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ABSTRAKT

Bakalafska prace je zaméfena na teoretické poznani nanocéstic s diirazem na jejich vyuziti
v kosmetickém primyslu. Pro sprdvné pochopeni nanocastic je dulezité si uvédomit,
ze se jedna o Sirokou skupinu materiala, jejichz vyuziti a vlastnosti se zna¢né odliSuji.
Mezi faktory, které ovliviiuji chovani nejvice, patii velikost, pomér povrch/objem, tvar, ma-
teridl, ze kterého jsou vyrobeny a zpusob syntézy. Vymezeni téchto parametrii hraje
dilezitou roli pro stanoveni jejich biologickych vlastnosti, interakci s biomolekulami a miry
toxicity. Praktickd cast bakalarské prace je zamétena na osvojeni riznych technik biolog-
ického testovani materialti v laboratotich. Dale se zabyva testovanim toxicity materiali ob-
sahujici nanocastice. Toxicita vzorkll byla stanovena pomoci cytotoxicity a proliferace za

pouziti eukaryotickych bunék.
Klic¢ova slova:

Nanocastice, biologické vlastnosti, biokompatibilita

ABSTRACT

The Bachelor’s thesis is focused on theoretical knowledge about nanoparticles (NPs) in gen-
eral and their usage in the cosmetic industry. For the right understanding of NPs, it is im-
portant to realize that NPs are a wide group of particles with different usage and properties.
Factors influencing their behavior the most are size, surface/volume ratio, shape, used ma-
terial and type of synthesis. Defining of these parameters plays a crucial role in the determi-
nation of biological properties, interaction with biomolecules and amount of toxicity. The
practical part of the thesis continues with the determination of the toxicity of materials con-
taining nanoparticles. The toxicity of samples was determined by cytotoxicity and prolifer-

ation using the eukaryotic cells.

Keywords:

Nanoparticles, biological properties, biocompatibility
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INTRODUCTION

There are a number of definitions of nanoparticles (NPs) in the scientific literature.
For the purpose of this thesis, the most appropriate definition is as followed ,,Nanoparti-
cles are particles that exist on a nanometer scale (i.e., below 100 nm in at least one di-
mension).*“ [1] Recent interest in nanotechnology rises from nanoparticle’s unique prop-
erties connected to their size, surface, photochemical activity, and high surface/volume
ratio. Despite the fact that NPs are nowadays widely used in various commercial and do-
mestic applications, their biological properties and impact on human health are still un-

certain.

Due to the scope of the theme of this thesis, it was not always possible to clarify exact
NPs mentioned in different applications. It became clear that every type of NPs is highly
specific in its purpose and properties. To keep this thesis in the required length, in most

cases NPs are presented in general.

NPs have been used for a long period of time. As they can be produced by weathering,
volcano eruptions, wildfires or microbial processes, non-intended using NPs by the hu-
manity can be traced back to ancient times. From the scientific point of view, as an im-
portant step forward, the work of Michael Faraday might be considered. He studied
the interaction between light and metal materials in 1857, as several literary sources de-
clare. In the upcoming years, mostly observation of their side effects and looking for their
possible applications had taken place. [2] More recently, nanotechnology is a rapidly
developing branch of science. In 2014, there were about 1814 consumer products
with nano-base. [3] It is obvious that its influence will grow up even more in the future.
The unique properties of NPs offer uncountable opportunities for surprising discoveries

and represent great challenges to the scientists.
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1 BIOLOGICAL PROPERTIES OF NANOPARTICLES

Biological properties and thus their possible applications of NPs are based on their phys-
ical and physicochemical properties. Among these properties, size, photochemical activ-
ity, specific surface chemistry, energy and roughness, and unique surface/volume ratio

are included.

1.1 Size and shape

Fig. 1 Different shapes of NPs [4]

Size and morphology of NPs determine, how they can be used. [5] These two parameters
influence their toxicity and targeting ability in living organisms. It also has an impact
on how living cells are able to see and recognize NPs. Small size and appropriate shape
determine some NPs to be used as very small probes to explore and even heal cells with-

out introducing too much damage. [6]



TBU in Zlin, Faculty of Technology 11

1.2 Surface/volume ratio

1m

Area =6 x 1m? = 6 m2 mea=6x[1"2m)2x3=12 m?2

y/

Area =6 x (13m)% x 27=18 m?

Fig. 2 Surface/volume ratio [7]

The surface area defines the quantity of exposed area of solid objects. One of the crucial
properties of NPs is, related to their small size, high surface/volume ratio. This ratio is
the amount of surface area per unit volume of an object. With the decreased size, amount
of atoms on NPs surface increases. The higher percentage of atoms on the surface leads

to rapid growth in the reaction rate for the chemical reaction. [7]

1.3 Surface

The essential property of NPs and then their following applications is their ability to cre-
ate interactions with biomolecules. For interaction between NPs and biomolecules,
the surface charge is the most crucial parameter. It can be described through zeta poten-
tial'. Thanks to zeta potential, it is possible to visualize the level of stability of bonds

between NPs and biomolecules. [8]

! Zeta potential is a term for electro-kinetic potential in colloidal systems, and a measure of surface charge.

[63]
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1.4 Optical properties

The optical properties of NPs are important for biosensing, bioimaging, and detection
of foreign compounds in the human body. Especially one group of NPs, called quantum
dots, are well-known for their extreme fluorescent properties®. They can absorb and emit
light at different wavelengths depending on a core diameter. The other optical property
is resistance to photobleaching and a long fluorescence lifetime compared with organic

dyes. [9] The importance of QDs is described later in this thesis.

2 Fluorescence in generally is the ability of a material to absorb light at one wavelength

(color) and emit it in a different one. [71]
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2  APPLICATIONS OF NPS IN BIOLOGY

Particular NPs have become universal tools for a whole range of biological applications,
such as controlled drug release, detection of pathogens, separation of cells and biomole-
cules, bioimaging or in tissue engineering. They also gain importance in the curing of tu-
mor diseases. [5] To demonstrate how important NPs become, let me introduce you a few

of these applications.

2.1 NPs as sensors

Research Tools Chinical Tools

Fig. 3 Optimization of NPs for becoming
biosensors [64]
NPs as sensors have been used for a variety of applications including detection of ana-
lytes at very low concentrations, detection of pathogens, capturing cells, and detecting
molecular functions. [10] In particular, gold NPs and semiconductor NPs (e.g. quantum
dots) have been largely exploited for colorimetric and fluorescence detection of oligonu-

cleotides, proteases, and other molecular species. [11]

2.2 NPs for pathogen detection

The optical and magnetic properties of metallic NPs are utilized for the detection of for-
eign molecules as well as undesirable microorganisms in the human body. Microorgan-
isms can be detected through the use of metal core NPs with a molecule of Fe in their

center. [10]
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2.3 NPs for cell detection and separation

For biological research, isolation of certain cells from complex mixtures is an important
issue. NPs have been discovered as sensitive tools for the detection of specific cell types
in low concentrations. Magnetic NPs, meaning NPs coated with a thin layer of gold
or special types of dendrimers, are used e.g. for the identification of circulating tumor
cells, which are responsible for creating metastasis. [10] Detection and separation func-
tions of NPs can be used also for molecules not only for cells. For example, nanotube
membranes can act as a channel for selective transport of molecules and ions between

separated solutions. [12]

2.4 NPs as imaging agents

Imaging of in vivo
assembly

Second injection
Contrast agent -Streptavidin

First injection
Gold nanoparticles

TIME

contrast agent- £9e
streptavidin

30 nm gold
nanoparticle

Fig. 4 Gold NPs assembling with contrast agent in vivo [13]

NPs have been studied as contrast agents in molecular imaging. Some kinds of NPs are
enabled to create sensitive and specific monitoring of molecular targets, which allows
the detection of diseases such as cancer and cardiovascular diseases. [10] That can be

achieved in several different ways:

1) long term lasting imaging signals

2) using passive or active targeting

3) multiple ligands presence on the surface of NPs

4) using both imaging and the therapeutic ability of NPs

5) using different types of imaging technique per one type of NPs

6) detection of more targeted molecules simultaneously. [14]
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2.5 Tissue engineering

A high level of precision and high quality has been achieved in current tissue engineer-
ing. Despite this fact, the uncertain response of the immune system on foreign substances
in the body is still a tremendous problem. It has been shown that specific NPs are able
to solve this issue. Precisely modified NPs increase lasting implants and reduce the risk
of causing inflammation and body rejection of implants. The effect of enhancing
the adoption of implants by the immune system was demonstrated on implants of a hip
or knee. The addition of nano-sized structures on the surface of the prosthesis has re-
duced the chance of rejection by the immune system and also stimulated the production
of its own osteoblasts. Types of NPs using in coating the prosthesis depend on a kind
of replaced tissue. For bone implants, ceramic NPs or nanostructured apatite film can be

used. [5]

2.6 NPs as drug carries

Studies have shown that nanoparticle-drug complexes, using, for example, organic NPs
or quantum dots, have the ability to reduce toxicity and side effects of e.g. chemotherapy
drugs. Reducing toxicity of raw drugs is allowed through various methods such as en-
capsulation, micellization, and protein cage architecture using carbon nanotubes, gra-

phene oxide, polymeric based NPs, liposomes, dendrimers or polymeric micelles. [15]
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3 BIOCOMPATIBILITY NPS WITH THE HUMAN BODY

Fullerenes é: :!‘ .
o3> S5 Gold nanoshells
ey
Y 1

Polymt_ar :

E 20 &3 -
L% : = Dendrimers
e d J'/j,‘ 7

:::eracﬁonﬂ\;::{ltyt;lood 2 \\

ocompa :
" Itegrity of red bood [\ \ |'| - mﬂ:mmdamw

) ‘

cells [
| i |
|

= Coagulation
« Protein binding g4 j | t';) \ PATIH ISSANGE
u 1 /

Interactions with and " Immunogenicity:

effects on immune cells: ’;' { ['" * Adjuvant properties
= Immunosuppression { | * Haptens
« Immunostimulation \\ | |  Antigenicity

Fig. 5 Possible impact of NPs on human body [15]

NPs have been used for a long time. It is necessary to be interested in their possible toxic
effects on the environment (accumulation of NPs in water and soil), plants, animals
and human health so that they will only have positive effects on our lives. In this case, it

is important to talk about the potential danger of NPs in the human body.

3.1 Entry of NPs into the human body

The potential entrances for NPs to the human body are at least four: The skin, the respir-

atory route, the gastrointestinal system, and the nasal epithelium. There is also a possi-

bility of penetration by injection of drugs containing NPs. [16]
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3.1.1 The skin
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Fig. 6 Structure of human skin [65]

The human skin and epithelium of respiratory and gastrointestinal tracts are the first
and biggest barriers against the outer environment. The skin is composed of three parts:
epidermis, dermis and subcutaneous. The outer part of the epidermis is called Stratum
corneum and consists of keratinized dead cells. The layer of fully keratinized cells should
provide sufficient protection against the surrounding environment. The second part
of the skin, dermis, contains blood vessels, nerves, sweat glands, and hair follicles. It has
been shown that NPs can remain in hair follicles. [12] However, penetration of NPs
through the skin is rare as the outer part of the skin, Stratum corneum, is able to protect
the human body against any NPs scattered in dust made of manufacturing or combustion.
[17] On the other hand, the effect of a few substances, such as titanium dioxide, has been
discussed. Titanium dioxide is used as UV-absorber in a wide range of cosmetics prod-
ucts and its nano-scaled particles are suspected for causing serious diseases. [18] Toxic
effects of NPs on the skin are determined by the length of their exposition. That is the rea-
son why SC is able to protect skin against NPs scattered in the air. However, NPs of ti-
tanium dioxide are able to stay and even penetrate through SC because of its long term
using in sunscreens and other types of cosmetics, which may be used for several years.
Nevertheless, the concerns about the penetration of NPs through the skin and resulting
toxic effects are highly debatable topics among scientists. The fact is that NPs are still

not fully characterized from this point of view. [19]
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3.1.2 Inhalation
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Fig. 7 The respiratory system [66]

The respiratory system provides a major doorway for particulate materials scattered
in the air like asbestos, quartz, and carbon. The effect of NPs on the respiratory tract
depends on their size and type. [16] Particles on the nanoscale level have a high proba-
bility of passing through the thoracic zone and have a definite probability of reaching
the pulmonary alveoli, where gaseous exchange occurs. [17] The way how NPs influence
the respiratory system also depends on the anatomic structure of the breathing tract, air-
flow patterns, and the flowing characteristics of particles. If NPs are able to penetrate
deeper into the lungs, they interact with epithelium and can cause inflammation and have

chronic effects. [19]
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3.1.3 The gastrointestinal system
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Fig. 8 The structure of gastrointestinal system [20]

Nanomaterials can get into the gastrointestinal tract by ingesting them directly in water,
food, drugs, and drug delivery devices or after mucociliary clearance from the respiratory
tract. In fact, studies, about the toxicity of nanomaterials after oral ingestion, are insuf-
ficient and very little studies have been done until now on how the gastrointestinal tract
reacts to NPs. The gastrointestinal tract is a highly complex environment and understand-
ing the efficiency of ingested NPs requires control of multiple factors. [21] However, it is
known that permeability of the gastrointestinal lining may be changed due to a high con-
centration of ingested NPs. This condition can result in ulcers, weakening of the epithe-
lium, cause metaplasia or dysplasia of the epithelium, malabsorption of nutrients,

or it may lead to chronic bleeding. [19]

3.1.4 Lymphatic system and blood

NPs reach the lymphatic system in macrophages or as free particles, due to detection
and drug delivery against tumor diseases. After NPs enter the lymphatic system, they
aggregate in lymph nodes. The health effects of NPs against the lymphatic system are
not examined enough yet. Oxidative stress caused by NPs can lead to damage of lym-

phocytes, lymph nodes, and spleen. [12]
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There are three different types of cells in human blood and it is clear that NPs interact
with each of them differently. The effect of NPs on blood cells depends on their size
and surface charge. Thrombosis and cardiovascular malfunctions were observed af-
ter the translocation of NPs. On the other hand, NPs used as drug delivers are in direct

contact with blood cells and so their toxicity against cells has to be minimalized. [12]

3.2 Biocompatibility of NPs with the human body

In the first place, it is important to define what biocompatibility means. This concept
presents the interaction between implants or every foreign object with the human body.
One of the definition was made in 2010 by Kohane and Langer and they explained bio-
compatibility in the context of drug delivery and defined biocompatibility as “an expres-
sion of the benignity of the relation between a material and its biological environment”.
It is clear, that biocompatibility presents both beneficial and harmful interactions. [15]
Specific reactions between NPs and the human body include for example immunostimu-

lation, immunosuppression or the creation of oxidative stress.

3.2.1 Immunostimulation
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Fig. 9 The impact of NPs on human body [22]
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When the immune system recognizes foreign materials it elicits the immune response. It
leads to enhancing an activity of one or more components of the immunoregulatory com-
plexes. In relation to immunostimulation, some NPs can behave as adjuvants. Adjuvants
are molecules that are able to increase the body's immune response to an antigen. It has
been shown, that using NPs, specifically poly(methyl methacrylate) NPs, against human
immunodeficiency virus HIV, led to enhancing an antibody response in mice which was
100 times stronger than the traditional aluminum hydroxide or aqueous control vaccine.
[15] On the other hand, many immunostimulatory reactions caused by NPs are mediated
by the production of inflammatory cytokines. Several studies have reported cytokine in-
duction by various types of nanomaterials (gold colloids, dendrimers, polymers, lipid
nanoparticles, etc.). [22] This can be prevented by modifying nanoparticles by adding

special ligands on their surface. [15]

3.2.2 Immunosupression

Immunosuppression is described as a reduction or prevention of the activation of the im-
mune system. [15] Two types of immunosuppression are known: intended and unin-
tended. Intended immunosuppression means that inhibition of immune response is ex-
pected because  of  relieving  immune-mediated  pathologies. = Unintended
immunosuppression occurs when a decrease in immune function is unplanned and can
be beneficial. Unintended immunosuppression can be beneficial when it helps in inhib-
iting inflammatory and autoimmune conditions, e.g. to reduce the rejection of trans-
planted organs. [23] NPs are able to have the immunosuppressant function. In studies, it
has been found out that a type of water-soluble fullerene on nanoscale level suppressed
arthritis-induced inflammation, inhibited autoimmune diabetes as well as allergies type |

and type II to common environmental and food allergens. [15]

3.2.3 Oxidative stress

Various types of NPs can cause the creation of reactive oxygen species (ROS) as it has
been shown in vivo as well as in vitro studies. Free radicals are typical for containing one
or more unpaired electrons. Substances with missing electrons are highly reactive
with a wide range of different molecules, for example with DNA, proteins and with lipids
in a cell membrane. [24] ROS can affect DNA in several ways, e.g. degradations of ba-

ses, DNA breaks, purine or pyrimidine modifications or mutations. DNA damages are
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relevant to carcinogenesis, aging, cardiovascular or autoimmune diseases. ROS are re-
sponsible for disrupting the membrane lipid bilayer, as well as for protein fragmenta-
tions, cross-linking or oxidation of amino acids. [25] It is clear that a high concentration

of ROS in living organisms may have a fatal impact on their health.

3.2.4 Cytotoxicity

Various types of NPs (NPs of TiO2, ZnO, Fe304, Al,O3, CrOs3, and others... ) are con-
nected with toxicity, which affects cell morphology, mitochondrial function and damages
membranes. NPs with positive charge occurring in the cell are also undesirable. The cell
membrane has a negative charge and if positively charged NP come into contact
with the cell, it is able to block cell communication. Loss of possibility of a cell’s com-

munication leads to its death. [26]

3.2.5 Genotoxicity
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Fig. 10 Genotoxicity of NPs [26]

It has been already proven that NPs based on metals are able to interrupt the cell repli-
cation process and damage DNA. They are responsible for cell death and toxic effects
on a genome. Changes in the cell genome can lead to chromosomal aberration,

which may even cause tumor diseases. [26]
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3.2.6 Toxic effect of NPs on the reproductive system

NPs can have toxic effects on any stage of reproduction and pregnancy in the human
reproductive cycle. NPs may be responsible for damaging the reproductive organ function
and physiological structure of germ cells. The toxic impact of NPs on the reproductive sys-

tem differs at female and male reproductive organ systems. [27]
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4 SYNTHESIS OF NPS
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Fig. 11 Types of NPs synthesis [37]

There are many ways of synthesizing NPs. Usually, they are divided into two main clas-
ses: the bottom-up approach and the top-down approach. These approaches divide

into various subclasses based on a different process of production.

4.1 The top-down syntheses

This method has a destructive character. It starts from a larger molecule, which is trans-
ferred into smaller units. These units are converted into suitable NPs. This can be done

e.g. by grilling/milling or by physical vapor deposition. [28]

4.2 The bottom-up syntheses

In this method, NPs are formed from relatively simpler substances, therefore this ap-
proach is also called the “building up” approach. NPs are made by using sedimentation

or reduction techniques. [28]
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5 CLASSIFICATION OF NPS

As a tremendous amount of different kinds of NPs are known, it is in place to divide
them into a few classes. NPs can be classified in many ways. Depending on the material

used to produce them, they can be classified as follows:

5.1 Organic NPs

Polymeric nanosphere Polymeric nanocapsule

Polymeric micelle Liposome
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Fig. 12 Types of organic nanoparticles [31]

Liposomes

Liposomes are spherical vesicles of phospholipids bilayer. [29] They belong to the most
developed nanocarriers for targeted drug delivery. Their synthesis is based on the hydra-

tion of dry phospholipids. [8]
Polymeric NPs

Polymeric NPs are made up of biocompatible and biodegradable polymers. Due to their

ability of slow and controlled drug release, they are used as therapeutic carriers. [30]
Polymeric micelles

Polymeric micelles are colloidal structures composed of block copolymers. They are
formed of hydrophobic fragments that form the inner core of the sphere, while hydro-
philic fragments create the outer shell. They are used as drug delivery. Polymeric mi-

celles also exhibit low toxicity, like other organic NPs. [29]
Solid lipid nanoparticles (SLNs)

They have been produced as an alternative carrier system to liposomes and polymeric
NPs for controlled drug release. [8] They are composed of highly stable lipids that remain
solid even at body temperature. Their properties depend on the condition of the medium

in which they are located. [29]
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5.2 Inorganic NPs

Iron oxide nanoparticle
Gold nanoparticle
Quantum dot

Fig. 13 Types of chosen inorganic NPs [31]

Inorganic NPs are composed of different inorganic oxides. They differ in size, shape,
solubility and long-term stability. They are smaller than organic NPs. The inorganic NPs
are prepared by the reduction of metallic salts with reducing agents. Their characteristics
can be modified by temperature, pH, reduction time or concentration of reducing agent.
The metallic NPs are toxic in higher concentrations for cells. Their interaction with pro-
teins can result in skin or liver damage. They also might stimulate reactive oxygen spe-

cies and inflammatory cytokines. [29]
Iron oxide nanoparticles

These NPs are composed of iron oxide core with a hydrophilic coat usually made of dex-
tran or another biocompatible compound to enhance their stability. Because of their su-

perparamagnetic properties, they are studied as imaging agents. [30]
Gold nanoparticles

Thanks to their flexible chemical and physical properties, they are suitable candidates
for a large number of biomedical applications. They are usable as detectors of DNA,

aminoglycoside antibiotics or even for detecting cancer stem cells. [32]
Silver nanoparticles

AgNPs have gained prime importance for biomedical applications across other metallic
NPs. They have a wide range of purposes, from bioassays, detection, imaging to drug

delivery and antimicrobial properties. [8]
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Quantum dots (QDs)

These are metallic NPs with a core made of semiconductor materials like cadmium
or zinc. However, the potential toxicity resulting from the presence of heavy metal ions
in inorganic quantum dots may impede their medical applications. Therefore, a new class
of quantum dots has recently been synthesized. They are called graphene quantum dots.

[33]
Graphene quantum dots (GQDs)
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Fig. 14 The principle of photoexcitation [34]

They are made of a single layer of carbon atoms in a honeycomb structure, with large
surface area and excellent thermal/chemical stability. GQDs, due to different electronic
structure, possess some unique physicochemical and biological properties. In suspension,
GQDs are able to generate reactive oxygen species upon photoexcitation. That factor
makes GQDs potential candidates for photodynamic therapy. GQDs can target microbial

pathogens or cancer cells. [33]
Biological use of GQDs:

GOQDs as immunosensors

Immunosensors are used to detect many clinical diseases and biochemical compositions.
It is based on classical antibody-antigen interactions. GQDs are supposed to be useful

materials for fabricating various immunosensing platforms. [35]
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GQDs for in vivo imaging

High photostability and a small number of particles needed to generate the signal make
from GQDs candidates in bioimaging and for the imaging deeper tissue samples. Apply-
ing GQDs as contrast agents for in vivo imaging has been an area of high expectations

in medicine. [35]

QDs as antibacterial agents

GQD

GQD

Fig. 15 The phototoxicity of GQDs [36]

The electrochemically produced GQDs irradiated with blue light generate reactive oxy-
gen species. It has been found out that cell membrane permeability changes due to oxi-
dative stress. Intracellular ROS causes loss of membrane’s integrity, attacks proteins
and enzymes that are crucial for cell morphology as well as for maintaining normal phys-

iological processes for the life of cells. [36]

GQDs as a drug delivery system

GQDs are able to increase drug’s solubility in water and improve the controlled release
of therapeutics in the right places. Targeted drug delivery system is important in a matter
of not damaging healthy cells when drugs with high toxicity are used to cure attacked
cells. The possibility of using GQDs against tumor cells to improve drug efficacy

and prolong the time of cytotoxic efficiency has been explored. [35]
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6 APPLICATIONS OF NPS

6.1 Applications in manufacturing and material engineering

Different NPs possess various electrical, mechanical, optical and imaging properties.
In general, they may be used in certain applications within the medical, commercial,
and ecological sectors. The marketable products comprise microelectronics, aerospace
and pharmaceutical industries. The wide category of consumer products includes health
fitness products, followed by the electronic and computer category. The optical proper-
ties of noble metals NPs make them suitable for a wide variety of applications such

as chemical sensors and biosensors. [37]

6.2 Application in environmental protection

Most of the environmental applications of nanotechnology fall into three categories:

1. Environmentally benign sustainable products
2. Removal of hazardous substances from contaminated materials

3. Sensors for environmental stages

Superparamagnetic iron oxide NPs are an effective sorbent material for heavy metals
such as mercury, lead, thallium, cadmium or arsenic in water. [37] QDs are used for mi-

crobial monitoring and detecting microorganisms in an aqueous environment. [38]

6.3 Application in electronics

Semiconductor and metal-based NPs are the key structural block for a new generation
of electronics, sensors and photonic materials. Their properties are responsible for a wide
range of usage in electronic applications. [37] For example, gold NPs can be applied

on the surface of appropriate substrates to enhance their luminescence. [39]

6.4 Application in mechanical industries

As revealed from their mechanical properties, some NPs may offer many utilizations
in mechanical industries especially in coating, lubricants and adhesive applications.
If they are used for coating different kinds of surfaces, they enhance toughness and pro-

tect products from damage. [37] Companies, such as Mercedes-Benz, use nanoparticle-
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based coating onto their series production to increase resistance for scratching and im-

prove the gloss of the surface on their products. [2]

6.5 Application in Biology

Three major areas of using NPs in Biology are drug and gene delivery, biosensing,
and bioimaging. Nanoparticle-biomolecule interactions are crucial points for their suc-
cessful effects on living organisms. The conjugation of NPs and biomolecules (e.t. pro-
teins, DNA,..) is possible due to two different approaches. Direct covalent linkage can
be accomplished either through chemisorption of the biomolecule to the particle surface
or through the use of heterobifunctional linkers. Non-covalent interactions between NPs
and biomolecules include electrostatic interactions, intercalation or groove binding.
The fact, that NPs can recognize biomacromolecules surface, makes them a potential tool
for controlling cellular and extracellular processes. These processes may include the tran-

scription regulation, enzymatic inhibition or drug delivery and sensing. [40]
6.5.1 NPs as delivery systems

Appropriate NPs compounded with drugs or specific ligands have been used in nano-
medicine. They should be able to minimize or avoid the side effects of the active drugs
on healthy tissue and deliver therapeutics on target places. The targeted delivery can be

done by using two different ways: [41]

a) Passive targeting

Passive targeting is based on taking advantage of the ability of some NPs to recognize
targeted tissues. For example, tumor tissue differs from healthy tissues in a variety
of signs. Tumor tissue has higher vascular density, a disorganized structure of tumor cells
and irregular branching between cells. [10] Specific NPs are able to recognize and target
affected tissue due to its different structure. The efficiency of NPs in targeting different
kinds of tissues can be enhanced by modifying exact properties, e.g. particle composi-

tion, size, shape and surface characteristics. [10]
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a) Active targeting

ACTIVE TARGETING OF DRUG LOADED NANOPARTICLE
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The active targeting is based on using specific ligands on the surface of NPs. Targeting
ligands are usually small molecules, peptides, antibodies, and their fragments or nucleic
acids. They are bonded to NPs by non-covalent or covalent bonds. Active targeting can
be used for therapeutics delivery. It increases the concentration of therapeutic agents

in targeted places. [10]

6.5.1.1 Delivering hydrophobic compounds without solvent or excipients

The main biological processes of cells are done in an aqueous environment, the problem
is that many biologically active compounds are hydrophobic and are poorly soluble
in water. One solution about how to overcome the challenge of delivering these hydro-
phobic molecules is by using specialized NPs. There are many NPs with amphiphilic
structure. Their non-polar core can encapsulate hydrophobic agents and their polar sur-
face enhances solubility of hydrophobic compounds in water. Encapsulation also protects

the agent from the environment until it is released from the NPs in a targeted area. [10]

6.5.1.2 Delivering drugs and therapeutics

Most of the current drugs have side effects and some of them have low efficiency. To re-
duce side effects and even improve drug’s efficiency, using NPs is an effective solution
as it was discussed earlier in this thesis (page 15). [15] The ability of controlled drug

release is based on a starter in a form of certain signals. These signals can have physical



TBU in Zlin, Faculty of Technology 32

or physiological character. Physical signals can involve e.g. ultrasound, electric field,
temperature or magnetic field. The physiological signals are acidic or basic pH, the ionic
strength of the medium, redox potential or enzymatic activity. NPs also can be used
to keep drugs dormant until they reach the site of infection. After various signals, they

are able to release drugs in targeted sites. [29]

6.5.2 Biosensing

For biomedical diagnosis, forensic analysis, and environmental monitoring, recognizing
the origin of the caused problem is crucial. For sensing biological agents, diseases
and toxic materials, special sensors consisting of two components are used. The compo-
nents are a recognition element and an element for signaling the binding event. The fact,
that metallic and semiconductor NPs possess unique physicochemical properties (optical
and electronic properties), leads to using them in sensing applications. Colorimetric sens-
ing is based on changing color after using sensors. This method is used for the diagnosis
of genetic and pathogenic diseases and quantifying the number of products generated

by polymerase chain reaction. [40]

6.5.3 NPs for bioimaging

Nowadays, the numbers of molecular imaging® are well-known. These methods are op-
tical imaging (OI), magnetic resonance imaging (MRI), ultrasound imaging or positron
emission tomography. The development of luminescent and magnetic NPs improves im-
aging technology. For imaging, two different types of NPs have been widely used: lumi-

nescent nanoprobes for Ol and magnetic nanoparticles for MRI. [40]
a) Optical imaging

Major nanoparticle-based groups with optical imaging agents are quantum dots (QDs)
and dye-doped NPs. Quantum dots are stable photochemically as well as metabolically.
Mainly, they possess optical properties appropriate for optical imaging. Nevertheless,
there are issues with toxicity, phototoxicity, and water solubility. To solve these prob-
lems, silica nanoparticles have been synthesized. They are able to encapsulate organic

dyes, which are normally rapidly photo-bleaching. Silica NPs are less toxic and provide

3 Molecular imaging is process of visualizing and measuring the function of biological and cellular processes

in vivo. [70]
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better biocompatibility. They have a huge range of usage, one of them is the detection

of cancer cells in conjugation with magnetic particles. [40]
b) Magnetic resonance imaging

MRI is a diagnostic technique using for imaging soft tissues. This technique is based
on using a strong and uniform magnetic field together with radiofrequency waves.
The biggest advantages of MRI are various types of contrasts the image. [42] To improve
this technique, cross-linked iron oxide NPs are using for targeted imaging with high cel-

lular imaging. [40]

6.5.4 NPs for cell detection and separation

For biological researches and applications, isolation of specific cells is necessary. To de-
tect specific cell types, distinct NPs can be used. The biggest interest in cell detection, it
is to recognize circulating tumor cells (CTCs). [10] CTCs escape the primary tumor
and then travel through the bloodstream. Their danger is in the ability, to cause secondary
malignant tumor colonies, called metastasis. [43] The key role of NPs is an ability
to create links with specific ligands, which are able to recognize CTCs with high speci-
ficity. That makes CTCs ready to be detected, characterized and isolated thanks to other
properties of NPs. [44]
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7 NPS IN COSMETICS

7.1 Barrier function of the skin
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Fig. 17 Major components of Stratum corneum [45]

The skin is the largest organ of mammalian organisms. The main function of the skin is
to protect the body in many different ways. It provides UV-protection, anti-oxidant
and antimicrobial activity. Skin also acts as a sensory organ and the primary regulator
of the body temperature. After the living conditions changed from water to dry land, it
was needed to create a system, which protects the body from losing water and keeps
homeostasis at the same level. The skin barrier function is also responsible for control-
ling the water and electrolytes movement. The skin barrier is situated in the outer layer
of the skin called Stratum corneum. [46] SC is built up of two different parts: corne-
ocytes and intracellular lamellar lipid bilayers. [47] Corneocytes are important
for the mechanical resistance and lipid bilayers protect skin from transepidermal water

loss. [46]
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7.1.1 Lipid matrix
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Fig. 18 Structure of ceramides [67]

Lipids forming skin barrier comprise of ceramides, cholesterol, and cholesteryl esters
and free fatty acids. In the human skin, 9 types of ceramides occur. They differ from each
other by the head-group architecture and bounding fatty acids. Free fatty acids mainly
consist of saturated acids. The third lipid-based structure in the skin is cholesterol, espe-
cially the cholesterol-sulfate. The cholesterol-sulfate is responsible for the desquamation

process in SC. [48]
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7.1.2 Corneocytes

Corneocytes are dead flat cells filled with keratin. They are surrounded by “cell enve-
lope” made of cross-linked proteins. [48] Corneocytes provide strengthening, UV pro-
tection of underlying mitotic active cells and hydration. The organized network of cor-

neocytes and lipid matrix forms a “bricks and mortar” system. [49]
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Fig. 19 Structure of a-keratin [68]

Several proteins (keratin, loricrin, involucrin, filaggrin, and corneodesmosin) build
the corneocyte cytosol, the envelope, and the linkage between the corneocytes.
The keratins build the intermediate filaments of the corneocyte cytoskeleton. Filaggrin
is responsible for the formation of keratin filaments into macrofibrils and it is also an im-
portant source for maintaining skin moisture. Loricrin is a major component of the cell’s

envelope. Involucrin is considered as the primary precursor for the envelope. [46]

7.2 Mechanisms of regulation of the skin barrier

As it was written above, the skin barrier accomplishes various defensive functions: pro-
tection from environmental factors (physical, chemical, biological); antimicrobial pro-
tection, regulating water transport and the exchange of substances with the environment
(excretion, secretion, resorption). Different mechanisms and signaling systems ensure

the formation and maintenance of the epidermal barrier. [46]
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7.2.1 Hydratation of Stratum corneum

Because water is essential for the right function of the physiological processes in mam-
malian organisms, there is a need for controlling the passage of water to the outer envi-
ronment. The amount of water loss depends on the integrity of the Stratum corneum.

Also, many physiological processes depend directly on the hydration of SC. [46]

7.2.2 Calcium ions gradient in the epidermis

It has been explored that calcium gradient plays a crucial role in skin barrier function.
After damaging the skin, the concentration of calcium ions decreases. [47]. The reduction
of Ca®" ions stimulates recovery systems. It speeds up the secretion of lamellar bodies
at the border between Stratum corneum and Stratum granulosum. A high concentration

of Ca** slows down the recovery of the skin barrier. [46]

7.2.3 Skin surface acidity as a regulatory mechanism

Slightly acidic disposition of the skin is crucial for the epidermal antimicrobial barrier
and controlling Stratum corneum integrity and cohesion. The level of skin pH ranges
from 4,5 to 5,5. The acidic potential of SC is done by releasing free fatty acids from phos-
pholipid hydrolysis or the emergence of free fatty acids by the effect of bacterial lipase,
free fatty acids derived from sebum or eccrine gland-derived products. The acid mantle
has diverse functions on human skin. It supports for example growth of normal micro-
flora, inhibits the growth of skin pathogens and it also affects the desquamation process.

[47]

7.3 Nanocosmetics

Nanotechnology has great potential in the field of medicine, personnel and health care.
The characteristic properties of the material on a nanoscale are different from those
of both individual molecules and bulk. Cosmetics enriched by different kinds of NPs
gain benefits, which normal materials used in cosmetics do not possess. [50] Cosmetic
product is according to Regulation No 1223/2009 of the European Parliament
and of the Council of 30 November 2009 on cosmetic products, any substance or mixture
intended for contact with outer parts of human body (skin, hair, nails, lips...) or teeth
and oral cavity only for their cleaning, perfuming, changing their appearance, protecting,

keeping them in good conditions and adjusting body odors. Nanomaterial is insoluble



TBU in Zlin, Faculty of Technology 38

or bioperzistent and intentionally made material of one or more outer extent or with inner
structure in size from 1 to 100 nm. Using NPs in cosmetics is defined by European Par-
liament in Regulation No 1223/2009. Nanocosmetics is a concept commonly used in sci-
entific articles, reviews and also in EU definitions and represents any cosmetics contain-

ing NPs.

7.3.1 Nanomaterials in cosmetics

Incorporating certain NPs in cosmetics increases cosmetics efficiency and transparency
and provides better texture and protection of active ingredients. Cosmetics products con-
taining nanomaterials are sold all over the world. The most commonly used nanoscale
materials are nanoemulsions, nanosomes, nanopigments or carbon-based nanomaterials.

[50]
a) Nanoemulsions

Emulsions possess particular tactile and texture properties and are highly used in cos-
metics. They are dispersions with droplets of one liquid in another. Because it is a system
when one liquid is not soluble in other, their stability is limited. It has been shown
that the smaller the size of droplets, the higher the stability of the emulsion is. The struc-
ture and size of droplets can be modified by different methods of preparation. Nanoemul-
sions differ from normal emulsions in the size of the dispersed phase. The size ranges
from 1 — 100 nm. Due to their nano properties, nanoemulsions are transparent or trans-
lucent systems and have larger surface area owing to reduced dimension. [51] Nanoemul-

sions are used as carriers for active substance and to improve skin hydration. [50]
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b) Nanosomes

Fig. 20 Penetration of nanosomes through the skin [51]

Nanosomes are structures with a hydrophobic lipid bilayer surrounding the aqueous core.
The lipid bilayer can infuse in the cell membrane and can release therapeutic material
stored in the hydrophilic core. This property is used for improving the transport of polar
substances through the non-polar environment. Liposomes and niosomes represent
this category. They are able to penetrate to Stratum corneum and release drugs. Moreo-
ver, liposomes are made of phosphatidylcholine, which is able to improve the softness

of the skin. [51]
¢) Nanopigments

Nanopigments are used as labile carriers of cosmetic agents. They are used as UV rays
blocking agents in sunscreens, as components of beauty soaps, gold facial masks,
and creams. Nowadays, the safety of nanopigments in sunscreen applications is highly

discussed. [50]
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d) Nanostructured lipid carriers

Solid lipid

Microermiubion Salid lipid nanaparticle Meonostructured lipid carrier
Momoamulsions (SLM) (MNLC)

Fig. 21 Structure of SLNs [52]

Solid lipid nanoparticles (SLNs) are lipid droplets of nanosized dimensions. SLNs have
similar properties as liposomes and niosomes. These structures are able to protect encap-
sulated active ingredients. They can be also used for controlled cosmetics delivery
and improving skin penetration. SLNs enhance skin hydration and sunscreen efficiency

as well. [53]
e) Nanoclays
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Fig. 22 Example of crystal structures of nanoclays [69]

Nanoclays are layers of mineral silicates about 1 nm thick, including kaolinite, smectite,
sepiolite, chlorite, bentonite, saponite, etc. Organically modified nanoclays are created
by the chemical reaction between layered silicates and ammonium or phosphonium salts.
Nanoclays are used for color retention and coverage properties to nail paints or eye shad-

ows. [50]
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f) Carbon nanomaterials
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Fig. 23 Types of carbon nanomaterials [54]

Many divergent carbon-based NPs are synthesized. Carbon nanotubes act as promising
pigments for hair coloring when they are chemically functionless and physically modi-
fied. Nanodiamond particles are known for absorption properties. They enhance mechan-
ical properties, improve bonding of certain biological materials, and protect a subject
from UV radiation. They are also able to reduce and prevent the formation of free radi-
cals. In 2013 a sunscreen composition containing functionalized nanodiamonds for pro-

tection against skin cancer has been patented. [50]

7.3.2 Advantages and disadvatages of nanocosmetics

Generally, materials containing NPs provide unique properties and effects, which differ
from those without NPs. On the other hand, the toxicity of NPs against the human body
is still unclear. Certain toxic effects have been already described, but finding how deeply
NPs can truly affect human body and environment, is still a question of many researches.
Especially using NPs in cosmetics, where they are in direct contact with human body

and time of exposition is long. It is needed to ensure their medical harmlessness.
Advantages:

- Improving the penetration of active ingredients through SC

- Stabilization of active ingredients (vitamins and anti-oxidants) delivery
to the skin

- Improving UV protection due to enhancing sunscreens properties

- Rejuvenation of the skin, anti-oxidant effect

- Stabilization of cosmetics, anti-septic effects [55]
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Disadvantages:

- Higher chemical reactivity, and producing a greater amount of reactive oxygen
species

- NPs may cause inflammation, damaging proteins, membranes, and DNA

- Increased level of oxidative stress in living cells

- Provided toxicity of titanium dioxide in sunscreens

- Inhalation of nanoparticles induces pulmonary inflammation [56]
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8 TOXICITY OF NPS AND THEIR IMPACT ON ENVIRONMENT

NPs occur in every part of the environment, in water as well as in soil and air during
various human activity and as a product of weather and climate effects. Despite many in-
dustrial and medical application, there is a possibility of certain toxicities which are as-
sociated with using NPs. Studies have shown that NPs can enter the human body
in few different ways. They may be responsible for protein damage, fibrillation, thiol
cross linking, and loss of enzymatic activity. The toxic impact of NPs depends on their
size, shape, characteristic charge, functionalized groups, and free energy. Also, it is nec-
essary to bear inmind, the effects of NPs on the surrounding environment.
Due to the fact that NPs are now used for many applications and it is necessary to find

out how to make NPs more convenient and environmentally friendly. [28]
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II. ANALYSIS
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The main aim of the practical part of this Bachelor thesis was to clarify biological effects
of NPs and required properties of samples containing NPs. For testing, classical methods
such as MTT test or fluorescent microscopy were used. To extend possibilities for biological
testing, new methods were applied. These new methods included ATP bioluminescence as-

say and determination of hemolysis effects.
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9 MATERIALS AND METHODS

9.1 Chemicals

For cell’s cultivation Dulbecco Modified Eagle Medium (Biosera), calf serum (Biosera)
and penicillin-streptomycin (Biosera) were used, according to ATCC standards. The essen-
tial material for MTT testing was MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazo-
lium bromide, Duchefa biochemie) and solution of DMSO (dimethylsulfoxide, Duchefa bi-
ochemie). DMSO was used also in hemolysis testing. Fluorescent microscopy required
using of 4% formaldehyde (Penta chemicals), 0.5% Triton (Sigma Aldrich), PBS (phosphate
buffered saline, Biosera) and fluorescent colours, specifically Hoechst (Sigma Aldrich)
for staining cell’s nuclei. ATP assay (Invitrogen) was done through using oxidation of D-lu-
ciferin catalyzed by firefly luciferase. This reaction was possible thanks to other different
chemicals, but these two were crucial. For hemolysis, PBS, DMSO, dH>0O, and Triton were

used to determine positive and negative control.

9.2 Cell lines

ATCC Number: CRL-2907 ™
Designation:  WT SV40 MEF

Low Density Scale Bar 100pm High Densi Scale Bar = 100um

Fig. 24 NIH/3T3 cells [57]
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The mouse embryonic fibroblast cell line (NIH/3T3) was used in the experiments according
to ISO 10993 standards. This type of cells is suitable, due to their easy accessibility, rapid
growth rates and a wide range of possible experiments. Fibroblasts are a group of heteroge-
neous resident cells of mesenchymal origin. [58] Line A549 was used for MTT tests as well.

It is a cell line obtained from human cancerous lung cells.

The cells were cultivated in Dulbecco Modified Eagle Medium. The medium was mixed
with calf serum and penicillin-streptomycin. Penicillin-streptomycin is used to protect cells
against infection. Cells were incubated at 37 °C in 5% CO> in humidified air. When the cells
were grown enough, they were ready to be used for experiments. Before testing, it was
needed to remove cells from the surface of a culture dish. That was achieved by adding
7.5 ml of trypsin (Biosera). Trypsin was left to react with cells for about 10—15 minutes.
After this period of time, 7.5 ml of pure medium was added. This mixture was removed into
a 15 ml tube and vortexed for 3 min in 37°C 1100 rpm. The medium with trypsin was moved
out from the tube and 2 ml of pure medium was put in. The mixture of cells and medium

was diluted in required volumes.

9.3 Samples

Carbon quantum dots are NPs smaller than 10 nm and have very interesting properties
such as high chemical stability, endurance against photobleaching, very good solubility
in water, high photoluminescence and simple way of preparation. Two types of CQDs have
been synthesized: hydrophilic and hydrophobic CQDs. In these experiments, hydrophobic
CQDs (hCQDs) were used for filling two types of polymers (silicone and polyurethane).
[34] Samples were prepared and used in cooperation with the Slovak Academy of Science.
Samples were tested on cytotoxicity of their extracts and the proliferation of cells grown

on their surface was observed. These methods are described below.
9.4 Determination of viability

9.4.1 MTT assay

MTT is a colorimetric assay, based on reduction MTT by enzymes of living cells. It is a clas-
sic method for determining the cell’s viability in which testing substance is added directly
to cells. For this kind of testing, cells were grown on microtitration plates in concentration

10°in 100 pl of the medium. Extracts from samples were made by cutting down 3 cm? big


https://www.thermofisher.com/us/en/home/life-science/cell-culture/mammalian-cell-culture/classical-media/dmem.html
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squares to smaller pieces. One ml of pure medium was added. Tubes with this mixture were
incubated for 24 hours at 37°C with stirring. After that time, solutions were filtrated
and added in different concentrations to cells prepared on microtitration plates. Samples
were put into an incubator for another 24 hours. Another day, MTT testing followed. MTT
was dissolved in deionized water in ratio 5 mg/Iml H>O. Ten pl of this solution was added
to examined samples and mixed with 90 pl of the pure medium. These samples were put
back into the incubator for at least four hours. After four hours, yellow tetrazolium dye MTT
changed colour, due to reducing itself into purple crystals of formazan. The absorbance was

measured at 570 nm and the reference wavelength was 690 nm.

9.4.2 ATP assay

ATP bioluminescence assay is based on measuring cell cytotoxicity through the amount
of luminescence. ATP (adenosine triphosphate) is the main donor of energy in metabolically
active cells. Any damage of cells is accompanied by a decreasing level of ATP. For the de-
termination of ATP, a lot of methods have been used. The most sensitive method is measur-
ing bioluminescence. Bioluminescence is a phenomenon presented in many animal species.
It has been observed that releasing of light emission by fireflies is based on oxidation
of the substance called D-luciferin. Oxidation can be achieved only by consuming ATP.
The reaction is catalyzed by enzyme luciferase. The amount of emitted light is linear related

to ATP concentration. [59] Diagram of this reaction is shown below.

luciferin + ATP + 0, ——— AMP + CO, + light

luciferase

To make a standard curve, a standard reaction solution was prepared according to the manual
for the ATP determination kit (A22066). Different concentrations of ATP were added
to the standard reaction solution and luminescence was measured. ATP assay was used
for determining the cytotoxicity of silica NPs, which were prepared at the Center of Polymer

Systems in Zlin.

9.5 Proliferation

Proliferation was determined on the surface of the samples. Squares at size 1 cm? were cut
down from samples. They were sterilized by UV light for 30 minutes from both sides and put
on a microtitration plate. After sterilization, 250 ul of cells suspension in concentration 2-10°
was added on each square. Samples were put into the incubator for an hour to ensure sticking

cells to the surface. Then aliquot part of the medium was added to complete 1 ml volume.
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Proliferation is usually observed by using fluorescent microscopy. Cells are not able to be
seen on their own and they have to be coloured with fluorescent colours. Firstly, it was
needed to fix the cells. That was achieved by removing the medium carefully, trying not
to damage the surface of the samples. About 1 ml of 4% formaldehyde was added and let it
to react for 15 minutes. Then samples were washed by 1 ml of PBS. One ml of 0.5% Triton
was put on samples and left reacting for 5 minutes, followed by washing samples by PBS
three times through. The colouring of cells followed. At that moment it was necessary
to work without light to protect colours against fading. One ml of pure PBS and 25 pl
of Hoechst stain was added to samples. Samples were left to incubate for 30 minutes
in the dark. An inverted Olympus phase contrast microscope was used to visualize the cell

morphology.

9.6 Hemolysis

Hemolysis is the process of the damaging the red blood cells membrane. The breakdown can
be caused by a wide range of different factors. Clarifying positive and negative controls was
made in the first step. As a negative control, DMSO (dimethylsulfoxide) and PBS (phos-
phate-buffered saline) were used. The negative control is characterized by almost no toxicity.
On the other side, positive control should damage most of the cells. As positive control
dHO, solutions of Triton in water and Triton in PBS were used. [60] After damaging the cell
membrane, haemoglobin is released. The amount of released haemoglobin indicates the tox-

icity of the added substance.

From a sample of fresh human blood, serum was removed by centrifugation at 200 rpm
for 5 minutes. Remaining cells were washed with through PBS five times. After the last
wash, cells were diluted ten times with PBS again. 0.2 ml of red blood cell solution was
combined with 0.8 ml testing sample (PBS, DMSO, diluted triton, dH>O). Mixtures were
vortexted for 2 hours at room temperature. Then red blood cells in samples were separated
by centrifugation. The amount of haemoglobin was indicated by measuring the absorbance

of supernatants left in tubes after centrifugation. The absorbance was measured at 560 nm.
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10 RESULTS AND DISCUSSION

10.1 ATP assay

ATP bioluminescent method was successfully introduced into the laboratory practice at Cell
biology laboratory at Centre of Polymer Systems of Tomas Bata University in Zlin (CPS).
The standard curve was made from the results of a known amount of ATP. First of all, linear

dependence of luminescence on the concentration of ATP is demonstrated on Fig. 25.
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Fig. 25 Graph of dependence of luminescence
on the concentration of ATP

The introduction of ATP assay enables to use this method for testing of cytotoxicity of silica
NPs mentioned earlier. For the purpose of this thesis, the results of just three samples are
shown to declare the ATP methods was successfully used. The total amount of 21 samples
was tested till the bachelor thesis was finalized. Fig. 26 illustrates the cytotoxic effects
of samples 15,17 and 21 which were prepared by colleagues at CPS. None of these three
samples indicate a toxic effect in comparison to the reference. Therefore, there is a possibil-

ity of using them in direct contact with living cells.
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Fig. 26 Determination of cell viability using ATP assay

It is worth discussing the use of ATP and MTT tests and their negative and positive aspects.
Both of them require specific metabolic conditions (pH changes and glucose deficiency).
Using ATP assay instead of the MTT test is more appropriate for testing samples with lower
concentration. Due to the high sensitivity of ATP, results are then more precise. Another
problem may be caused due to the non-specific reduction of formazan by compounds pre-
sented in the culture medium. MTT testing is also more time-consuming. While ATP assay
can be done immediately after adding a standard reaction solution to samples, the MTT test
requires reaction time at least four hours. However, an important parameter is the price
of testing assay. MTT test is cheaper than the ATP assay kit. For measuring the lumines-
cence in ATP testing it is also needed to possess the device able to measure luminescence.
Both of these methods are easy to perform and have their own advantages. The choice
of the proper testing assay depends on testing conditions and the decision of researchers.
[61] Due to my own experience with both testing methods, the ATP seems to be more sen-

sitive and less time-consuming one. Nevertheless, higher price of this method does not allow
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to use this method for bigger number of samples repeatedly. MTT assay does not required
preparation of reactive solution and it is based on using just one chemical dissolved in water,
so it is a lot cheaper than full ATP assay kit and easier for preparation. The lower sensitivity,

however does not allow to use this method in case of small amount of samples or cells.

10.2 Hemolysis

The determination of the hemolytic effect is crucial for materials, which are in direct contact
with blood cells. Drugs, NPs used as sensors, imaging agents or drug carriers, materials used
for implants have to have a minimal toxic effect on blood if their use is required in medicine
or biological application. In this thesis, the determination of negative and positive control
was accomplished. Measured absorbance was higher in samples of blood with dH>O and so-
lutions of Triton. The level of hemolytic effect is presented in Figure 28, where differences
among negative (DMSO, PBS) and positive (dH20O, SDS and Triton solutions) control are
shown. The supernatant colour of negative control should be transparent, light red colour
indicates a low hemolysis effect as well. Damage might have been caused by less gentle
vortexing or inaccurate temperature through testing. Testing of particular samples on their

hemolytical properties is a matter of future research.

Fig. 27 Comparison of negative (0.5% DMSO, PBS)

and positive (0.1% SDS and dH»O) control



TBU in Zlin, Faculty of Technology 53

| i

9

Fig. 28 Microtitration plate with supernatants

10.3 Cytotoxicity

Cytotoxicity is one of the important parameters of biocompatibility of biomaterials. It is
based on measuring the toxic effects of any substances at the cellular level. Cytotoxic assays
are highly used because of their low price, easy reproducibility, and quantification. Type
of used assay varies from target cells, required response and studied agent. Cytotoxic assays
may be focused on cell’s viability, survival, transformation, irritancy or on measuring cell’s
metabolic response. Cytotoxicity can be done through several different assays such as assays
based on cell proliferation, metabolic assays or microtitration assays. Proliferation determi-
nates the effects of various compounds on the cell’s growth. Metabolic assays are based
on determining the metabolic activity of cells. Metabolic activity includes e.g. reduction
of tetrazolium salts (MTT) or the synthesis of DNA and proteins. Microtitration assays pro-
vide the possibility of testing a higher amount simultaneously. The viability is then deter-
mined by measuring metabolic products such as ATP or NADH concentration. [62]
For the purpose of this thesis, cytotoxicity was determined by the proliferation and metabolic

activity assay (MTT test and ATP assay).
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10.3.1 Cytotoxicity of samples with hCQDs

Used materials were tested according to ISO 10993-5, focused on testing of medical devices.
From the results of cytotoxicity testing, it is possible to make a conclusion and decision,
for which application sample is useful. Low cytotoxicity is prerequisite for applications
of samples as drug carriers, drugs, implants and in other ways when direct contact with cells
is necessary. In this thesis, cytotoxicity was determined by using the MTT method. Results
are shown on Fig. 29 and 30. It was tested on two types of cells, NIH/3T3 and A549 accord-
ing to ISO standards. Testing has shown, that all concentrations of extracts, except 100%
extract, were nontoxic for NIH/3T3 cells as cell viability was higher than 0.8. The 100%
extract was on the edge of low toxicity and nontoxic effect as cell viability was exactly
at 0.8 point. For cell line A549, 100% extract had middle toxic effect, 75 and 50% extract
indicated a low toxic effect for the cells. Results lead to the conclusion that samples are not
dangerous for cells of normal tissue and can be used in direct contact with it. In higher con-
centrations sample indicated cytotoxicity against tumor cells. This fact may be interesting
in future researches. These results were used in the article I cooperate on. This article has
been already published in ACS Biomaterials journal (DOI: 10.1021/acsbiomateri-
als.8b00582).
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Fig. 29 Graph of cell viability of cell line NIH/3T3
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Fig. 30 Graph of cell viability of cell line A549
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10.3.2 Proliferation

Proliferation and morphology of cells is also a useful tool for the determination of biocom-
patibility of samples. Fluorescent microscopy represents an easy way how proliferation can
be observed. Stained cell’s nuclei were detected on the surface of a polyurethane film
with hCQDs. Cells, in general, are not able to grow properly on highly hydrophobic surfaces.
In this case, the material was hydrophobic plus contained hydrophobic CQDs.
Due to this fact, it was challenging to keep the cells on the surface. The proliferation was
influenced by high hydrophobicity as it can be seen in Figure 31. The cells grew unequally
on the surface of tested sample and they created clumps. Fig. 31 represents sample
with the lowest concentration of hCQDs therefore the cells were able to stay and proliferate
of the surface. With increasing concentration of hCQDs in samples, proliferation and adhe-
sion of the cells decreased rapidly. On the sample with the highest amount of hCQDs,
the cells were not able to grow and adhere at all. In many possible applications, good adhe-
sion and proliferation are not always required. For production of thin medical tools,
where blockage by adhered cells can occur, the material with low adhesion of cells is pre-

ferred.

Fig. 31 Cell’s growth on sample of hCQDs/PU
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Fig. 32 The reference
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CONCLUSION

The aim of the theoretic part of the Bachelor thesis was to understand the concerns related
to nanomaterials and their biological properties. The main characteristic of NPs influencing
their properties and behavior in relationship with the human body is the tremendous varia-
bility in size, shape, surface, and materials from which NPs can be made. Therefore, their
impact on human health varies from different kinds of NPs. Their properties might be useful
and suitable for medical or biological applications. Their use depends mostly on biocompat-
ibility with the human body. NPs in direct contact with live tissue can have beneficial as well
as harmful effects. Some kinds of NPs may be used as drug carriers, pathogen detectors
or imaging agents. They can also be able to enhance the efficiency of cosmetics products
or drugs. On the other hand, the effects of a long time using NPs are still questionable
and highly discussed topics in the scientific community. NPs are suspected for affecting
the human immune system, reproductive system, DNA, causing inflammatory or oxidative
stress and others. Determining the toxicity of NPs is complicated and can be influenced

by a whole range of different signals.

The practical part of the thesis was focused on gaining knowledge and skills necessary
for working in biological laboratories. These techniques were then used for biological test-
ing of substances and materials. Most of the performed testing was based on the determina-
tion of cytotoxicity. Cytotoxicity was determined by using standard testing methods (MTT
assay) as well as by introducing a new method, ATP assay. Measuring cytotoxic effects is
based on a change in a cell’s viability after direct contact with samples. The other part of bi-
ological testing was using the fluorescent microscopy to determine the proliferation
and morphology of the cells on the surface of testing samples. Toxic effects may be tested
by using different kinds of cells. In most testing, standard cell lines (NIH/3T3, A549) were
used. To extend the knowledge about different types of biological testing, a method based
on hemolysis of red blood cells was also introduced. This test indicated the hemolytic effect

of samples, which is determined by the amount of released heamoglobin.
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