I negative bacteri&scherichia coliwere obtained. Bacteria were cultivatadcording to the standard
procedures and fixedhosubstrates oAl foil, highly oriented graphite or highlgolished silicon wafers. In

last two cases, the roughness of the substrates was below a nm. The substrates with bacteria were then
exposed to oxygeradicals in two different environments:ilinductively coupled RF plasma with the

neutral atom density of 1x3m™ and the ion density of 1.4x1%m™>, and 2i the afterglow of the oxygen

plasma with the neutral atom density of 3.5%10°.

Samples wre 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 gbav thin film of capsule covering the
bacteria as well as the space between particular bacteria in small, dimensional aggregates. The
typical number of bacteria within an aggregate was less than 10. The SEM images obtained at low kinetic
energy of pimarily electrons showed that the thickness of capsule was about 100r8n dareusand
about 150nm foE. coli

The first effect of treatment with oxygen radicals is destruction of capsule. Both SEM and AFM images
revealed that a part of capsule wasrapted 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 concluderthation 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 goups. 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 distinguistble 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 wergadatliearound 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 segnts 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 cytoplasnit.otoli and S. aureuswas observé. The cytoplasm of
E. coliwas mainly spilled around bacteria, while the cytoplasr8.cdureugemained its spherical shape
for a long time. Unlike the classical picture of the cytoplasm as aliledlymaterial, our results clearly
showed that th cytoplasm of5. aureusvas 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 striectuas proposed by Jones et al, stating that the
cytoplasm oBacillus subtilishas a rigid structure called cytoskeleton. Our results show that the cytoplasm
of S. aureugeally has a well organized structure and is not just a séquiid substance adaimed 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 surfacebafteria, at which certain steps in the
degradation occur, enables calculation of the appropriate doses of radicals. For destruction of the capsule
on S. aureusthe required dose is 1.6X? and 6.6x16°m? for the case of plasma and afterglow
treatmets, respectively. These numbers are somehow lower for the case of capBuleotinwhere the
values of 0.8x18m? and 1.4x1&m? are found. The dose required to destroy the bacterial cell wall is
7.1x10°m? and 1.9x18m? for S. aureuplaced in plama and afterglow, respectively. The corresponding
numbers forE. coli are 1.6x16m? and 1x16°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 diffiefibéo d
the term fAtotal destructionod of bactefm?andmséei |l | ,
than 2.7x18m? for S. aureusn plasma and afterglow, respectively. These numbers for the cEsealf

are 9.4x1&m? and more tha@.7x1G°mfor plasma and afterglow, respectively.

According to our experimental results, a new model of threelimensional organization of
peptidogycan irk. coli cell wall is proposed. At this model, peptidoglycan is organized in flat, oval or

round $iaped pieces composed in such a manner, where pieces overlapping each other and looks like fish
scales or tiles on a roof.



IX

Povzetek

Raziskoval: smo mogne mehanizme pogkodhb, ki jih
Izbrali smo po eno standardno ATCC vrsto Gram pozitivnih bakt8tgphylococcus aureusn Gram
negativnih bakterij Escherichia coli).Bakterije smo vgojili po standardiziranem postopku, ki ga je

predpisalp oi zvaj al ec, i n fi ksir a&lfdlji, viseko briergiraemmgrafitulini | n i \
visoko poliranih silicijevih rezinah. V slednjjnr i mer i h j e bi |l a hr apPadlagezt pod
bakterijami smo i zpostavildi k i s iiknduktivimo skiopljeni ’kFa | o m

plazmi z gostoto nevtralnih atomov 1X1@n* in gostoto ionov 1.4x¥6 m* in 27 porazelektritvenemu
delu kisikove plazme, v katerem je bijastota kisikovih atomov 3.5xtom=.

Las obdel ave vzorcev v plazmi in porazelektrityv

obdel avi s kisikovi mi radi kal i smo vzorce preisl
elektronsko mikrostipijo (SEM) in mikroskopijo na atomsko silo (AFM). Z obema metodama smo
ugotovili, da je tako na povrgini bakteri] kot
dvodi menzionalnih skupkov, prisotna kaiplsoul manalQtle
manj ge od 10. Slike, ki smo jih dobildi zZz metodo
elektrone, so pokazale, da je debelina kapsule okoli 100 nm za bakterije S. aureus in 150 nm za E. coli.

Prvi opazni pojav pri interakciiiks i kovi h radi kal ov z nagi mi VZor
SEM kot AFM sli ke so pokazal e, da se je kapsul a
kapsule je razpadel na maj hne Kkapl j i cdasmolopaziliso os
nekaj takgnih kapljic tudi v okolici bakteriij, K i
da je opageni pojav razprgitve kapsule specifilr
kapljic po kratkotrajniob d el av i bi stveno velje kot pred obdel
dramatil nega povelanja povrginske energije kapsul
povzrolijo funkcionalizacij o ptimvfungciomalaimi skupmaii.o p ol
Kapljice kakor tudi del kapsul e, ki j e ostala ne
podal j gani obdel avi vzorcev.

Tako]j po tem, ko so radikal:. odstraovirlgi nweldgel i
stene. AFM rezul tati so jasno pokazali, da je cc¢
smo tudi, da kisikovi radi kal i povzrolajo vel a
segmentov, dokler v nekem trenutkui stena tako pogkodovana, da r ¢
segmentov, K i SO raztreseni po okolici bakteri]j
porol a, s aj je Vv nasprotju s kl asi | nambgen@ami s i
bakterijsko celilno steno.

Podaljgana obdel ava z radi kal i povzr ol post or
popolnoma ne izginejo s povrgine podl ag. Po tem,
reagirajo tudi scitoplazmo.Pri tem smo opazili razliko v strukturi citoplaznge coli in S. aureusV
primeruE.colise ci toplazma razlije v okolico bakterije
skl aden s klasil|lno teorikio jzegrmrdeocks thaakltjean g sket c
snov. V primeruS. aureupa se <citoplazma ne izlije v okolico
obli ko tudi po tem, ko je celilna stena ¢ge popol
zgradbi bakterijske citoplazme, ki jo je leta 2001 predlagal Jones s sodelavci. Po njegovi teoriji ima
citoplazmaBacillus subtiisn e k ak no ogrodje, ki ga imenujemo cito
ima citoplazma v bakterijaB. aureugovrstnoo gr odj e, ki je tako togo, da

celilne 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 pagllagalhnoe s amo ge pej
Poznavaje gostote toka kisikovih radikalov na po
za dosego posameznih stopenj degradacije bakterij. Za odstranitev kapsule na lsakgarigusje
potrebna doza radikalov 1.6xXE? v primeru izpostave v plazmi in 6.6xF0m? v primeru
porazelektritvenega dela. Za Gram negativno bakterijoolis o ustrezne vrednosti n
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0.8x13°m? za obdelavo v plazmi in 1.4x¥n? za porazelektritveni del. Doza radi@s) ki je potrebna za

unil enje cel iSlaureusjs%lelfm” viplaznt irelr9k1fm? v porazelektritvenem delu.
Ustrezne vrednosti zE. coli so 1.6x16°m? in 1x1G°m™. Dozo radikalov, ki je potrebna za popolno
oksidacijo bakterijtak da na povr gini podl age ostane |l e ge pepe

in nedvoumno definirati, kdaj je ves organski material povsem oksidiran. Kljub temu lahko navedemo vsaj
pribligne ocene, S.kaureuslOx1Gm& sviplzhinj d:n zvee | kot 2. 7x 10

porazelektritvenem delu ter £ coli 9.4x1#m?v pl az mi i n ®ne poraketektritvéhen? x 1 0

delu.

Na osnovi nagi h rezultatov smo predlagal. nov mode
cel i | niakterjetEeenii. B nagem modelu se nahaja pepdidogli
gradni kov, ki so tanke ploglice ovalne ali okrogle

I
prekrivajo spodnje gradni keaastrghodobno kot ribje | usk
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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 capsiie afireus
Daa csa = Required dose aitoms in afterglow for removal of capsuleSfaureus
Dip csa = Recieved dose of ions in plasma of capsul8.atureus

Dap cwsa = Required dose of atoms in plasma for removal of cell wall. @ureus
Daa cwsa = Required dose of atoms in afterglow femoval of cell wall ofS. aureus
Dap cysa = Required dose of atoms in plasma for removal of cytoplassn afireus
Daa cysa = Required dose of atoms in afterglow for removal of cytoplass atireus
Dap killsa = Required dose of atoms in plasmaiib 8. aureus

Daa killsa = Required dose of atoms in afterglow to Ellaureus

Dap cEc = Required dose of atoms in plasma for removal of capsiitecofi

Daa cEc = Required dose of atoms in afterglow for removal of capsuteafii

Dap cwec = Requied dose of atoms in plasma for removal of cell walt @bli

Daa cwEc = Required dose of atoms in afterglow for removal of cell walt.obli
Dap cyec = Required dose of atoms in plasma for removal of cytopladenood

Daa cyec = Required dose oftams in afterglow for removal of cytoplasmBicoli
Dap killec = Required dose of atoms in plasma to Eiltoli

Daa killec = Required dose of atoms in afterglow to Klkoli
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1 Introduction

Bacteria are very tiny organisms, which belong to lowetigts. They are very specific, in any kind of

their being.These organisms are extremely diverse in shiape miniature spheres, cylinders and spiral
threads, to flagellated rods, and filamentous chains. Bacteria are the smallestpaielé live orgnisms.

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,héledwe often first think of

the bacteria that cause disease, thexeamerous 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 manyisasa 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 duratimhacting 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 beateaitigmical
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 fodithat 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 statethendaseous 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 cotaining 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, sule 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 afie pogssure plasmas in a
nonequilibrium state of gas. In recent years, plaseshnologies are being intensively used for improved
biomedical application such astivation of surfaces of different implant devices, removal of degradation
products after sterilization, sterilization itself etc.

Despite welknown facts about bactarthemselves 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 orstelakragion
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 thpowerful tools such as highresolution 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, JozédinStastitute, 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 déiis 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 pdksixe
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

7 Cytoplasm

Capsule :
TS
Cell Wall <¢

Cytoplasmic
Membrane

section)

pS—
Ribosomes

glycocalyx
nucleoid

1em

Figure 1

Figure 1:Structure of bacterial cela. TEM microphotograph. 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 alige 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 differemtratiwes

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 maaérof bacteria is enclosed in cytoplasm and does not have d well
distinguished nucleus, like other live cells.

Sever al years ago a |l ongstanding Atrutho about
has been overturned. Jones et al. in128i@covered that bacterial actin homologs (FtsZ novBdaillus
subtilisare organized into extended helical structures that play key roles in cell shape redéij&ione
then, the dictum that bacteria have no loagge internal structure has beslowly 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 & function
unit, 207 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 sequenf@steins). [8,9]

1.1.1.2 Genetic material

Prokaryotic chromatin is highly condensed and forms a pseoihpartment that frequently occupies a
distinct region (mostly central) within the cell, which is characterized by the absence of ribosomes. Though
a membraneloes 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]

n
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Bacteia generally possess one circular chromosome, even though species with multiple circular or
linear chromosomes have been described. [15,16]
The chromosome is organized into plectonemicalbund loops of DNA that radially emanate from a
central core. Thisnodular 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 bactescies 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 proteinhat show longange 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 &, FRtsA, MreB,
Crescentin, Par M, Par R, SopA SopB, Bt ubA/ B, Mi n
further progress in this field is expected be achieved. Since few years ago it is known that bacterial
cytoskeletal homologs exist for all of timeain 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 emerfieese include the discovery thaere 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 kaoyotes, often using different mechanisn@ytoskeletal 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 phosphidid 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 ar®usummerteins
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 schematilyah Figure 2.

a ALPHAMELIX PROTEIN
&
i

oy
ol

S
OLIGOSACCHARIDE a

Jl  SOECHAN- ¢ [/ )
4 V// ! »

HYDROPHOBC

SEGMENT OF =
nerareux PROTEN (_p
CHOLESTEROL

Figure 2:Bacterial cell membrane. schematic diagran,. microphotograph of the lipid #ayer after staining.
[24,25]

Cell membrane has a seemingly contradictory double function. It is strict dividing line between internal
compartmet s of the cell and cell 6s environment, but
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 (lmmhesof 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 cellsBadteia (eubacteria),

with the exception of th€hlamydia have a semi rigid cell wall containing peptidoglycan. Anehaea
(archaebacteria), that are often found growing in extreme environments, also have a semi rigid cell wall,
but it is composed of chemisadistinct 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 fetures 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 mainiag bacterial shape and proves insensibility to
osmotic shocks, (e.dacillus subtiliscan resists pressure up to 50 f2&i), 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, Gpaositive and Grammegative, according to
capability to adopt different colours by Gram colouring process . Capability to adopt differeatscol
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 Figejre 5.

Figure 4:a. TEM microphotograph of Gra-positive cell envelop&M cytoplasmic membrane, CW cell wall, S
surface layer. b. TEM microphotograph of Gramegative cell envelopeCM 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 wédichematic diagram). [29]
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Properties of two main types of the cell wall are shown in Tabéd major classes of chemical
components in bacterial cell wall are shown in Table 2.

Tablel: Properties of two main types of the cell whall

Property Grampositive Gramnegative
Thickness of wall 20-80 nm 10-20nm
Numberof layers in wall 1 (up to 40) 1-2
Peptidoglycan content >50% 5-20%
Teichoic acid in wall + -

Lipid and lipoprotein content 0-3% 2550%
Protein content 10% 30-40%
Lipopolysaccharide (LPS) 0 3545%
Sensitive to penicillin Yes Less gnsitive
Digested by lysozyme Yes Weakly

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

Table2: Major classes of chemical components in bacterial cell wall.

Chemical Component Examples

Gram-positive cell walls

Peptidoglycan All species

Polvsaccharides Streptococcugroup A, B, C substances
Teichoic acid

Ribitol S. aureus, B. subtilis, Lacobacillus spp
Glycerol S. epidermidis, Lactobacillus spp

Teichuronic acids (aminogalactouronc or
aminomannanouronic acid polymers)

Peptidoglycolipids (muramylpeptig@lysacharid:
-mycolates)

Glycolipids (fAwaxes?o
mycolates)

Gram-negative envelopes

LPS
Lipoprotein

Porins (Major outer membrane proteins)
Phospholipids and proteins
Peptidoglycan

B. licheniformis, M. lysodeikticus

Corynebacterium spp, Mycobacterium spp, Nocai
spp

All species

E. coli and many enteric bacteridfseudomonas
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 polynjia®]

It consists of three parts:

a. the main structure, of repetitively sited peptidoglycan monpmeaich consists of two amino
sugarsconnected via b (1, 4) gN-acetyylgcosdnmine (GlkNAT,d , o n
NAG), and the other one, -Blcetyl muramic acid (MurNAc, NAM), actually glucosamine
etherified at @3 with lactic acid glycan consisting, both together forming glycan chain (Figure 7.)
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Figure 7:Chemical structure of peptidoglycamonomer and side tetrapeptide ch§3i]
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b. identical (for each species), collaterally sited tetrapeptide amino acids chains, attackecbtg N
muramic acid and,
c. cross links of pentaglycine (five molecules of glycine aminoacid) peptide chaweehehem.

Usually, L-alanine is onl®, position, attached to MurNAc as shown in Figure 9gl@tamine (or

replacement for it) is og™, position. Positior8", it is the most variable. Llysine or some other-lamino

acid can be placed. A lot of Granegative bacterial species have meso diaminopimelic acid (DAP)
[aminoacid| on this position. Some Grpositive bacteria have DAP on that position, too. DAP is the
element(amino acid) which could be find in bacterial cell wall org}]. Usually, D alanine is sited oa",
position of side chain as shown in Figures 6. 7. and 8. [26]

Chemical structure and bonds between components of peptidoglyeahown in Figure 10. (numbers
show targets for different enzymes). Crtiking between peptides of adjacent glycan strands, according
to composition and binding, can be possible in two ways. In group A, thelickiag within the
peptidoglycan tals 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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Figure 8: Chemical structure of the peptidoglycan of Staphylococcus autdemvage siteshown: 1 enddN-
acetylmuraminidase, 2-BcetylmuramiL-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 rdtato 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 moiély-¢2 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 crosknks, so such peptidoglycan possesses a more dispersed structure, as
shown in Figure 9. In some Graimpositive bacteria degree of crdsdinking is distinctly higher due to
multiple layers arrangement. [32]

o MurNAc o *1,6Anhydr0MurNAc O GIcNAc I/ Peptide

Figure 9:Schematic spatial structure of the peptidoglydands of peptidoglycan chain antbsslinks shown

Many of Gramnegative bacteria have direct peptide bounds between DAP of the one side chain, and
terminal alanine of the other side chain (lask 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, toamore th
hundred. For example, in caseSifiphylococcus aureuasn average of 15 disaccharide units was found. In
case ofEscherichia colaverage chain length of only 9 disaccharide units for about 70% of glycan chains is
supposed, and of about 45 units fanaining 30%. [26] It is found that the terminal muramic acid exists in
its 1,6anhydro form (Figure 9).

1.1.3.1.1 Spatial structure of peptidoglycan

Because peptidoglycan chains have clivds, it was supposed for decades that entire layer functions as a
single hge molecule. Initial idea of the spatial structure of peptidoglycan was that etryatalline
network enclosing the entire bacterium with presumably longitudinal polysaccharide strands arranged in
ring shape ar ound -linkingeby pegidelbridgest dhe icrodénleed peptidoghscan
molecules form a network, which covers the cell like a grid, as shown in Figures 6 and 9.

Grampositive bacteria have up to 40 layers of abmantioned peptidoglycan, which can consists
more than 50% of baciaf cell wall. Gramnegative bacteria have one or two peptidoglycan layers only,
which form 520 % of their cell wall.

Koch [33] supposed that saccharide chains and peptide bridges form hexagonal stiuessesea
(shown in Figure 10yvhich are fusedogether to form patches of a covalent structure. These patches are
linked together by peptide bonds to cover the cell.
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Labischinski et al. [35] proposedmaodel where the polysaccharide chains of adjacent peptidoglycan
layers in Grami 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 peptododdyeas 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 Graagative 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 coetpl crosdinking. In the Grarnrpositive bacteria the glycan strands
comprise 10200 disaccharide units and are crtisked throughout the entire length. In this way, a thick
matrix with helixshaped channels is formed that harbor either teichoic aclgstgichoic acids piercing
outwards through the wall. [36]

1.1.3.2 Specific components of Grarrpositive bacterial cell wall

Beside peptidoglycan, there are some structural components, specific fopGsiine bacterial cell wall.
Gnenerally, complex polysacahides 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 speaiomplex polysaccharides, teichoic acids and
teichuronic acids (produced if the bacteria grow under phospleéitéent conditions), which can be up to

50% of complete cell wall. These components are specific structures in thepGsaive cell wall, wich
represent the long, thin molecules that weave through the peptidoglycan. These molecules are the
phosphodiesters polymers of glycerol or ribitol joined by phosphate groups(FRtyplphosphate)
Teichoic Acids and PolGlycosilpolyolphosphatejeichdc acids can be found. Monocaccharide
molecules (manose, glucose, galactose etc.) are connected in repeating building units. Aditionally, glucose
and amino acids such asdlanine can be attached as substituents onifod¢ 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, sanitstitches various layers of the
peptidoglycan mesh together.
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Figure 11:Chemical structure of teichoic acid8.7]

There are two types of teichoic acids in the cell wall: teichoic acids of the wall, covalently connected to
peptydoglycan, and teichoic acid of the cell membrane which have lipid component (lipoteichoic acid),
additionally anchored to membr §38] albofthegel molecolésiagi d e s
negatively charged and can bind metal ions, mainly'Mg&* and K'. Teichoic acid stabilizes the cell
wall and makes it stronger. It plays an important role in growth and division of thg6gllAlso, 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 Gramsitive bacterial cell wall that include

sugar phosphate polymers, anionic polysaccharides and lipoglycanes. Sugar poly phosphate polymers may
consist of repeating units ofi18 monosacchariddiked 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 brancheat homo
heteropolysaccharides and may have glycerol phospaisaside chains.

1.1.3.2.3 Proteins

These componentiscorporated in Grarh positive cell wallrepresent complex high molecular compounds,
which are completely or mainly composed of amino acids. According to their polarity and electric charge,
essential aminocids can be divided into negolar 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 connectegeptide 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 thferoaation of the basal scaffold of the peptide
chain. The thre€limensional arrangement of the polypeptide chains is called tertiary structurenkeogy
linkages as well as mainly hydrophobic linkages and hydrogen bridges, but also ionic and van sler Waal
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 rathealile 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 completattgation is possiblender 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 haystructural and functional duties.

According to their functions, two types of proteins in Gramositive cell wall can be distinguished.

The first group represents those located between periplasmic membrane and peptidoglycan layer, in a space
similar © the periplasmic space of Grdnmegative 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 differentiat¢dhose that anchor at theiCterminal 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 theirtdrminal region (lipoproteins)26]. The proteinof the

first group usually consist of three regions, & @rminal anchor region, a wall associated region and a
surfacel exposed region and they are responsible for various biological effects. Many of them hiave a so
called sorting signal (sequencd)he 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 Giiarpositive bacteria. For example, in genus
Streptococcuscan be found MT proteins, T1 proteins, OF apoproteinase, and also enzymes
neuraminidase 3-N-acetylxehosaminicase}-D-fructosidase and dextranase. In ger&taphylococcus
protein A, clumping factor (coagage) and collageh binding protein are described. Both of these genera
have fibronectiri binding proteins. Both of them possess various other types of proteins, which can bind
different host proteing40]

Almost all of these proteins are synthesiseplaiysomes, 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 Gam-negative bacterial cell wall

The cell wall of Grarmegative bacteria is much thinner, but much more complex and, consisting only up
to 20% peptidoglycan. Grammegative bacteria also have two unique regions, which surround the plasma
membrane: the pgriasmic 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 concentratedigéke matrix, periplasma, consisted of aqueous sgmubf 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 81 16% of total cell volumeEmbedded in it, covalently linked to outer part of the cell wall, a rigid
peptidoglycan layer is placed.

Figure 12: TEM microphotograph of Grani negative bacterial cell wallOM Outer membrane, PG
peptidoglycan, CM cytoplasmic menare, 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,sbcal |l ed Bayerdés patches.
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1.1.3.3.2 Outer membrane

Adjacent b the exterior peptidoglycan layer, complexdyer structure similar to that in the cell membrane

is located. I'n various bacteria, different types
well as proteins can be incorporated insideg 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 connedtevith lipidsi lipopolysaccharides (LPS), specific polysaccharides, proteins and
very small (if any) amount of phospholipids. Thi
lipoproteins (see Figs. 21). On average, outer membrane consistg15¥36f 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 hydtaipremd a hydrophilic part.
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Figure 13:A chemical structure of LPBinding 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 af IR,
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 Micetylglucosatine (NAG) dimmer. Six or seven long chain fatty acids, pointed in some
direction, can be attached on 2, 3a@d 3 sites, while position‘ds a binding site for the first Kdo of the
core region. (shown by arrows figure 13.)The hydrophilic part repeents often a long chain of
polysaccharides consisting of two different regions, which are called the core region andpheifio
polysaccharide (shown ifrigure 13.). The latteelongates into surrounding medium away from the
bacterial surface.
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Core egion is a highly conservagmblysaccharid@art of LPS, which consists of two different parts, i.e.
the inner core (heptod€do-region) and the outer core (hexose region), shown in Fig. 14.

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

soopoapoobodBe bR

O Monosaccharide

Fatty Acid P Phosphate

Figure 14:Schematic structure of LP$26]

The high degreefghosphorylation 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 fouR®& iof different Grafimegative
bacteria. [43] In Rforms (rough forms) of bacteria, core region is most prominent in outer space.

In soi called Si form (smooth form), which represents wild type (usual) of the most of Gram
negative bacteria, most pninent to outer space, @n extremely variable Qolysaccharideantigen. G
antigen is present iniStype of bacteria only. It can be up to 90% of the whole LPS amount. It consists of
polysaccharides with 2040 repeating units containing two to eightmsacharides. These sugars present
in O-antigen may vary greatly, even within single specié®e structures of several hundredsecific
polysaccharides from various bacteria have been elucidated. [44] Polysaccharides that extend out from the
bi-layer dso contribute to the toxicity of the LPR6]

In outer membrane, part of LPS is hydrophobically bound, the rest \f4 ang C&" bridges. LPS
molecules held together by hydrophobic bonds and*Medges in the membrane plane, by the high
number of Mé&" 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 chardttsrfound in all enterobacteria
(Grami negative bacteria living in bowlenteron 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
covalentlylinked to the core of LPS carrying no-€pecific chains. All ECA forms consists of repeating
units of the structure»3)-a-Fucp4dNA(1—4)-B-ManNpAcA-(1—->4)-a-GIcpNAc-(1-.

1.1.3.3.2.3 Proteins of outer membrane (OMP)

These proteins can consist up to 50% of the total mlssiter membrane of Gramnegative bacteria.

Mostly, they are iru-helix andB-sheet structures (which represent secondary structnréje case oéi-

helix, peptide chain appears in the form of screw shaped, coiled structurg-sihbet structure isreated

in such a manner that H bridges are between parallel running peptide bleximsrane proteins of Gram

negative bacteria express specific tertiary structure. Generally, for energetic reasons, peptide chains in the
proteins are arranged in suchway that the hydrophobic regions point inwards. However, membrane
proteins, especially the integral, tramgmbrane ones, are exceptional since they are located in a
hydrophobic environment, so they are hydrophobically bound. Proteins can be found imathéd G
negative cell wall in various chemical compositions such as glycoproteins, lipoproteins and
phosphoproteins, too.

According to their function, membrane proteins appear in several forms. Clamielg proteins,
(porin proteins, specific channels fiang 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 Jikrizea vitamin By,
Structure proteins (Braunés || ipoprotein, OmpA prot
stabilize it, especially in conjunction with LPS, because LPS are necessary for the correct orientation of the
proteins. There are some othgpes of proteins with various functions in different regions of membrane.
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Similar as proteins of Grarn positive bacteria, those of Graimnegative bacteria argynthesised 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 paranes.

On the basis of various experimental techniques, a number of models ofi @sitive and Grarnii
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 aerage 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 calledyfyeptidavhich 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 Grgmsitive and Grani negative cell
walls.

1.1.3.4.1 Cell wall models of Granii positive bacteria

The Grani positive cell wall is thick and relatively simply structured. In electron microphotographs of cell
envelopes of this type of bacteria, two or three electratense 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 assumg a mosaid like cell wall structure, have been proposed. [45] According to
these models, the Grainpositive cell wall consists of only one thick layer, which is not homogenous (Fig.
15).
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Figure 15:Model of the Grani positive cell wall accordingot 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 glymn 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.nprdteiand A) are fixed in the
peptidoglycan layer, may form fibrils that protrude outwards from the cell surface. They azevadently
attached to the cell wall, for instance to lipoteichoic acids.

As mentioned above, Dimitriev et al. published compjetelw 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 etBllack 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 Gramnegative bacteria are outlingtipse of the Grarn positive cell wall are much longer (100

200 disaccharides). [36]

In the Grarrpositive bacteria the glycan strands comprise-2@0 disaccharide units and are cross
linked throughout the entire length. In this way, a thick matrix Wélix-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 Grammegative bacteria corresponds to the height of one turn of
polysacchade helix (four disaccharide units; 3,92 nm), which is necessary to completdimtkoxs

1.1.3.4.2 Cell wall models of Granii negative bacteria

Electron micrographs of Graiin negative bacteria show three or four eleclense regions in the cell
envelope (sed-ig. 12). The innermost is cytoplasmic membrane. Outermost is outer membrane, and
between them, in liquid periplasmic space, rigid peptidoglycan layer is placed. Sometimes, &n be
present at the surface of the outer membrane.

At the model of the Grmi 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 sacalled matrix proteins, which are stabilized by lipoproteirgs @manged in such a manner that they
form one membranspanning channel at its axis.[46]
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Figure 17:Model of the Grani negative cell envelope according to DiRienzo ePalphospholipids, OM outer
membrane, PG peptidoglycan, PS periplasmic spacecy@dplasmic membrane.

It was postulated that the cell surface is not homogenously covered bysthecific polysaccharide
chains of LPS, but rather contains isle structu
proteins (OmpA) stabilize cgoiete 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]
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Figure 18:Model of the Grani negative cell Bvelope by Hancock et al. LPS, 2 trimeric Omp#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 adopa number of spatial arrangements. Phospholipids in inner leaflet are fluid, while LPS layer
furnishes a highly ordered quasistalline structure with very low fluidity. Additionally, both components
appear in two thermal phases: the ordered dige b1 phase in which the fatty acid chains arei allans
arranged, and the more fluid liquicc r y s t & phhse, minevhidlijaucheconformations appears.

1.1.4 Other structures

1.1.4.1 Si layers

Surface layers (so callediSayers with S from surface) are cooged of identical protein or glycoprotein

molecules, aggregated to crystalike planar structures, which cover the entire cell surface. Someone
described it | ike fdAperi odiidayensae widérspreagd o bdthaGralmmonol ay e
positve and Grami negative bacteria. They form, depending on their origi?55m thick square

hexagonal or oblique angled lattices on the cell surface (Fig.19).

Figure 19:Electronmicrograph images of different types efaygers.(Bar lergth 10nm) [49]

(@) (b)
S-layer
S-layer Peptidoglycan
and/or other
polymers
Cytoplasmic _
membrane Cytoplasmic
membrane
J S-layer
g S-layer Membrane
(glyco)- protelns
Outer membrane protein
Peptidoglycan Peptldoglycan or E Membrane lipids
other polymers

Cytoplasmic
membrane Lipopoly- Lipo-
Porin saccharide protein

Figure 20:Schematic illustration of the supramolecular architecture of the three major classes of prokaryotic
cell envelopes containingl8yers.a. Gramnegative Archaea; b. Granpositive Archaea and Bacteria; c. Gram
negative Bactéa. [50]
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They form pores, which in a giveniSayer, are identical in size (diameters mostly betweér8Zm)
and the pores occupy up to 70% of the surface. Position of S layers and their supramolecular architecture at
main types of bacteria is shownRigure 20.

This structure is assembled by auto aggregation of mostly identical subunits, joined to each other and to
the wunderlying |l ayers (pepti do-golalert dands (eleerostaticu r o n |
hydrophobic or in the case of negativeharged S layers also via Mg bridges). The functions of §
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 periplasmiclspdcanall cations
and celli associated exb 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 ont#igeoof 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 belosely 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 batwirface of Gran 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.

CAPSULES
A il immersion (100X)
A \, .
4, ot \

Figure 21: The capsule structurea. 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 atgb a protective role. This layer of polysaccharides, in the most cases acid,
(sometimes proteing@oly alcohols or amino sugars) protects the bacterial cell and is often associated with
pathogenic bacteria because it serves as a barrier against attack byost 6 s i nifdulme sy s
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 ca 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 mdest themselves in the form of bfibms, 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 wefacee
different in size and function. Under certain conditions, bacterial cell may lose them without losing its own
vitality.

Flagella arescrewi s haped f il ament s ©30nmthickZFps. 22randl28).rBgctedan d 1 0
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,ftatyelar hook and filament. Function of flagella is
locomotion.

Figure 22:Flagella and pili.[52]

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

Pili (fimbria) are hairi like appendages, 12 e m | ong and up to 10 nm thick
significantly higher than flagella and they are dispersed across entire bacterial surface. There are several
types of pili. Bacteria mostly use thewr fadhering 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, lik€lostridium and Bacillus form structures included in the vegetative bacterial cells,
calledspores (endospores), shown in Figure 24, which are highly resistant to drought, high temperature and
other environmental hazards.

ez 0, BE0 T

Figure 24:SEM microphotograph of Bacillus stearothermophilus spore fornfargow)

Endospores can bevitled 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, whiskestial 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 cillogss.

Each single cell forms only one spore. That structure survives, in cases when the other components of
bacterial cell are destructgé3]

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

1.2 Damaging and detruction 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 protectetimselves 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 agentsapplication 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.

|t is necessary to explain the term ''"death of
single practical criterium is the failure to reproduce when, as far asnknswitable 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 @ wt h condi ti ons, [5#]Fhisésahe mosdcemmardpoiatof d e a
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 ageaipable 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 process¢s5]

Type of processAgent Application Comments

Physical

Dry heath (Sdi&ftiGhA) tess effective than moist heath

Moi st heat hStériiadich0 C Ase of autoclave

Moi st heat hDiginfle@inCA) nacti vati on of bacter
vaccine production

Cold /freezing Preservation  see text
lonizing radiation Sterilization
Ultraviolet radiation Disinfection consideed a surface steriliyer only

Hydrostatic pressure  Disinfection (?) activity dependent on concentration and temp.

Chemical (vaporEthylene oxide ethylene oxide also used as sterilizing agent
phase) Propylene oxide Disinfection
Formaldelyde possible carcinogenic
b-propionolactone propionolactone
Chemical (liquid Acids and esters, alcohols, glutaraldehyde (pentanedial): has been consider
phase) aldehydes, and aldehyde a "chemosterilizer"
Releasing agentbalogens quarterny ammonium compounds: also used as
(including chlorine Disinfection or antiseptics
releasing agents), metal@reservation  chlorhexidine salts are importantant antiseptics,
phenols and cresols, disinfectants, and preservatives

Other

Combined
processes

guarterny ammonium
compounds, biguanides

Dyes (acridines, Antisepsis now little used
triphenylmethamine)
Metal chelate complexesAntisepsis

Organic mercury Preservation or important pharmaceutical preservatives

compounds antisepsis

Silver compounds Application to  effective againsPseudomonas aeruginosa
wounds

Bacterial vaccines and subunit vaccines sometimes available

toxoids

Viral vaccines Prophylaxis

Rikettsial vaccines

Antisera Therapy

Antiviral protein Chemotherapy

(interferon)

Heath + chemical Sterilization method at one time used in United Kingdom

to sterilize certain iniections and eye drops
Irradiation + chemical Sterilization

Thermoradiation Stailization use of lowered radiation dose in combination
with substerilizing temperature

Heath + hydrostatic Sterilization (?)

Chemicals + ultrasonics Sterilization (?)

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 problenstisgaigh 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 agent$55]

Targets Agents Effect

Cell wall Lysozyme Att acks pepHilinkggl ycan (b 1
Adehydes Interaction withi NH, groups
Lysostaphin Peptidase liberates-términal glycine and alanine
Anionic surfactants High concentration: lysis

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

Lactoferrin, transferrin Iron-binding proteins with effects apparently similar to ED1
Polycations (e.g. polylysine) Displace cations
Cytoplasmic Moist heat, phenols, quarnary Leakage of lommolecularweight 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, ionizin extensively studied (see text and Table 3.5)

and ultraviolet radiations
Enzymes or Metal ions -SH groups of enzyms, which may be membrane associat
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 Talife®ts on bacterial cell of the most
frequently used techniques are presented below.

1.2.1.1 lonizing radiation

It is a process in wibh electrons are stripped from the atoms of material through which radiation passes.
Types of ionizing radiation are -Mys, y-rays, highi speed electronsp{rays), protons, and-rays
(positively charged helium atoms). Actually, in practigeays and-rays are used.

lonizing radiation is believed to exert its effect by causing sirgl@oublestrand breakages in DNA
(the latter being more lethal). There are some bacteria fairly resistant to ionizing radiation. The most
resistant of them iBeinococus radioduranswhich exhibits an efficient repair process for both ionizing
and UV radiations.

Bacterial spores are more resistant to ionizing radiation than vegetativisgeliZ] There are several
reasons for it. These include the presence of faditective 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, eram increased
sensitivity to environmental stresses at the outgrow phase. Singtel breaks can be repaired in dormant
spores or during postradiation germination58,60]

1.2.1.2 Ultraviolet radiation

This type of radiation has a wavelength range betwe@ra@dl 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 nossporulating bacteria to UV light results in forming of thymine dimers
between adjant thymine molecules in the some strand of DNA. Other dimers can be formed, such as an
uracit thymine heterodimer. The induction of dimers causes a death of bacterial cell. Inactivation can be
rapid, and low doses can be us@B] Some bacteria are cadpa to repair this damage, especially
Deinococcus radioduransRepair mechanisms can be photoreactivation, excision repair, posteplication
recombination repair and errprone repair[64] Bacterial spores are usually more resistant to UV light
than vegettive cells. Small acigoluble spore proteins (SASPs) appear to coat DNA in wild type spores of
Bacillus Spores lacking SASPs are significantly more sensitive to UV than normal[6&les.
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1.2.1.3 Heat

Heat is one of most frequent used physical agents actingsagaicroorganisms, 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 1[@®}oIn practical applications,
temperatures between 121 and “ere 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 cellfit§87,67] In Staphylococcus auretdg? is lost from theichoic
acid in the cell wall. IrEscherichia coli structural damage occurs to the outer membrane, and the cells
become more sensitive. In both bacteria, ribosomes frordrfjaesgd cells have a ddrent sedimentation
coefficient than untreated ones. Singled double strand breaks of DNA occur, similar to those induced
by ionizing radiation.

Mild heating causes an increase in mutation frequea®y.Vegetative bacteria heated at dathal
tempeatures may show enhanced resistance when exposed subsequently to higher temfg9p8oe®
bacteria such a@acillusstearothermophilusan normally grow at 8& or even higher temperatufg3]

Cell revival appears to be related to repair of DNAakse During heating at 8Q, Escherichia colican
synthesize a small number of so called fheat shocko
to express new information that may be needed to repair the multitarget damage induced by i@}t heat

The thermoresistance of spores depends of several factors affecting protoplast: a) dehydration, b)
mineralisation, c) thermal adaptation, and d) protein thermotolefatic&/hen bacterial spores are
lethally heated, intracellular constituents ae¢eased and there is a progressive loss of dipicolinic acid
(DPA) and calcium, the rate of release being temperdpendent, but it would appear that viability loss
precedes DPA leakage (so leakage can not be considered a primary[Bfect).

Higher gowth 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 anédrgely 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
manganse are located in spore coj@d] The water content of spore (much lower than in vegetative cell) is
likely to be a controlling factor in its sensitivity to moist h¢&t,72]

SASPs lacking spores are more thermosensitive than wild type g@8tddaintenance 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 {@p to 180
and longer exposing times must be used in practice. Oxidation prgiéapdyan important role in this type
of destruction of bacterigg5] An effect on DNA is possible, too.

Sublethal temperature induce mutantsBacillus subtilis as a result of depurination, and dry heat
sensitivity of spores could result from gendticaletermined differences in the water content or water
retaining capacity of the sporpst,75] The water content is an important factor in determining their
inactivation by hea{76]

1.2.1.4 Cold/freezing

Growth of microorganismslows down and eventually, st® 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 approach@igliese are termed psychrophillic.

Cold shockrefers 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 hacielidference between
mesophiles (growing best near human body temperature; humiaogeas belong to this group) and
psychrophiles (growing best at neamro temperatures) might be related to differences in membrane
composition. Lowmolecular weight material is released from chilled cell as a consequence of an increased
permeability of tle bacterial cell membrane, which in turn occurs because of a phase transition in
membrane lipid§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 inTable 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

Same antibiotics such g&-lactams, ecycloserine and vancomycin are active only against growing cells.
Beside the antibioticshere are other substances active against growing angjrmaving cells.

EDTA (ethylenediamine tetraacetic acid) is not a powbhctericide agent on its own, but it has some
effect to Grammegative bacteria. It was found to be inhibitory (despite earlier claims) to-@rsitive
bacterial cells, but mechanism is not clearly underst@@illts usefulness is in the fact thatén increase
activity against Gramnegative bacteria of chemical unrelated antibacterial agents. For example, enzyme
lysosime induces lysis of some Grgositive bacteria, such as those from gergaaillus, Micrococcus
and Sarcina,which is effected by ydrolysis of thef,1-4 links between GIKNAc and MurNAc in
peptydoglycan.Staphylococcus aure# can be lysed by lysostaphin), and typical Grraegative bacteria
are all resistant to its action. With Graragative bacteria, lysosime does not penetrat@titer membrane
of the cell, but does so when the outer membrane is destabilized with EDTA. It is chelating agent, which
combines with cations Mgand C4" associated with outer membrane of Graegative bacterial cell. At
some time, large amounts after membrane lipopolysaccharide are released, so outer membrane is opened
up and then another, chemically unrelated molecules can enter [@Side. contrary, despite the fact that
EDTA has an effect against Grapositive bacteria, it does not increabeir sensitivity to antibacterial
agents.

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

Mechanisms of acting glytaraldgte (pentanedial) are not completely clear. In one way, it has the
following effects on bacteria: a) crelsking of peptidoglycan in Gramositive bacteria, such that
reduced lysis occurs with lysosime or lysostaphin b) interaction with protein in theatleof Gram
negative bacteria, so that lysis by EDTAysosime 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] Otme 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 ofialdehyde
protein interaction in the outer structures of the cell. [@bfe potent orthgphthalaldehide (OPA) is
recognised as a new chemical steril§8g]

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 otherest too.

Chlorhexidine and quaternary ammonium compounds (QACs) lyse bacterial protoplasts and
spheroplasts. Chlorhexidine affects the outer membrane of-Gegative bacterial wall with release of
periplasmatic enzymes and disturbs the functionalitpiwéi membrane by direct inhibition of membréne
bound and solubile Mg ATPase.[83] Cetyltrimethylammonium bromide affects proton moving pump
through citoplasmatic membrane irStaphylococcus aureus [84] Some agents such as
tetrachlorsalycilanilide can uncouple electron transport (oxidative phosphorilation) and ATP synthesis in
cytoplasmic membrane, consequently disturbing protoring force. [67] Binding of polyxexamethylene
biguanide to negatively charged Gragative celsurface 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 constit(@sité new steilisant, a
modified polyhexmethylabiguanide combined with silver iodide acts to outer membrane and internal
structures, too.

1223 Agents acting against cytoplasmbés component

Mechanism of acting of chlorine has not yet been completely elucidated. Itvis khat 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 tie cell wall. It is possible that hypochlorous (HOCI) deliberated in reaction of chlorine
with water and formed by hydrolysis ofdhloro compounds, can be bactericidal.
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However, inhibition of the essential cytoplasmic metabolic reactions is largely réddpofos 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 veslIRNA. 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, 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-[ 2h§droxyethyl) guanine. Alkylation of phosphated guanine in nonspbascteria

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 agentat timclude 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 stagésporulation, 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 mbablyp
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 astivation of polymer materials, moi&tion of different implants, sterilization

etc. [94]Low-pressure plasma is a nequilibrium 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 molemifation. 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 ff>. 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 thalrthave Maxwellian energy distribution function), so the electron
temperature can be defined. Typical electron temperature Hpriessure plasmas is between 20.000 and
100.006C. [101]
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Apart from ionization, the electrons with such a kinetic energy raages 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 beedeited by light quanta emission. In the latter case, the states
are called metastabl&@he energy exchange at elastic collisions of electrons with heavy particles is poor,
due to a low mass of electrons. There is Ugualso 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-pmeksure
plasmas: neutral molecules and atoms, positively charged molecules and atoms, negatively charged
molecules and atoms, and light quanta. Interesting fasnph 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 discha&rge, shap
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 actitigis 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 ag¢®2,93,94,96,98,104,105,106]

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
desorptiom 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 norequilibrium chemistry are small moleculesg(eCO 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 volatilempounds (spontaneous etching). The reactive
species can be atomic and molecular radicals, for example O adCGexcited molecules in a
metastabile state, for exampl&, singlet state. This chemistry, which occurs under
thermodynamic equilibrium condbins, yields small molecules (e.g. &®,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
aceelerating 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 oxidatifai]

Beside these elementaprocesses, 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 plasmasgiuébuo 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 kinedxc#ation
energieslts 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 energyttiansformed 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 statake 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 polymems 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 techniqu§®?,93,94,95,96,97,98,103,1,0405,106,107]This is why we
decided to perform systematic research on interaction of oxygen atoms with several types of bacteria.
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1.4 Methods for visualization surfaces of bacteria

Various methods can be used for investigation of interactions of plasnmastagmcteria. 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). [108,109,110,11112,113,114,115,116,117,118,119] 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 microscopfAFM) is a highresolution type of scanning probe amiscopy, 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 toofer imaging, measuring and manipulating matter at the nanosdaileonly

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 duringrighagd 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, asurface 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 aswwélsical properties of a surface with
a sharpened probe (see Figure d4e information is gathered by "feeling” the surface with a mechanical
probe.

N

= 1

Figure 26:The principle of creating AFM imagg109]

The AFM consists of a microscale silicon tver with a sharp tip (probe) on its end, which is used to
scan the specimen surfacehaPe 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 lonty anfe:w
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: ypes of cantilevers and tip/-shape above;dhape below. [109]
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The areas scanned by the probe are around 180 m. I n practice, the hei
scanned with an AFM are less than 20 um.

When the tip is brought into proximity of a sample surfdoeesbetween the tip and the sample lead
to a deflection of the cantilever accordingHooke's law(F= -k. d), where F is the force acting on the
canteliver, kis spring constant of the cantilever, and d | s its difiec[112]

Depending on the situation, forces that are measured in AFM include mechanical contaviafoibey,

Waals forcescapillary forces chemical bondingelectrostatic forcesmagretic 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
resoldion. 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 bedime reflected laser beam strikes a posigensitive
photodetector (PSPD) consisting of four sijeside photodiodes. The difference between the four
photodiode signals indicates the position of the laser spot on the detector and thus the angtitam déflec
the cantilever.

4 quadrant
photo detector

Cantilever

deflection

Laser measurement

Xyz-
stage

sample
sample stage

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 thiedimensional shapef the sample surface (deflection image). AFM uses
a PSPD to detect the deflection of the cantilever

The primary modes of operation are static (contact) mode and dynamic mode. Consequently, this
technique is typically callegontact 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, tfusleantilever is externally
oscillatedat or close to its fundamentedsonancdrequencyor a harmonic The oscillation amplitude,
phase and resonance frequency are modified bsatigpleinteractionforces; 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 robasid periodic samples. Soft samples
particularly biological samplek 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
sampleshasdben overcome to a | arge extent by the intro
of maintaining a constant tigample distance of a hanometer or so, the cantilever is oscillated in a direction
normal to the sample resulting in only intermittemtemt 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 samplesOz0i roh
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 ther ¢antilev
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 actimgn the cantilever when the tip comes close to the surféare der Waals
forceor dipoledipole interaction, electrostatic forces, etc cause the amplitude of tilistmecto 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 theantilever 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 amplitufie08aiEhere 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 anemirane bound proteins, and living cells.[113,114,115,117,119]

1.4.1.2 Scanning Electron Microscopy (SEM)

The devel opment of the Scanning Electron Microscope

the 1950's brought with it new areas of study in theiocal and physical sciences because it allowed
examination of a great variety of specimens.

The scanning electron microscope (SEM) is a typeleEtron microscop¢hat images the sample
surface by scanning it with a higimergy beanof electronsn araster scapattern. The electrons interact
with the atoms that make up the sample produciggadé that contain information about the sample's
surfacetopography composition and other properties suctekstrical conductivity The types of signals
produced by an SEM includeecondary electrondack scattered electrons (BSEharacteristic xays
light (cathodoluminescene specnen 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 beasthermionicallyemitted from arelectron guritted with a filament
metal (usuallytungstef cathode The electron beam, which typically has emergyranging from a few
hundredeV 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 les, which deflect the beam in tRkeandy axes so that it scans inraster
fashion over a rectangular area of the sample surface. (See Figure 32.)

When the primary electron beamtéracts with the sample, the electrons lose energy by repeated
random scattering and absorption within a tearditmgped volume of the specimen known as the
interaction volume, which extends from | eSftse t han
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 electrorsy inelastic scatteringreflection of highenergy electrons bglastic scatteringand
the emssion ofelectromagnetic radiatigeach of which can be detected by specialized detectors.

The most common imaging mode collects demergy (<50 eV)econdary electronthat are ejected
from the korbitals of the specimen atoms lmglastic scatteringnteractions with beam electrons. Due to
their low energy, these electrons originate within a fewometerérom the sample surface. The electrons
are detectetdy the detector which is a type sdintillatorphotomultipliersystem. The secondary electrons
are first collected by attracting them towards an electridaitiged 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 energaticcause the scintillator to emit flashes of light
(cathodoluminescengavhich are conducted to a photomultiplier outside the SEM column via a light pipe
and a windowin the wall of the specimen chamber. The amplified electrsighal output by the
photomultiplier is displayed as a twdimensional intensitydistribution that can be viewed and
photographed on an analoguideodisplay, or subjectetb analogto-digital conversiorand displayed and
saved as digital image This process relies on a rasseanned primary beam. The brightness of the signal
depends on theumber of secondary electrons reachthg 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 thasdldfces, which results in images with a vedfined, three
dimensional appearance. Using this techniguage resolutiotess than 1 nm is possible.

Backscattered elatins (BSE) consist of highnergy electrons originating in the electron beam that are
reflected or baciscattered out of the specimen interaction vollpelastic sca#ring interactions with

10
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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 diffent 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 imagmaggean
colloidal goldimmunclabels 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 gestef itha
distribution of specimen current.

Electronic amplifierof various types are used to amplify the signals which are displayed as variations
in brightness on aathode ray tub€RT). 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 distnéquid
the intensity of the signal being emitted from the scanned area of the specimen. The image may be captured
by photographyfrom a high resolution cathode ray tube, but in modeachines is digitally captured and
displayed on @omputer monitoand saved to a computer's hard disc.[121]
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Figure 29:Schematic wiev of the SEM functidi22)

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 eleaiptical system which produces the scanning beam.
The resolution is also limited by the size of th&eraction 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 iralividsabs is
possible in the shorter wavelength (i.e. higher endrgpsmission electron microscofeEM). The SEM
has compensating advages, 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 ofpt@men. 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 shoulelbetrically conductiveat least at the
surface andelectrically groundedio prevent the accumulation efectrostatic chargat the surface. Metal
objects require little special preparation for SEM except for cleaning and mounting on a specimen stub.


http://en.wikipedia.org/wiki/Colloidal_gold
http://en.wikipedia.org/wiki/Electronics
http://en.wikipedia.org/wiki/Cathode_ray_tube
http://en.wikipedia.org/wiki/Photograph
http://en.wikipedia.org/wiki/Visual_display_unit
http://en.wikipedia.org/wiki/Transmission_electron_microscope
http://en.wikipedia.org/wiki/Electrical_conductivity
http://en.wikipedia.org/wiki/Ground_(electricity)
http://en.wikipedia.org/wiki/Static_electricity

32 Introduction

Nonconductive specimens tend to charge when scanned by the ebsziropand especially in secondary
electron imaging mode, this causes scanning faults and other image artifacts. They are therefore usually
coated with an ultrathin coating of electricatlgnducting material, commonly gold, deposited on the
sample eitheby low vacuumsputter coatingor by high vacuum evaporation. Conductive materials in
current use for specimen coating inclgi#d, goldpalladiumalloy, platinum osmium iridium, tungsten
chromiumand graphite. Cating prevents the accumulationstéticelectric chargen 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 tissuand whole, sofbodied organisms usually require
chemicalfixation to preserve and stabilize their structure. Fixation is usually performed by incubation in a
solution of a buffered chemical fixative, such aglutaraldehyde sometimes in combination with
formaldehydd126] and other fixatives and optionally followed by postfixation weisimium tetroxideThe
fixed tissue isthen dehydrated. Because-diying causes collapse and shrinkage, this is commonly
achieved bycritical point drying which involves replacement @faterin the cells with organic solvents
such asthanolor acetongand eplacement of these solvents in turn with a transitional fluid subtuac
carbon dioxideat high pressure. The carbon dioxide is finally removed while in a supercrititg| st that
no gasliquid 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 eleetocallyctive doublsided adhesive
tape, andputter coatedith 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 vengtgies
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 oversttenning electron microscoffeEM) for investigating biological
samples. Unlike the electron microscope which provides adimensional projection or a two
dimensional image of a sample, the AFM provides a true-ttireensional surface profile. Addinally,

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
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 higheesolution 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 ®canning Tunneling Microscognd Transmission Electron Microscopy

A disadvantage of AFMampared with thecanning electron microscofEM) is the image size. The
SEM can image an area on the ordémillimetersby millimetres with adepth of fieldon 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 micrometresthmanconvenience is that an incorrect choice of tip
for the required resolution can lead to image artifabige to the nature of AFM probes, they cannot
normally measure steep walls or overhangs.

Table 5:Comparison of an AFM and SE®afm 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 (FESEM) 0.2 nm
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 SEddier 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 sterilizatith 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 aurewsnd Eschericia colithat belong to two main groups of bactgiGrami

positive and Grarnii 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 experental 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 strucimréd® measured and well
defined for different types of bacteria;

- etching is heavily wisotropic 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 rad&aleak 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 orygplasma has been investigated on vegetative form of bacteria
belongs to two main types, Grgmositive and Grammegative, according to the composition of their cell
wall. In our observations of influences of plasma radicals on bacterial structures, weeffats 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, StaphylococcsiaureusATCC 25923 (MicroBioLogics, CE MN, USA) was chosen and for Gram
T negative, it wagscherichia colATCC 10536, and 35218 (MicroBioLogics, CE MN, USA).

During preparation process, standard cultivation procedure has been performed. Both ofetiiee bact
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 suspensioagar surface and incubated them for 24h &€37
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, wpielksex
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. Bactevexe dispensed in sterile distilled water, washed and shaken (on
vortex), strong enough to obtain single cells. Density of that suspension was adjusted to afprox. 10
CFU/ml, which correspond to $@FU/1Qul used for preparing samples.

Bacteria were depited 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 distributidsaoferial cells in mono layer. Samples
were slowly air dried at 3C€C until water used for preparing suspension evaporated.

Samples made dbtaphylococcus aureusvere sorted in three groups. Samples from the first group
were not exposed to plasma radicaigl 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 dEscherichia coliwere sorted in three groups. Samples from thedirsto up wer en
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 ostyne 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 AbT iaigjlstalmediud supplying oxygen radicals.

Oxygen plasma isreated in an inductively coupled RF discharge described to details in the thesis of U.
Cvel bar as well as in numerous scientific papers
survey of the thesis and the papers reveals that the samemexqtati 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 naquilibrium 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 cail
¢ 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 exgrimental chamber
e The conditions of the trap between the plasma or afterglow reactor and the oil rotary pump
e The size of the substrate
¢ The number of bacteria placed on the substrates
e The exact position of the substrates in the reaction chamber
e The accuracyf 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 régitydafci
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 veittmall 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 stéfidizedalled 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 stabilizadn 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 foratine geriod 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 &€ 30 air in order to n@ove excess water in which

bacteria were suspended t o overcome this probl em. Namely, a 10 ¢
would give an almost 1¥nwater vapour at 1 Pa. Taking into account the pumping speed of our rotary
pump, i.e. 16 rper hour, we can see that this amount of waterisfarfrd ei ng negl i gi bl e. Th

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 ordeatmid 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 lpeatigles 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
neutralizatbn of charged particles is heating the reactor. In order to minimize the heating of the reactor
chamber, the discharge tube was forced aooled. By this, we managed to keep the outer walls of the
tube close to the room temperature, but the inner glbss 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 nat. pdssibl
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 mosf 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 &adsene obtains
what is called a flowing afterglowhe gas in the afterglow chamber is near (at) room temperature and rich
with oxygen atoms, while there are no charged particles and no raditiects on bacteria should be
achieved in glow as wedls 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 théeajlow region, which is almost free from charged particles and



Materials and Methods 37

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 batrgtowfand
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 number of bacteria on the
substrates. Happily enoughgtoxidation 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 isneated to about 30%. The density of neutral atoms, as
determined by the catalytic probe, was 3.3xh0° in the afterglow chamber at the position of the samples.

This value is pretty accurate (absolute accuracy of the probes is about 20%) for thetlcasaftefglow
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 aftergla8till, it represents a valuable tool used for quantification of the results on
bacteria degradation. The O density in plasma is #xa’. The absolute accuracy of this value is
estimated to about 50%. The relative accuracy (i.e. when identical prapplisd 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 chambemBorosilicate 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 @ht 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 nethéne 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 mordrustable 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 fuitierbation visible colonies of both types of
bacteria were observed on the agar pl ate surfaces.
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:

. PLASMA GLOW: In these experinms we investigated changes on bacterial cells of
Staphylococcus aure@ndEscherichia colcaused by all types of particles capable of interacting
with bacteria (neutral molecules and atoms, positively charged molecules and atoms and light
quanta). Expagre times forStaphylococcus aureusamples varied from 5 s up to 120 s, as
follows: 5s,10s,15s,20s,30s,45s, 60 s, 90 s and 120 s. Exposure tiEsehéoichia coli
samples varied from 1 s up to 60 s, as follows: 1 s,55s,15s, 20 s, 60 s.

II. PLASMA AFTERGLOW: In these experiments we investigated changes on bacterial cells caused
by neutral atoms in the ground state only. Exposure timeStémhylococcus aurewsiried from
1s up to 500 s, as follows: 1s,5s,20s,30s,455s,90 s, 120s,3@ s and 500 s. Exposure
times forEscherichia colisamples varied from 5 s up to 360 s, as follows: 5 s, 10 s, 15 s, 20 s,
30s,45s,905,120 s, 180 s, 360s and 500s.

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

D = 1 n v t, 1)

wheren is the atom density; its average of the absolute value of the thermal velocity (i.e. v = 630
m/s) and 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 10x10mmbsmeedk 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 domen t h e air, on areas 5x5 € m, 3x3 e m,
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 madeakygen radicals treatment.



39

4 Results

In the following text we present results of our study on the influence of oxygen radicals oii Goaitive
bacteriaStaphylococcus aureusnd Grami negative onesEscherichia 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 wnmaradicals.

Samples were investigated by highresolution 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 (phasejasfous materials are obtained.

4.1 Untreated samples ofStaphylococcus aureuand 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 theseggsathe morphology of substrates is visible, too.

4.1.1 Samples ofStaphylococcus aureus

The normal appearance of untreated bacteria can be observed from Fi@8. 3Ris possible to see the

very surface of our samples. As mentioned before, our baeterieovered 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 ChapteBfgphylococcus aurease 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, untre&ksérly visible capsular
material surrounds the cell (blue arjoand 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 Suclparts seem to be scattered in small quantities around bacterium. These observations are
clearly visible, and pointed with arrows on Figuresi324. In these images surface of bacterial cell is
relatively smooth.
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Figure33: AFM 2x2um image of Staphylococcus aureus cell, untreagetieight 3D image; Smooth surface
and clearly visible capsular material tears down (blue arrowphase image; Clearly visible capsular material
surrounds the cell (blue arrow) and slighthars off (green arrows).
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Figure 34:AFM 2x2um image of Staphylococcus aureus cells, untreatedeight 3D image; Relative smooth
surface(blue arrow) and capsular material slightly tears down ardoactgrial cell (green arrowsh. 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 untrea@early 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 explus@ésible changes on
bacterial cells.
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4.1.2 Samples ofEscherichia coli

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

In AFM images, capsule can be seen as bulkyen@dtsurrounding 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 3Dimage of Esherichia coli cell, untreateda.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 sliglattyg off, blue arrows pointed.

Figure 38:SEM image of Escherichia coli cells, untreat€adpsular substance is visible on surface of the cells
(red arrow) and slightly tears down (green arrows). Morphology of Al substratelieyisiue 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 expidsedsible changes. Capsule
pointed with arravs.
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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
madifications happen in relatively short period of time.

4.2.1 Samples ofStaphylococcus aureus

Exposure time foStaphylococcus auresamples was from 5 to 120 seconds, as follows: 5 s, 10 s, 15 s,
20 s,30s,455s,90 s, and 120 s. After the treatment)esamere 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 Staphyloccus aureus, glow discharge 5s treat&ifjnificant amount of capsular
material scattered around the cells, green arrows pointed.
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Figure 42:AFM 1 x Jum image of Staphylococcus aureus cell, 5s glow discharge tremt@thase 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 o
mostly round shaped capsular material (glycocalix) tears off and surrounds bacterial cells (Fig8) 41
This is clearly visible, when comparing with bacterial cells of untreated samples (Fi§§).32
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Figure 43: AFM 2x2um heght 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 cetaptapsular 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
peptidodycan, clearly visible by AFM, are different in size and polygonal irregular in shape (Figures 44
46).

0 50 100 150 200 250 300 350 400 450 SC
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Figure 44:a. AFM 5x5um phase image of Staphylococcus aureus cell, 15s glow discharge tégtkshty o
peptidoglycan material is scattered around bacterial cell (green artowd)M 0,5x0,%2/m phase imageieces
of peptidoglycan different in size and polygonal shape are visible, arrows pointed.
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Some large particles of peplydoglycane are removed froraethevall (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 (Figel8}7In 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 tremteghase 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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Figure46: AFM 1x1um image of Staphylococcus aureus cell, 20s glow discharge treatgthase image, b.
height 3D image; Peptidoglycan rough structure on bacterial cell is visible (blue arrows), a plenty of
peptidoglycan material scattered around baaitesll (green arrows).
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Figure 47:AFM 1x1um image of Staphylococcus aureus cell, 30s glow discharge treaterght 3D image,
b. phase image; Peptidoglycan rough structure on bacterial cell is visible (bluesk@arawplenty of
peptidoglycan material scattered around bacterial cell (green arrows).
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Figure 48:SEM image of Staphylococcus aureus 30s glow discharge tre@keally visible peptidoglycan
scattered arounds the cells, gremmows 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 disrugtedrigs.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 ofStaphylococcus aureus 40s glow discharge treabaskupted cells, red arrows
pointed, cellular material scattered around bacterial cells, green arbows-M 5x5m phase image of
Staphylococcus aureus cells, 45s glow discharge treBlisdupted cellsred 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 tremtbdight 3Dimage,

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 duringdtdqueyer
than 120 seconds (Figs. b54).

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

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

Figure 54: AFM1.5x1.5:m image of Staphylococcus aureus cell, 120s glow discharge treatgithse image
b. height 3D image, Further degradation of disrupted cell (blue arrows), cellular matatitdred around
bacterial cell (green arrows).



Results 55

4.2.2 Samples ofEscherichia coli

Exposure time for &cherichia colisamples was from 1 to 60 seconds, as follows: 1s,5s, 10 s, 15s, 20 s,
40 s and 60 s. After treatment, samples were investigated with 8&Mhages 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 (Figd. 88). Modified capsular
material tears downréd 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 treakéddified capsular material tears down
(red arrows) and is clearly visible around bacterial cell (green arrows).

After 5 seconds exposuretching of capsular substandarts. 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 Figsi 38), 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 tredfsdpty spaces between bacterial cells are
visible, capsular substance missinge@n 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 secontluse 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 ofrlzacte

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

Material from bacterial celvall 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 Gpasitive bacteria. After 20 seconds
exposure, whole bacterial cell is totally destructed. Degradation cest{figs. 59 60) until some ashes
are left.

Figure 58:SEM image of Escherichia coli, 15s glow discharge tredtassive cell wall damages are visible
(red arrows). Material from bacterial cell wall scattered all around thégeekn arrows).
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Figure 59:SEM image of Escherichia coli, 20s glow discharge tredBedterial cell is destructed totally.

Figure 60:SEM image of Escherichia coli, 60s glow discharge tred®adterial cells areigintegrated and some
ashes left.






































































































