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Abstract: Antimicrobial resistance is a huge problem in modern society and medicine.
Nanoparticles can have antibacterial effects so they are now tested if they could be used
instead of antibiotics. Zinc oxide nanoparticles were studied to see, if bacteria,
specifically Staphylococcus aureus, can develop microbial resistance. The bacteria stock
was prepared using Mueller-Hinton broth and were cultivated on Mueller-Hinton agar
plates. Viable cell concentration was measured at the start and at the end of the
experiment and the bacteria growth was studied in bioreactors, which monitored the
change in optical density of the solution. After seven re-exposures to the ZnO
nanoparticles, there was not seen a significant difference between the ZnO sample and
Reference sample. Therefore, under these controlled experimental conditions, after 7 re-
exposures and with using a non-lethal ZnO nanoparticles concentration, | did not observe

any evidence of developing microbial resistance.

Key words: antimicrobial resistance, zinc oxide, nanoparticles, staphylococcus aureus,

bacteria, non-lethal concentration

Abstrakt: Antimikrobialni resistence je povazovana za velky problém mediciny i celé
moderni spole¢nosti. Nanoc¢astice mohou mit antibakteridlni efekt, a proto se nyni testuji
pro piipadné pouZiti namisto antibiotik. Studie se tykala bakterii Staphylococcus aureus a
toho, zdali si tyto bakterie dokazou vytvofit mikrobialni resistenci na nanocastice oxidu
zine¢natého. Pro vyrobu bakteridlniho roztoku byl pouzit Mueller-Hintondv vyvar a pro
kultivaci byl pouzit Mueller-Hintoniv agar. Koncentrace zijicich bakterii se métila vzdy
na zacatku a na konci experimentu. Zaroven, se V priabéhu experimentu v Bioreaktorech
méfila aktualni opticka hustota obou vzorku, za G¢elem sledovani rustu bakterii a
vytvoreni rustové kiivky. Po sedmi re-expozicich nebyl pozorovan zadny statisticky
zasadni rozdil mezi referenénim vzorkem a vzorkem nanocésticemi oxidu zine¢natého.
Proto, v téchto kontrolovanych podminkéch, po sedmi re-expozicich a pfi pouziti
neletalni koncentrace nanocastic oxidu zine¢natého, jsem nepozorovala vyvoj mikrobiélni

rezistence.

Kli¢ova slova: antimikrobialni rezistence, oxid zine¢naty, nanocastice, staphylococcus

aureus, bakterie, neletalni koncentrace






Content

1. INTRODUCGTION. ... s s e s e e e e e s e s e e e e e e eneas 13
2. BACKGROUND. . ... ettt e e e e e e e e e e e e e e e e eanns 15
A R = T 1o (=] 1= R 15

2 I R o U o1 1 TR 15
2.1.3 BaCterial roWEh CUINVE........oiiicece et ene e nne s 18

2.1.4 StAPNYIOCOCCUS QUIBUS ......cvtveiiteieiteseeteeete ekttt se ettt b et sb etk sb ekttt ne bt b bt eb et ab e ebe e ene e 19

2.2 ANTIMICIODIAl FESISTANCE. ... ..eiii ittt e s s sb e e s s sb e e e e sabaes 21
2.2.1 Mechanisms of AMR IN DACTEIIA .......c.voiiieiii et 22

2.3 NANOPANTICIES. ...ttt ettt 24
2.3.1 TYPES OF NANOPAITICIES ... .ottt n e re e ereeresrenne s 24
2.3.2 ZNO NANOPATTICIES ......oviiciiieciiieei bbbttt b e eb e ebe e 24

2.3.3 ZnO NPs antibacterial MECNANISIMIS .......occuiiiiiie ettt st e s s b e e s 27

3. X P E RIMENT ettt e e e e e e e e e e e e e e e e eea e e e e e eeee s 30
3.1 Preparation of Bacteria CUITUIES .........cccvcveie et 30
A 4 [@ I o] =1 o -1 =1 1 o] o S SO TSSSPRN 32
3.3 BIOreactor EXPEIIMENT.......ccociiiiiiiiiieie ettt r et e s be e e e sre s beebe e tesresbeeseesbesreeneas 32
4.1 WeekS1to7 —OD and CIUMML .....veiiiieiec e 36
4.2 WeeK 8 — OD and CIUML .....cveiii ittt 42
LIST OF FIGURES . ... oottt e e et e e e e e e e e eaeeeees 49
LIST OF PICTURES ... ..ooeeeiietieieitieieietteetevetateeavebeaessssassssssssesssssbsbasebebebersbsbabebebesersrersrrrees 49

REFERENCES ... ..o 50






1. INTRODUCTION

World Health organisation (WHO) stated antimicrobial resistance (AMR) as one of the top
ten global public health threats.! When microorganisms such as bacteria are developing
resistance to drugs like antibiotics, it starts to be difficult to treat infections which can
possibly lead to death. And so, antimicrobial resistance is becoming a global danger.!
This puts pressure on finding new ways of treating infections. Hope is put on nanoparticles,
because studies have proved that nanoparticles can have an antimicrobial effect. > Since
bacteria or viruses have developed resistance to medicines currently used to fight infection,
it is important not only to study antimicrobial effect of nanoparticles, but to also study the
possibility of development of microbial resistance to nanoparticles.

In this study, non-pathogenic Staphylococcus aureus (S. aureus) was used, because it is
common bacteria, which lives on human’s skin or on other surfaces, but pathogenic strains
can cause infections and are known to be resistant to certain antibiotics (e.g. methicillin
resistant S. aureus, M.R.S.A).

The aim of the thesis is to find out if bacteria can develop resistance to Zinc oxide
nanoparticles after exposure to non-lethal concentrations and if so, how many re-exposures

to nanoparticles were needed for resistance to develop.
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2.BACKGROUND

This part provides information about bacteria, their structure, different shapes and types,
with information about the specific bacteria that was used in the experiment. The
mechanisms of antimicrobial resistance development and its dangers are discussed in this
part too. Finally, a short summary of nanoparticles is provided with a focus toward zinc

oxide nanoparticles which were used in the experiment.

2.1 Bacteria

,,Bacteria are microscopic, single-celled organisms that exist in their millions, in every
environment, both inside and outside other organisms.‘®

Bacteria are counted as ‘micro’organisms due to their size in the range of micrometres.
Microorganisms include bacteria, fungi, archaea, and protists®, and sometimes even
viruses.” They are heterotrophic organisms, so they need organic compounds for their
living, and only few can be autotrophic too. Bacteria are mostly aerobe organisms, meaning
they need oxygen to survive, however some bacteria can be facultative anaerobe, for

example Staphylococcus aureus, so they can live without oxygen for a period of time.>8

2.1.1 Structure

The bacteria cell structure is specific. ,,Prokaryotes have a nucleoid (nuclear body) rather
than an enveloped nucleus® The term prokaryote comes from Latin, where “pro” means
“in favour of”, and “kary(on)” means “nut” or “kernel”.!® Therefore, prokaryotes are
organisms that do not have exactly differentiated nucleus.!! So bacteria have nucleoid, then
they have cell wall, cytoplasmic membrane, cytoplasm, flagella and some bacteria can have

pili and or capsule.*? See Picture 1.

Ribosomes

Pl e Prokaryote Pilis
smbrane

Flagellum

Picture 1 Prokaryote cell*3
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Cell wall is tough and inflexible® and provides protection. Gram-negative bacteria have
thinner layer of peptidoglycans, but they have outer lipoprotein layer, which cause that they
can be more resistant to antibiotics. Gram-positive bacteria have thicker layer of
peptidoglycans,®® so they are more prone to not be killed as a result of a physical damage,
for example cell wall penetration.'*1> Differences between Gram-positive and Gram-

negative bacteria cell wall can be seen in Picture 2.

b O-specific side chain

Polysaccharid Protein
\ Braun's lipoprotein

O C -~

a

Teichoic acid

Peptidog!
ot ] Outer
membrane
P i ' 8 ]Periplasmic space
e A and peptidoglycan
Plasma He - . o A Plasma
membrane I O PODPRPOO00ONT PR, 7B | HROeO N e ity membrane

Cytosol
Gram positive cell wall Gram negative cell wall

Picture 2 Schematic diagrams of (a) Gram-positive bacteria and (b) Gram negative bacteria cell wall®

Water can cross the cell membrane of Gram-positive bacteria more easily than cell
membrane of Gram-negative bacteria. This is caused by the missing lipoprotein layer. So,
in some cases, Gram-positive bacteria can be killed by antibiotics more easily than Gram
negative bacteria, because they are more prone to absorb the antibiotics.’

Gram positive bacteria turn blue or purple when Gram staining is used, Gram negative
bacteria turn red or pink and can be more easily seen using microscope.!8

Cytoplasmic membrane of bacteria cell is a semipermeable membrane, which is responsible
for transport, energy transduction and many other functions.® Some bacteria can have a
capsule, which serve as another protective shield.'?

Cytoplasm is a solution which has thicker consistency. 8,It is mainly composed of water,
salts, and proteins.“!® It consists of nucleoid, plasmids, ribosomes and inclusions.?
Inclusions are granules of substances, which are distributed randomly in cytoplasm®® and
serve as a storage.?’ Nucleoid is made from only one ring shaped double-stranded molecule
of deoxyribonucleic acid (DNA).2

Plasmids are responsible for pathogenic properties of bacteria. Genetic code is translated

from nucleic'? and proteosynthesis is done in ribosomes.?
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,»There are sufficient differences between bacterial ribosomes and eukaryotic ribosomes
that some antibiotics will inhibit the functioning of bacterial ribosomes, but not a
eukaryote's, thus killing bacteria but not the eukaryotic organisms which the bacteria are
infecting.“*

Flagellum is a hairlike structure? used for movement.®> Some bacteria can also have pili,

another hairlike structure, that are used for attaching to other surfaces.*?

2.1.2 Bacteria types

There are different types of bacteria and there is a number of ways to classify them.

One way to classify them is by their shape. Spherical shaped bacteria, meaning round
shaped, are called cocci — plural, coccus — singular. Example of coccus is Staphylococcus
aureus.®

Rod-shaped bacteria are called bacilli — plural, bacillus — singular, example of bacillus is
Bacillus anthracis® that causes the infection ‘anthrax’, or Clostridium species are also rod
shaped.® Spiral shaped bacteria are known as spirilla — plural, spirillus — singular. Lyme
disease or syphilis are caused by spiral shaped bacteria.> Comma-shaped bacteria is for
example Vibrio cholerae.®

A summary of the different bacteria shapes can be seen in Picture 3.

Bacterial Morphologies Example
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23

laphyiococcls

Picture 3 Bacteria shapes and classification?!
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,Some rods or cocci characteristically grow in chains.“® So they can be classified by
number of cells that are growing together.
Two round shapes cells joined together are called diplococci, for example Diplococcus

pneumoniae. If the cells are in cluster they are called staphylococci.®

2.1.3 Bacterial growth curve
,When bacteria are introduced into the fresh medium in a closed system, like a test tube,
the population of cells always exhibits growth dynamics as follows.“??
Bacterial growth curve in a closed system has four phases. Lag phase, Log phase, Stationary
phase and Death or Decline phase.?

A schematic diagram of a bacterial growth curve can be seen in Picture 4.

Log phase: Stationary phase: Death or
exponential plateau in number decline phase:
K] increase of living bacterial exponential
8 in number cells; rate of cell decrease in
] of living division and death number of
§ bacterial roughly equal living bacterial
e cells l cells
2
o
=
=
-
o
3
£
g Lag phase:
o no increase in
- Sk
number of living
/ bacterial cells

Y

Time

Picture 4 Bacterial growth curve®

First phase is a Lag phase. There is no bacterial growth, the bacteria are getting used to the
new environment, the cells can grow in volume, but they are not replicating.?? Second phase
is an exponential growth phase and it is called Log phase. The bacteria have adjusted to the

environment and they are replicating exponentially by binary fission.?>2
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Stationary phase is when the number of new bacteria seems to be the same as the number
of dead bacteria due to the lack of nutrients and/or space, since there is not infinite space
or infinite amount of nutrients in a closed system.?

Death phase is when the bacteria have lost the ability to divide, because there are not
enough nutrients or space and in the system there are more dead bacteria than live
bacteria.??23

Bacteria grow in a liquid called ‘broth’ which contains all possible nutrients needed for
growth. As the number of bacteria cells increase, the optical density of the broth also
increases. It is possible to monitor the bacteria growth curve in real time by measuring the

change in optical density over time.

2.1.4 Staphylococcus aureus
Staphylococcus aureus (SA) is a Gram-positive,
facultative anaerobe bacteria, which means that it can
live with or without oxygen. It is an immobile coccus,
round-shaped bacteria, with 1 um diameter.?26
SA belongs to the genus Staphylococcus, the family
Staphylococcae.?” One cell of SA can be seen in
Picture 5.

Similar to other bacteria, SA has both pathogenic and [ SEEEEEC S ,?r
. IV e, XS
non-pathogenic strains.?2° SV TsOKY  WD:ismm | T

View fleld: 248 ym  Det: In-Beam SE 500 nm
Performance in nanospace

Non-panthogenic SA is naturally living on people’s

Picture 5 Staphylococcus aureus®?
skin?®, as well as nasopharynx and axillae.°
,Around 30 to 50% of humans are healthy carriers of S. aureus with no detrimental
symptoms. 3!
It is part of natural skin flora®!, its habitat are also animals, and it can be found in soil or
water.3!
.S aureus 1s a major cause of hospital acquired (nosocomial) infection of surgical wounds
and, with S epidermidis, causes infections associated with indwelling medical devices.“3°

These infections are caused by pathogenic SA.
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Infections contracted in hospitals are usually caused by antibiotic resistant bacteria, so they
have to be cured by Vancomycin.®® Vancomycin is a special glycopeptide antibiotic, which
is used for treating infections caused by antibiotic resistant bacteria.?

SA can cause many diseases such as Osteomyelitis (bone infection), wound infections or
ocular infections®, it also frequently spreads in hospitals, where it can infect patients after
surgeries with weak immune system and it can cause problematic healing3

,Methicillin  resistance is indicative of multiple resistance. Methicillin-
resistant S.aureus (MRSA) causes outbreaks in hospitals and can be epidemic.**°

Picture 6 shows an example of a cluster of MRSA cells.

Picture 6 Methicillin-resistant S. aureus (MRSA)3*

S. aureus can also cause animal diseases for example mastitis in cows.3!

SA produce many enzymes and toxins that later apply in pathogenesis of staphylococci
diseases.?®> Some examples, hyaluronidase is an enzyme that hydrolyse hyaluronic acid so
it enables the spread of the infection, because it disrupt the integrity of the binder.
Leukocidin disrupts semipermeable membrane of monocytes or macrophages?.

,»S. aureus is impressively fast in acquiring antibiotic resistance and multidrug resistant

strains are a serious threat to human health.*3®
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Typical Staphylococcus aureus cultivated on
agar plate has round shape and it is a little bit
bulky on top (Picture 7). One colony has
grown from one bacteria cell. Size of one

colony is around 1 mm in diameter.

Picture 7 0.5 mL agar plate with typical SA
colonies, dilution factor 10

2.2 Antimicrobial resistance

Antimicrobials are medicines used to treat infections caused by microorganisms.

When bacteria, fungi, virus or parasite survive treatment by antimicrobials, changes occur
in their genetic code making them less responsive to subsequent treatments of the same
antimicrobial, called antimicrobial resistance.!%¢

,,Bacteria have antibiotic resistance when specific antibiotics have lost their ability to kill
or stop the growth of the bacteria.“3® The biggest problem occurs, when bacteria change
over time, after the re-exposure to some medicine or treatment and start to be resistant to
this medicine, although the medicine was effective previously.3®

When drugs such as antibiotics or antivirals become ineffective, it starts to be difficult or
impossible to treat infections which can lead to patient’s death.?

,Infections by multidrug-resistant bacteria are estimated to cause 33 000 deaths in the EU
every year.“3’

Bacteria are developing resistance naturally because they are trying to adapt to the
environment and become more effective in their growth. However, when antibiotics are
over-used or mis-used, the chance of AMR developing increases rapidly.*’
»Antimicrobial resistance is an ecological problem that is characterized by complex
interactions involving diverse microbial populations affecting the health of humans,

animals, and the environment,*38
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Antimicrobial resistance may not only occur in humans, but it can be observed in animals
t00.%° It can spread from animals to humans and on the contrary.*’

AMR is a very complex problem, and it needs to be solved comprehensively. One sector
affects the other sector. For example, over-usage of antibiotics can lead to AMR, which
then spread from humans to the environment by sewage. From sewage it goes to soil, from
soil it can spread to food that people or animals are eating. On the contrary, AMR from
animals can transfer to people by meat or dairy products. So, when there is AMR, it is then
circulating between people, plants, soil, animals and the environment and new diseases can
emerge or re-emerge. Diseases that could be hard to treat due to AMR. 3840

The solution is in using antibiotics responsibly,®” in approaching the problem
comprehensively with respect to the environment, because every action has an aftermath3®

and in finding new ways of treating diseases caused by bacteria.

2.2.1 Mechanisms of AMR in bacteria

Firstly, difference between resistance and persistence should be discussed. Daughter cells
from resistant bacteria cell will be also resistant. However, persistence is when the bacteria
cells are affected by the antimicrobial, but they do not carry resistance genes.

AMR can be divided in three main groups. AMR can be intrinsic, adaptive or acquired.*?
Intrinsic resistance is based on the specific properties of the bacteria. So, the bacteria are
resistant to a specific antibiotic, naturally.*® For example, some Gram-negative bacteria are
naturally resistant to Vancomycin, which is a glycopeptide antibiotic, because their outer
membrane is impermeable, thus larger molecules cannot enter the cell. 243

,,Adaptive resistance is defined as the resistance to one or more antibiotics induced by a
specific environmental signal.“*?> Adaptive resistance is not permanent, when the signal is
removed, the bacteria are no longer resistant.

It seems, that Adaptive resistance is a result of epigenetic changes. ,,Epigenetics is the study
of how your behaviors and environment can cause changes that affect the way your genes
work.“44 But, without changing the DNA.*

Acquired resistance is when the bacteria develop resistance by mutation or through gain of
foreign genetic material . #24°

Resistance to antibiotics can happen by more mechanisms. The main mechanisms are
antibiotic destruction or modification, reduced antibiotic accumulation, target alterations

and active drug efflux.41:4?

22



,»B-Lactamases are the best example of antibiotic resistance mediated by the destruction of
the antibiotic molecule. These enzymes destroy the amide bond of the B-lactam ring
essentially rendering the antimicrobial ineffective. 4

Antibiotic modification is the most common AMR mechanism of aminoglycoside
resistance. Another mechanism is a target replacement, when Penicillin-Binding Proteins
are replaced. This is the main mechanism of methicillin resistance in methicillin resistant
Staphylococcus aureus.*?

Drug efflux is another AMR mechanism. The initial function of efflux pumps is to clear
the bacterial cell from toxic substances.*

Other mechanisms are: Target site protection, Target overproduction or Decreased
permeability of the bacterial outer membrane. Bacteria can change their porins size, that
are the main entry for the antimicrobials, and thus change the permeability of the
membrane. 42

Speaking in particular, bacteria can develop resistance to elevated concentrations of Zn?*
ions by changing their DNA.

In 1998 Xiong and Jayaswal*® published an article about identifying a chromosomal
determinant that is responsible for resistance to Zn?* and Co?* ions.*’

Most of the mechanisms are based on scientific research with lethal drug concentrations.
Lethal drug concentration is a concentration of for example antibiotics that is able to cause
the death of the bacteria cells.*®

However, AMR may develop with non-lethal concentrations too. Non-lethal drug
concentrations are more likely to cause high-frequency, but low-cost genetic alterations in
bacterial cells.*®

Bacteria cannot only develop resistance to antibiotics such as usual medication that is used,
Panacek et al.*® proved that bacteria can develop resistance to silver nanoparticles (Ag
NPs).4°

Escherichia coli bacteria cells were re-exposed to subinhibitory concentrations of Ag NPs
and gradually developed resistance to the antimicrobial effect of the Ag NPs by producing
protein called flagellin after 20 successive culture steps in microwell plates. This protein
caused gathering of the silver nanoparticles and so it minimized the antimicrobial effect.*?
Therefore, it is also important to study development of AMR against other types of

nanoparticles too.
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2.3 Nanoparticles

Due to increase of antimicrobial resistance, nanoparticles (NP) are tested as a new way to
treat infections so that they could be used in the future instead of or in addition to
antimicrobials.

It was verified that in some cases nanoparticles can have antibacterial effect.2420
“Nanoparticles of different materials and of different sizes vary in their effectiveness‘?
With decreasing size of nanoparticles, antibacterial effect increases.>! Antibacterial effect

is also greater with higher nanoparticle concentration.*

2.3.1 Types of nanoparticles
,Nanoparticles can be classified into different types according to the size, morphology,
physical and chemical properties. 52
There are carbon-based NPs, ceramics NPs, semiconductor NPs, metal NPs and lipid-
based NPs.>2
Fullerenes and carbon nanotubes are classified as carbon-based. Ceramics NPs are
non-metallic solid NPs, that are used in catalysis or photocatalysis.%3
Polymeric nanoparticles are usually organic and are used in diagnostics and sensor
technology.>3% Lipid-based NPs are effective in biomedical utilization.%3
,.Metal NPs are purely made of the metals precursors.“>® They have uncommon
optoelectrical properties. Some examples are Ag NPs, Au NPs, Cu NPs.%3 Silver
nanoparticles are having promising antimicrobial properties.*® Gold nanoparticles are
used for coating.>?
,,Semiconductor materials possess properties between metals and nonmetals. ..“%3 These
NPs have found their usage in electronic devices and other applications.>?°3 ZnO NPs,

ZnS NPs or CdSe NPs are classified as semiconductor nanoparticles.>

2.3.2 ZnO nanoparticles
Zinc oxide nanoparticles were proved by several studies as bio-safe,% meaning that they
are harmless to human body cells.>® However, they were also proved to have antibacterial
effect (AE).2* ZnO nanoparticles at a concentration of 100 ug/mL inhibited the growth of
Staphylococcus aureus by 55% compared to the reference samples, and the decrease was
by 62% at a concentration of 250 pug/mL.>
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,ZIinc oxide nanoparticles are more active against gram-positive bacteria relative to other
NPs of the same group of elements. 5

The principle of AE of ZnO NPs is that the nanoparticles first destroy the bacterial cell
wall, then disrupt and concentrate in cell membrane. The antibacterial effect depends on
the NP size, concentration, morphology and exposure time.>®

It was found that the antibacterial effect of ZnO nanoparticles can also depend on if the
solution is mixed or not. When the solution was mixed in a bioreactor, the nanoparticles
did inhibit the growth of the bacteria, because they were able to react with the bacteria.>’
However, when the bacteria were put to agar plates with ZnO NPs solution the antibacterial
effect was not observed. The AE also depends on the reaction capability of ZnO NPs.%

It is not needed to use that advanced instruments to prepare ZnO nanoparticles*, therefore
ZnO NPs are frequently used in studies.

ZnO nanoparticles can have different shapes, depending on how they were synthesised.
There are hedgehog-like nanoparticles, nanorods, nanoplates, nanospheres, nanotubes,
nanorings, hexagonal-shaped nanoparticles, nanocages or nanoflowers.>®

In this experiment round-shaped nanoparticles were used, because they are more

commercially available. Round-shaped ZnO NPs can be seen in Picture 8.

Picture 8 Round-shaped ZnO NPs%®

Some examples of the different morphologies of ZnO NPs can be seen in Pictures 9-12.
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Picture 12 ZnO Hedgehog-like nanoparticle®?
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2.3.3 ZnO NPs antibacterial mechanisms

Antibacterial mechanism of the ZnO nanoparticles depends on their size, morphology,
concentration and other characteristics.®

»In this regard, the shape of ZnO nanostructures can influence their mechanism of
internalization such as rods and wires penetrating into cell walls of bacteria more easily
than spherical ZnO-NPs*3

The morphology of hedgehog-like nanoparticles enable them to pierce the bacteria cell wall
and therefore the bacteria will probably die.%?

In Picture 13 is captured how hedgehog-like ZnO NP was able to pierce an E. coli bacteria

cell.

Picture 13 Escherichia coli pierced by hedgehog-like ZnO nanoparticle®?

There are more ways how ZnO NPs can kill the bacteria. The mechanisms are loss of the
cellular integrity after contact between the bacteria cell wall and ZnO NP, production of
Reactive Oxygen Species (ROS), ZnO NPs internalisation and the release of Zn?* ions.'®
ZnO NPs produce wide range of ions and of ROS when interacting with bacteria.5?
,ZnO-NPs with defects can be activated by UV and visible light, creating electron hole
pairs resulting in the splitting of suspended H20 molecules into OH" and H*. The dissolved
molecules eventually react to form H202, a ROS that is long-lasting and able to penetrate
the cell membrane and kill bacteria.“®* OH- and H* are also ROS that can cause damage to
bacteria cells, but are short-lived.*

D’agua et al.®® observed, that Gram-positive bacteria were more sensitive to H202 than

Gram-negative bacteria.®
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ROS can also cause damage inside the bacteria cells. ROS can damage structural proteins,
organelles, DNA or enzymes and therefore, again, kill the bacteria.®®

Different antibacterial mechanisms of ZnO NPs can be seen in Picture 14.

ROS
°2. Ho2 e AT “

productio

' Zn2*ions
release

\ cellular integrity
destruction

Picture 14 Different mechanisms how ZnO NPs can destroy bacteria cell®

Release of Zn?* ions happen when ZnO NPs are in solution and, therefore partial dissolution
results in increase of Zn?* ions. These ions have antimicrobial effect by decreasing amino
acid metabolism of the bacteria. The ZnO NPs dissolution can happen only under some
conditions. For example, ZnO NPs dissolution is possible in bacteria cell’s lysosomes, and
therefore it leads to the inhibition of bacterial growth. Zn?* ions have lower antibacterial
effect than ROS.*

Bacteria cells have developed special transport proteins, which they use for import and
export of Zn?*, so they can control the intra-cellular Zn?* ion concentration.*’

As mentioned previously, the ZnO NPs can kill bacteria aby damaging its cell wall, which
then results in the loss of membrane integrity.* Lallo da Silva et al.%¢ observed holes in S.
aureus cell membrane after exposing it to the ZnO NPs.

Nanoparticle size plays another important role of the antibacterial effect. ,,It was found that
ZnO-NPs antibacterial activity toward S. aureus and E. coli increases with decreasing the

size.”3
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The smaller size NPs are accumulating in the bacteria cell, until they reach the
cytoplasmatic zone and therefore are able to kill the bacteria.® Smaller size NPs have larger
interfacial area and therefore are more able to pass through the bacteria cell wall.?

It was further proved that the AE depends on the concentration. With higher concentration
of ZnO NPs the antibacterial effect is also higher. But for low concentration there is not
that significant decrease in number of bacteria cells that are alive after the exposure to the

ZnO NPs solution. So lower concentrations of ZnO NPs do not have antibacterial effect.?
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3.EXPERIMENT

In this section, the bacteria preparation and the zinc oxide preparation will be described in
detail.

The following section will also provide information about the bioreactor experiment.

3.1 Preparation of Bacteria cultures

For this experiment Gram positive Staphylococcus aureus (CCM 3953) bacteria were used.
Mueller-Hinton (MH) broth (CM0405, Oxoid), prepared in ratio 2.1g of broth to 100 mL
of warm purified water, and Mueller-Hinton agar (X926.1, Carl Roth), prepared in ratio
3.8g of agar to 100 mL of warm purified water, were used for bacteria cultivation. MH
broth and MH agar were sterilized at 121 °C for 15 minutes in an autoclave (Classic Model,
Prestige Medical) before using.

For the first experiment, bacteria stock was removed from -20 °C freezer and allowed to
thaw. Then, dilution series was done with eight Eppendorf tubes. First, 900 uL of 0.9%
NaCl was put to all Eppendorf tubes and then 100 uL was taken from the original bacteria
stock and put to the first Eppendorf tube and mixed (1:10 dilution). Then 100 pL was taken
from the first Eppendorf tube and was put to the second Eppendorf tube. This was done for
all eight Eppendorf tubes.

So, the last Eppendorf tube had a maximal dilution factor 10-%. When the dilution series
was done, 500 pL from each Eppendorf tube was pipetted from the last three Eppendorf
tubes and was added to three labelled MH agar plates. The plates are usually labelled with
the bacteria abbreviation, in this experiment SA, then the dilution factor, so for the three
MH agar plates it was 108, 10" and 106, On the following day, only one bacteria colony
was taken from the agar plate (it was a plate with a dilution factor 108, because there were
only few colonies, so it was possible to take only one colony) using a sterile loop and added
to 100 mL of MH broth in 250 mL bottle. For bacteria cultivation in broth, bigger bottle is
needed, so there is enough air and space for the bacteria growth.

The bottle was then put in orbital shaker (PSU-10i, BioSan) where the speed was 150 rpm,
meaning revolutions per minute, and incubated at 37°C overnight.

All bacteria in the culture should be as similar as possible which was why the cultivation

was done from one colony only.
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The next day, the bacteria cultivated in broth were pipetted to sterile test tube and then
diluted using MH broth, to get McFarland’s density (MF) of 1.0 using a densitometer (Den
1-B, BioSan), which is approximately 1 x 10° cfu/mL (colony forming units per millilitre).
For the experiment, the stock of MF 1.0 was diluted to 1:1000 using MH broth.

For the first dilution and second 1:10 dilutions, 0.5 mL of MF 1.0 bacteria stock was added
to 4.5 mL of MH broth. For the third 1:10 dilution (i.e. 1:1000), 36 mL of MH broth and 4
mL of the 1:100 diluted stock was used and put to the third test tube. For the experiment in
the bioreactor 18 mL of 1:1000 bacteria stock was needed for both, reference (R) sample
and ZnO (Z) sample.

In the following weeks of the experiment, the bacteria stock was prepared differently than
in the first week.

Bacteria from the previous week that survived exposure to ZnO were used. Right after the
end of the bioreactor experiment, dilution series with 0.9% NaCl (Penta) was done for Z
and R samples, and then 0.5 mL of diluted bacteria stock was put to MH agar plate and
cultivated in 37 °C overnight.

The cultivated bacteria from previous week, meaning the bacteria that survived the
exposure from the previous experiment, were removed from MH agar plates with a sterile
loop and added to 10 mL of MH broth and diluted using MH broth to MF density of 1.0 for
both Z and R. It usually took five to ten colonies, based on their size, to get the MF density
of 1.0.

For Z and R samples, the same dilution series was done separately for each sample Z and
R, and the stock of 1.0 MF density was diluted to 1:1000 using MH broth.

This time, for the third dilution, 1:1000, only 18 mL of MH broth was put to two 50 mL
Falcon tubes and 2 mL of 1:100 diluted stock was pipetted to the Falcon tube for each
sample, Z and R.

Because, for the experiment only 18 mL in each Falcon tube were needed, 2 mL of the
1:1000 stock was removed from each Falcon tube, so there was space for 2 mL of purified
water (R sample) or 2 mL of ZnO NP solution (Z sample).

Every week the cultivated bacteria from previous week were used, so the bacteria were re-

exposed to ZnO, but without increase of ZnO in the stock.
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3.2 ZnO preparation

There are more types of zinc oxide nanoparticles, although, for this experiment spherical
zinc oxide nanoparticles were used (Sigma Aldrich). In order to study the resistance, only
low concentrations, non-lethal concentrations, were used. It was needed to study the
bacterial growth curve and with high concentrations of the ZnO NPs solution the curve
would be only flat (i.e. no increase of optical density), therefore it would not be possible to
study the difference between R growth curve and Z growth curve.

Non-lethal concentration was also used, because the bacteria cells that survived the
exposure to ZnO NPs were used the next week and therefore they could have passed on the
resistant genes, if they would have any.

Firstly, 10 mL of purified water were mixed with 20 mg of zinc oxide nanoparticles and
then sterilized, which resulted in concentration of 2 mg per 1 mL (2 mg/mL) ZnO solution.
After the sterilization was done, the ZnO solution was put to ultrasonic bath (Bandelin
Sonorex digitec, Maneko, with fixed settings: 35 kHz, 160 W) for 30 minutes. After
sonication, the ZnO solution was diluted. For the first dilution 1:10, 4.5 mL of purified
water was mixed with 0.5 mL of sonicated ZnO solution and for the second dilution 2 mL
of purified water was mixed with 2 mL of 1:10 diluted ZnO solution, which resulted in
concentration of 100 pg ZnO NP per 1 mL of purified water.

Fresh zinc oxide solutions were prepared before the bioreactor experiment each week.

3.3 Bioreactor experiment

The bioreactor experiment was the main part of the project. Bacteria growth and potential
bacteria resistance was studied there.

Two samples, Z and R, were used for the bioreactor experiment. For the Z sample, prepared
50 mL Falcon tube with 18 mL of 1:1000 bacteria stock was used and then 2 mL of ZnO
NP solution in a concentration of 100 pug/mL was used. Which means that in the Falcon
tube, the ZnO NP concentration was 10 pg/mL of purified water.

For the R sample prepared Falcon tube with 18 mL of bacteria stock was used, however,
instead of ZnO NP solution, 2 mL of purified water was added to the Falcon tube.

Both Falcon tubes were labelled so at the end of the experiment they were recognizable.
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Before starting the bioreactor experiment, dilution series was done for both Z and R
samples in a sterile space, in order to count the bacteria before the experiment at the
time 0 hours (t0). This was done to verify that both, Z and R samples were similar at the
beginning of the experiment and so the results were not affected by e.g. contamination.
The Falcon tubes were then inserted to bioreactors (RTS-1, BioSan) for 24 hours. The
settings were 37°C, 2000 RPM (rotations per minute), 1 second reverse spin, measurement
wavelength 850 nm.

Optical density (OD) of the solution in the Falcon tube was measured every 15 minutes
generating growth curves, which represent the change in an optical density of the solutions
over time. With bacteria growing, the solutions were getting less clear and the optical
density was higher. After the end of the bioreactor experiment, a second dilution series was
done, so it was possible to count the bacteria at the time 24 hours (t24), and therefore
possible to observe the differences between R and Z samples after the experiment, to prove
or deny the bacteria resistance. Also, to examine more the bacteria growth by comparing
the number of viable bacteria cells at the time 0 hours and at the time 24 hours.

Both dilution series were done with 1.5 mL Eppendorf tubes.

First dilution series, before the bioreactor experiment, had the maximal dilution factor 10~*
, S0 four Eppendorf tubes for Z sample and four Eppendorf tubes for R sample were placed
to a rack and 1350 pL of 0.9% NaCl were pipetted to each Eppendorf tube.

Then, for the Z and R samples, 150 pL of the MH Broth with bacteria and with the NP
solution (Z sample) or with purified water (R sample) were taken from the Falcon tubes
and added to the first Eppendorf tubes, the solution in the first Eppendorf tube was mixed
by hand and again 150 pL were taken from the first Eppendorf tube and added to the second
Eppendorf tube. This procedure was done for all four Z and all four R Eppendorf tubes.
Thereafter, 500 uL were taken from the Eppendorf tubes with dilution factors 10~%, 1073
and 1072 and added to 0.5 mL MH agar plates in duplicate. All the plates were labelled
with Z or R, time 0 and the dilution factor, let dry in a sterile space and then incubated at
37°C overnight.

The next day the colonies formed on the MH agar surface were counted using an automatic
counter (SphereFlash, IUL Instruments), so it was possible to count cfu/mL at the time 0
hours. Machine settings that can be optimized depending on the colony type and size.

[llumination type and plate diameter. The sharp illumination method was selected, which
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is suitable for colonies with sharply defined edges, such as SA. The diameter of the Petri
dish used was 60 mm, therefore the plate diameter setting was 55 mm.

The diameter is smaller than the actual size of the plate. That is because at the edges the
counter can interfere with the plate and it can lead to wrong number of colonies.

Also, near the edges of the plate, there is a bigger chance of contamination. The
contamination could influence the concentration, and that is not wanted. After the picture
has been taken, it is possible to change the absolute minimum diameter setting in order to
only count SA colonies and not bubbles or contamination.

An example of a processed picture
from the automatic counter looks
like can be seen in Picture 15. Red
line which is around the plate is the
set diameter, where the counter is
counting colonies. Every colony is
then circumscribed with a red line
and in the center is a red cross which
represents the center point of the
colony, and the automatic counter is
counting the colonies based on the

marking.

Picture 15 Processed picture from
automatic counter Sphere Flash

The second dilution series, after 24 hours, meaning at the end of the bioreactor experiment,
was done the same way as the first dilution series, but the second dilution series had the
maximal dilution factor 10~8. Eight Eppendorf tubes for both Z and R samples were placed
to a rack and filled with 1350 pL of 0.9% NaCl. Right after the Falcon tubes were removed
from the bioreactor, 150 pL was taken from the tube and added to the first Eppendorf tube,
mixed in hand and then again 150 pL was taken from the first Eppendorf tube and pipetted
to the second Eppendorf tube and this procedure was done for all the nine Eppendorf tubes
for both Z and R samples.

Then, 500 uL were taken from the Eppendorf tubes with dilution factors 1078, 10~7 and
107 and added to 0.5 mL MH agar plates in duplicate. All the plates were labelled with Z
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or R, time 24 and the dilution factor, let dry in a sterile space and then incubated at 37°C
overnight.

After another 24 hours, the incubated colonies on the MH agar surface were counted using
the automatic counter (SphereFlash, IUL Instruments) again, so it was possible to count
cfu/mL at the time 24 hours.

The automatic counter is not counting the right concentration, because it assumes 1 mL was
added to each plate. However, in this experiment 0.5 mL in duplicate were added, so
recalculation was needed, and the number of counted colonies (from automatic counter)
had to be multiplied by two.

For the recalculation, it was necessary to have dilution factor of the certain sample and then
information from the automatic counter: counted colonies on the certain MH agar surface

and counted volume of the sample.

The formula for recalculating the cfu/mL was:

, counted coloniesx2xdilution factor
recalculated concentration = ! (@)

counted volume

If the dilution factor on the plate was for example 1078, the number of colonies was
multiplied by 2 and then by 108 after that the number was divided by volume counted by
the automatic colony counter.

For every sample, recalculation was needed using this formula, to get the right
concentration in cfu/mL (colony forming units per millilitre). From all plates was then done
mean, for Z sample at time 0 and 24 hours and for R sample at time 0 and 24 hours.

These values were then used for charts and for comparison.
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4. RESULTS AND DISCUSSION

In this part results from the bioreactors and cfu/mL results from each week are showed and
discussed. Also, more specific results like length of lag phase and growth rate are provided

and discussed. Weeks 1 to 7 are discussed separately from week 8.

4.1 Weeks 1 to 7 — OD and cfu/mL

Table 1 shows mean of cfu/mL for weeks 1 to 7 for Z sample at time 0 and at time 24 hours.
In Table 2 are results of mean of cfu/mL for weeks 1 to 7 for R sample, again at time 0 and
at time 24 hours. For the cfu/mL were only used plates with colonies, so empty plates were
not used for counting.

The results from the bioreactors needed to be blank corrected. The first measurement, 15
minutes after the start of the experiment, the value is OD of the broth, it is not measuring
the bacterial growth. In order to measure only bacterial growth, the first value (at time 15
minutes) was subtracted from all the values, so the OD at the beginning of the experiment

starts at zero.
Table 1 cfu/mL weeks 1 to 7, Z sample

cfu/mL

1,16*10° |6,70*10* |5,35%10* |6,16*10* |5,36*10* [6,95*10* |1,16*10°
2,09*10° |2,0010° |2,30*10° |1,59*10° |7,99*10®° |1,25*10° |2,00*10°

Table 2 cfu/mL weeks 1 to 7, R sample

cfu/mL

1,04*10° |5,77*10* |516*10* |4,66*10* |6,50*10* |1,13*10° |1,04*10°
2,74%10° [2,02*10° |1,65*%10° ]1,39*10° |1,12*10° |1,25*10° |1,70*10°

From Table 1 and Table 2 can be seen that at the beginning of the experiment, time 0, the
cfu/mL was around 10* or 10° for both samples. After 24 hours in the bioreactor, time 24,
the concentration is higher, and the cfu/mL was around 108 or 10° for both samples. For
each week, | made a bar chart with mean of cfu/mL at time O and at time 24 hours for Z
and R samples. These bar charts can be seen in Figure 1 a) — Q).

In Figure 2 a) — g) is OD measured from bioreactors for weeks 1 to 7 for Z samples and R

samples.

36



cfu/mL

cfu/mL

cfu/mL

1.00E+10
1.00E+08
1.00E+06
1.00E+04
1.00E+02
1.00E+00

1.00E+10
1.00E+08
1.00E+06
1.00E+04
1.00E+02
1.00E+00

1.00E+10
1.00E+08
1.00E+06
1.00E+04
1.00E+02
1.00E+00

week 1 cfu/mL

[ 4
II "
t0 t24

week 3 cfu/mL

4
II "
t0 t24

week 5 cfu/mL

4
II "
t0 t24

cfu/mL

1.00E+10
1.00E+08
1.00E+06
1.00E+04
1.00E+02
1.00E+00

-
=
=
=]
(=
o
-
£
=
=]
=
o
-
=
=
>
(=
o

¢

week 7 cfu/mL

1.00E+10
1.00E+08
1.00E+06
1.00E+04
1.00E+02
1.00E+00

1.00E+10
1.00E+08
1.00E+06
1.00E+04
1.00E+02
1.00E+00

1.00E+10
1.00E+08
1.00E+06
1.00E+04
1.00E+02
1.00E+00

Figure 1 a) - g) cfu/mL weeks 1to 7

37

week 2 cfu/mL

to t24

week 4 cfu/mL

t0 t24

week 6 cfu/mL

t0 t24

nZz
o w [o

| V4
ER

| V4
ER



week 1 OD

4
3 ——7
2

—— R
1
0

OD 2A=850nm

12:(:)L0:00 AIM8:00 AAB6:00 ARR4:00 PRA12:00 PIE00:00 AM

time [h] a
. week 3 OD
4
E 3
]
ﬁ 2 —— 7
(&) ——
o) 1 R
0

12:00:00 AM8:00 AD/B6:00 ARR4:00 PKA12:00 AIZE00:00 AM

-1
time [h] C
week 5 OD
35
3
E 25
B 2
o]
J<I 15 ——7
Q 1
o ——R
05
0

-08;00:00 4:48:00 9:36:00 14:24:00 19:12:00 0:0¢-2
time [h] e

week 2 OD

4
3
S
o
32
i ——
o~ Z
nl ——R
O
0
12:00:00 AlMI8:00 A%B6:00 ARP4:00 PKA12:00 PIE00:00 AM
-1 .
time [h] b
week 4 OD
4
3
IS
S
g 2
11 ——7
~ 1
)] ——
o R
0
0:00:00 4:48:00 9:36:00 14:24:00 19:12:00 0:00:00
-1
time [h] d
week 6 OD
35
3
EZ.S
§ 2
T 15 ——
N1
@) —— R
005
0

-0&00:00 4:48:00 9:36:00 14:24:00 19:12:00 0:00:00

time [h] f

week 7 OD

OD A=850nm
N w

f—z
1
—.—R
0

0:00:00 4:48:00 9:36:00 14:24:00 19:12:00 0:00:00

time [h]

g

Figure 2a) - g) OD week 1 to 7

38



In Figure 1 a) — g) can be seen standard deviation for each sample at time 0 and at time 24
hours. Standard deviation was counted using function Standard Deviation in MS Excel from
all agar plates.

As can be seen in Figure 2 a) Z sample and R sample grew pretty much the same, the OD
was similar for both samples and also the cfu/mL, which can be seen in Figure 1 a), was
similar for both samples at time 0 and at time 24 hours.

In Figure 2 a) is a line that starts around time 3 hours and ends around 4:30 hours. In the
laboratory, where the measurement was happening, the power was accidentally down for
circa 1 and a half hour and therefore there were no measurements at this time. This is why
there is only a line and no points, which are signifying each measurement.

This incident does not have influence on the experiment and therefore it was not needed to
repeat the week 1.

In week 2 Z sample grew more than R sample, based on the OD — Figure 2 b). But cfu/mL
proved that the concentrations of both samples were similar at time 24 hours, see Figure 1
b).

In week 3 it took longer time for Z sample to start growing, see Figure 2 c), this might be
caused by the ZnO nanoparticles. Because the environment is different, it may take longer
time for the bacteria to get used to the environment and start growing. After that the Z
sample grew higher, but again the cfu/mL was similar for both samples at time 24 hours —
Figure 1 c).

In week 4, Figure 1 d) and Figure 2 d), the results were similar as in week 3, but the
standard deviation was higher in cfu/mL for Z sample, so even though it looks that the Z
sample has higher cfu/mL at time 24 hours, that it grew more, there was not a statistically
significant difference between Z and R.

In week 5, the OD was higher at time 24 hours for Reference sample than for ZnO sample,
see Figure 2 e) and from the bar chart Figure 1 e) it seemed that there might be a difference
between Z and R sample, which then might be a proof that the bacteria are interacting with
the ZnO nanoparticles.

But statistics showed that there was no statistically significant difference between Z and R
sample in week 5.

Statistics was done in MS Excel, using data analysis t-Test: Two-Sample Assuming Equal
Variances, alpha was set to 0,05 and concentrations on agar plates at time zero for both
samples were analysed and also the same data analysis was done for concentrations on agar

plates from time 24 hours.
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The t-Test analysis counts a P(T<=t) two-tail value. If the value is lower than 0,05 then
there is a statistically significant difference. The statistics at time 0 is a check that the
preparation was done correctly and to confirm, that there was not a difference between the
two samples at the beginning of the experiment. Statistics done at the end of the experiment
shows if there is a statistically significant difference between the two samples after 24 hours
in the bioreactor.

In week 6, Figure 2 f), the growth curve was similar to the one from week 3 — Figure 2 ¢)
and week 4 — Figure 2 d), but the results of cfu/mL — Figure 1 f) were the same as in week
3 and week 4. There was not a difference between the two samples at time 24 hours. This
was again proved by statistics done in MS Excel because the P(T<=t) two-tail value was
not lower than 0,05.

In week 7, both samples grew similarly — Figure 2 g) and the cfu/mL was similar — Figure
19).

One week needed to be repeated, because in the 50 mL Falcon tube, which is used for the
bioreactor experiment was alcohol, that is used for sterilization. The alcohol in the test
tube killed the bacteria, so there was only flat line from the OD measurement instead of
growth curve and the experiment was repeated next week, this time focusing on the test
tubes to be clean and without alcohol.

Also, week 4 was repeated, because the experiment needs to run for 24 hours, but the
computer shut down at night due to actualisation.

Another problem that occurred during the experiment was that in some agar plates was a
contamination. In microbiology laboratory contamination can happen and it is not
something rare.

In week 5, on one 24 hours plate, one colony of
bacteria Escherichia coli (E. coli) was observed.
In the laboratory it is also working with E. coli
bacteria, so the contamination of E. coli is
possible. But because the E. coli has different
shape and size — the colony is bigger than SA

and not round, it is fuzzier, it was still possible

to count the concentration of the SA on these
. plates and the contamination did not have

Picture 16 MH agar plate with E. coli . . .

contamination influence on the experiment results. Plates with

E. coli contamination can be seen in Picture 16.
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Table 3 P(T<=t) two-tail value for weeks 1 to 7

P(T<=t) two-tail value

t0 lower than 0,05 124 lower than 0,05
week 1 0,714 FALSE 0,053 FALSE
week 2 0,912 FALSE 0,960 FALSE
week 3 0,864 FALSE 0,118 FALSE
week 4 0,422 FALSE 0,607 FALSE
week 5 0,468 FALSE 0,119 FALSE
week 6 0,202 FALSE 0,998 FALSE
week 7 0,797 FALSE 0,311 FALSE

Statistics made in MS Excel proved that there was no statistically significant difference at
the beginning of the experiment, so the preparation was done correctly, and it is repeatable.
The P(T<=t) two-tail value was not lower than 0,05.

Also, for all the 7 weeks, there was not a statistically significant difference between the Z
and R sample after 24 hours in the bioreactor, again the P(T<=t) two-tail value was not
lower than 0,05. The P(T<=t) two-tail value for all 7 weeks at time 0 and at time 24 hours
can be seen in Table 3.

From the statistics and from the OD and cfu/mL | did not observe developing resistance

after 6 re-exposures to ZnO nanoparticles, using this technique and this particular

concentration.
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4.2 Week 8 — OD and cfu/mL

For week 8 the OD results were blank corrected too the same way as it was done for other
weeks.
In week 8, the Z sample grew differently than R sample based on the OD, this can be seen

in Figure 3.
4 week 8 OD
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— ]

oD 4
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—— R

0
0:00:00 4:48:00 9:36:00 14:24:00 19:12:00 0:00:00

-1 time [h]
Figure 3 OD week 8
Based on the OD the Z sample started growing later than R sample, but after that, it grew
higher than R sample and this was also proved by cfu/mL.
Bar chart of cfu/mL of week 8 is in Figure 4. Only plates with dilution factor 10~7 and
10~ were used for counting cfu/mL, because on plates with dilution factor 10~8 was more

than 400 colonies so it was not possible to count them properly.

week 8 cfu/mL
1.00E+10

1.00E+08
1.00E+06 u7
1.00E+04 2R
1.00E+02
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t0 t24

Figure 4 cfu/mL week 8

cfu/mL

Statistics proved that there was a statistically significant difference between the Z and R
sample. The P(T<=t) two-tail value was 0.01. Also, there was not a difference at time
0 hours, so the results are not misleading and influenced by difference between samples at
the beginning. The P(T<=t) two-tail value at the beginning of the experiment was 0.84, so

there was no statistically significant difference at the start.
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Since there was a difference at t24, | decided to do the dilution series again, 24 hours after

the end of the experiment, and the results are in Table 4.

Table 4 Repeated dilution series, week 8

Repeated dilution series, 24 hours after the
end of the experiment

2,10*10°| 2,10*10°
1,58*10° 1,58*10°
1,50%10°| 2,50*10°

cfu/mL 1,29*%10°| 2,92*10°
mean 1,62*10°| 2,27*10°

Unfortunately, there was no statistically significant difference at time 24 hours after the
end of the experiment. So, the dilution series is not reproducible, and the dilution series has
to be done right after the experiment. Because when the dilution series is done later, the
results can be different and cannot be used.

Therefore, | decided to repeat the whole experiment to investigate more the difference
between the two samples. To do week 8 again to prove or deny the difference between the
Z and R sample and therefore prove or deny the possible developing resistance.

Next week the experiment was repeated using 4 bioreactors, so both Z and R samples were

done in duplicates. OD from repeated week 8 can be seen in Figure 5.
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Figure 5 OD repeated week 8
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One Z sample started to grow later than other samples (Z 1), but then both Z samples grew
more than R samples.

Dilution series was again done before and after the experiment. The dilution series at
time 0 hours showed that there was not a statistically significant difference at the beginning
of the experiment, the P(T<=t) two-tail value 0.44, therefore the preparation was done
correctly, because the samples were similar at the start of the experiment.

But the growth on agar plates at time 24 hours was strange.

Only eight from twelve plates for R sample were used and only two from twelve samples
were used for Z sample. On R agar plates with dilution factor 10~° were too many colonies,
from 500 to 800 hundred, so it was not possible to count the number of colonies correctly
and therefore the plates could not be used.

For the Z sample only two agar plates with dilution factor 10~7 were used because on other
agar plates were too many colonies, even on plates with dilution factor 108, where should
be only few colonies. Probably because of contamination.

The counted cfu/mL for repeated week 8 can be seen in Figure 6. The Z sample has higher
value than R sample, but it is a result from only 2 plates so the result can be misleading.
Another dilution series was done, but | was not able to use the results because there were
too many colonies even on plates with high dilution factor which again leads to a possibility

of contamination or another experiment error.
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Figure 6 cfu/mL repeated week 8
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The P(T<=t) two-tail value from MS Excel statistics was 0.07. So, in the repeated (rpt)
week 8, there was not statistically significant difference between Z and R sample and the
possible development of resistance was not proved.

In Figure 7 is a comparison of cfu/mL from week 1 and week 8.

week 1 and week 8 cfu/mL comparison
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Figure 7 cfu/mL week 1 and week 8
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m Z week 8
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From the Figure 7 can be seen that the cfu/mL did not changed drastically for the Z

sample after seven re-exposures to ZnO nanoparticles.

4.3 Growth rate and Lag phase analysis

| also analysed growth rate of the samples, Lag phase length and the P(T<=t) two-tail
value.

,,Growth rates refer to the percentage change of a specific variable within a specific time
period.«67

The bioreactor is providing information about the growth rate is a percentage change of
the OD in time. | was analysing at what time of the experiment was the growth rate
maximal and if there was a difference between the Z and R maximal growth rate.

The growth rate results are in Table 5.
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Table 5 Maximal growth rate and the time, when the maximum was observed

V4 time [h] i (b ") max
week 1 7.3 0,61
week 2 8,12 0,48
week 3 9,38 0,55
week 4 8,12 0,53
week 5 8,87 0,45
week 6 8,44 0,45
week 7 7,86 0,49
week 8 8,62 0,48

8,88 0,48
rpt week 8 7,35 0,48

R time [h] i (h ") max
week 1 7,02 0,61
week 2 7,61 0,47
week 3 8,37 0,51
week 4 10,66 0,45
week 5 8,11 0,47
week 6 7,67 0,45
week 7 7,86 0,49
week 8 8,12 0,48

8,12 0,47
rpt week 8 8,12 0,49

From Table 5 can be seen that maximal difference between the Z sample growth rate and

R sample growth rate was in week 4, which is the week where Z grew higher, but there was

not a significant difference in cfu/mL. In the other weeks, the growth rates were similar,

and the maximal growth rate was observed usually between 7 to 9 hours, from the

beginning of the experiment.

Only in week 4, the R sample achieved the maximal growth rate at time 10.66 hours. It

might be caused by some experiment error, but it is only one strange result from nine

experiments.

Then, | analysed the length of Lag phase. The length of the Lag phase could be counted as

a time from beginning to a point when the OD achieves higher value than 0.2. From this

time starts Log phase.

In Figure

8 is a graph of length of Lag phase duration for all 8 weeks.
Lag phase duration o7
75 .

~

Linear (2)
Linear (R)

o
3

o
3

lag phase duration [h]

»
Ul

week number

Figure 8 Lag phase length
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| analysed the Lag phase duration to see if there is any trend with more weeks, but from the

Figure 8 is obvious, that there is not any trend. The Lag phase length was usually between

five and seven hours.

P(T<=t) two-tail at the end of the experiment
11

0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

t) two-tail, t24

P(T<=

01 0 1 2 3 4 5 6 7 8 8 rpt
week number

Figure 9 P(T<=t) two-tail value at time 24 hours

Figure 9 shows P(T<=t) two-tail value at t24 within the weeks. From Figure 9, the
P(T<=t) two-tail was getting near the value 0.05 with the last re-exposures.

More re-exposures might show a difference between the two samples.
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5. CONCLUSION

In this experiment, non-pathogenic bacteria Staphylococcus aureus was exposed to
non-lethal concentration of ZnO nanoparticles in bioreactors.

Development of microbial resistance was studied using two different methods.
Measurement of change in optical density over time and therefore growth curve of the
bacteria in the bioreactors. And colony forming units, which were counted at the beginning
and at the end of the experiment.

After seven re-exposures, using these methods and with the particular ZnO nanoparticle
concentration (10 ug/mL), I did not observe any development of microbial resistance.
Also, analysis of growth rate and Lag phase duration did not show any trend.

However, deeper study is needed, because the microbial resistance might be observed after
more re-exposures or a higher non-lethal concentration of ZnO nanoparticles are used.

It is important to study the antimicrobial effect of nanoparticles, but also the possible

development of resistance to nanoparticles in order to use them in medicine in the future.
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file://///Users/evawohlgemuthova/Desktop/Bakalářka/Bachelor%20thesis.docx%23_Toc91356161
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